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 Preface to the Fifth Edition      

 Heterocyclic compounds have a wide range of applications but are of particular interest in medicinal chem-
istry, and this has catalysed the discovery and development of much heterocyclic chemistry and methods. 
The preparation of a fi fth edition has allowed us to review thoroughly the material included in the earlier 
editions, to make amendments in the light of new knowledge, and to include recent work. Within the 
restrictions that space dictates, we believe that all of the most signifi cant heterocyclic chemistry of the 20th 
century and important more recent developments, has been covered or referenced. 

 We have maintained the principal aim of the earlier editions  –  to teach the fundamentals of heterocyclic 
reactivity and synthesis in a way that is understandable by undergraduate students. However, in recognition 
of the level at which much heterocyclic chemistry is now normally taught, we include more advanced and 
current material, which makes the book appropriate both for post - graduate level courses, and as a reference 
text for those involved in heterocyclic chemistry in the work place. 

 New in this edition is the use of colour in the schemes. We have highlighted in red those parts of products 
(or intermediates) where a change in structure or bonding has taken place. We hope that this both facilitates 
comprehension and understanding of the chemical changes that are occurring and, especially for the under-
graduate student, quickly focuses attention on just those parts of the molecules where structural change has 
occurred. For example, in the fi rst reaction below, only changes at the pyridine nitrogen are involved; in 
the second example, the introduced bromine resulting from the substitution and its new bond to the het-
erocycle, are highlighted. We also show all positive and negative charges in red.     

N N

H

+ H+

+

S
Br

S

NBS

 In recognition of the enormous importance of organometallic chemistry in heterocyclic synthesis, 
we have introduced a new chapter dealing exclusively with this aspect. Chapter  4 ,  ‘ Organometallic 
Heterocyclic Chemistry ’ , has: (i) a general overview of heterocyclic organometallic chemistry, but most 
examples are to be found in the individual ring chapters, (ii) the use of transition metal - catalysed reactions 
that, as a consequence of a regularity and consistency that is to a substantial degree independent of the 
heterocyclic ring, is best treated as a whole, and therefore most examples are brought together here, with 
relatively few in the ring chapters. 

 Other innovations in this fi fth edition are discussions in Chapter  5  of the modern techniques of: (i) solid -
 phase chemistry, (ii) microwave heating and (iii) fl ow reactors in the heterocyclic context. Refl ecting the 
large part that heterocyclic chemistry plays in the pharmaceutical industry, there are entirely new chapters 
that deal with  ‘ Heterocycles in Medicine ’  (Chapter  33 ) and  ‘ Heterocycles in Biochemistry; Heterocyclic 
Natural Products ’  (Chapter  32 ). 
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 We devote a new chapter ( 31 ) to some important topics: fl uorinated heterocycles, isotopically labelled 
heterocycles, the use of bioprocesses in heterocyclic transformations,  ‘ green chemistry ’  and the somewhat 
related topic of ionic liquids, and some the applications of heterocyclic compounds in every - day life. 

  1.     The main body of factual material is to be found in chapters entitled  ‘ Reactions and synthesis of …  ’  a 
particular heterocyclic system. Didactic material is to be found partly in advanced general discussions 
of heterocyclic reactivity and synthesis (Chapters  3 ,  4  and  6 ), and partly in six short summary chapters 
(such as  ‘ Typical Reactivity of Pyridines, Quinolines and Isoquinolines ’ ; Chapter  7 ), which aim to 
capture the essence of that typical reactivity in very concise resum é s. These last are therefore suitable 
as an introduction to the chemistry of that heterocyclic system, but they are insuffi cient in themselves 
and should lead the reader to the fuller discussions in the  ‘ Reactions and Synthesis of  …  ’  chapters. 
They will also serve the undergraduate student as a revision summary of the typical chemistry of that 
system.  

  2.     More than 4000 references have been given throughout the text: the references to original work have 
been chosen as good leading references and are, therefore, not necessarily the fi rst or last mention of 
that particular topic or method or compound; some others are included as benchmark papers and others 
for their historical interest. The extensive list of references is most relevant to post - graduate teaching 
and to research workers, however we believe that the inclusion of references does not interfere with the 
readability of the text for the undergraduate student. Many review references are also included: for these 
we give the title of the article; titles are also given for the books to which we refer. The majority of 
journals are available only on a subscription (personal or institutional) basis, but most of their web sites 
give free access to abstracts and a few, such as  Arkivoc  and  Beilstein Journal of Organic Chemistry  
give free access to full papers. Free access to the full text of patents, with a search facility, is available 
via government web sites.  Organic Syntheses , the  ‘ gold standard ’  for practical organic chemistry, has 
totally free online access to full procedures.  

  3.     Exercises are given at the ends of most of the substantive chapters. These are divided into straightfor-
ward, revision exercises, such as will be relevant to an undergraduate course in heterocyclic chemistry. 
More advanced exercises, with solutions given on line at  www.wiley.com/go/joule , are designed to help 
the reader to develop understanding and apply the principles of heterocyclic reactivity. References have 
not been given for the exercises, though all are real examples culled from the literature  .  

  4.     We largely avoid the use of  ‘ R ’  and  ‘ Ar ’  for substituents in the structures in schemes, and instead give 
actual examples. We believe this makes the chemistry easier to assimilate, especially for the undergradu-
ate reader. It also avoids implying a generality that may not be justifi ed.  

  5.     Structures and numbering for heterocyclic systems are given at the beginnings of chapters. Where the 
commonly used name differs from that used in  Chemical Abstracts , the name given in square brackets 
is the offi cial  Chemical Abstracts  name, thus: indole [1 H  - indole]. We believe that the systematic naming 
of heterocyclic substances is of importance, not least for use in computerised databases, but it serves 
little purpose in teaching or for the understanding of the subject and, accordingly, we have devoted only 
a little space to nomenclature. The reader is referred to an exposition on this topic  1   and also to the Ring 
Index of  Chemical Abstracts  in combination with the Chemical Substances Index, from whence both 
standardised name and numbering can be obtained for all known systems. Readers with access to elec-
tronic search facilities such as  SciFinder  and  Crossfi re  can easily fi nd the various names for substances 
via a search on a drawn structure.  

  6.     There are several general reference works concerned with heterocyclic chemistry, which have been 
gathered together as a set at the end of this chapter, and to which the reader ’ s attention is drawn. In 
order to save space, these vital sources are not repeated in particular chapters, however all the topics 
covered in this book are covered in them, and recourse to these sources should form the early basis of 
any literature search.  
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  7.     The literature of heterocyclic chemistry is so vast that the series of nine listings  –   ‘ The Literature of 
Heterocyclic Chemistry ’ , Parts I – IX  2    –  is of considerable value at the start of a literature search. These 
listings appear in  Advances in Heterocyclic Chemistry ,  3   itself a prime source for key reviews on hetero-
cyclic topics; the journal,  Heterocycles , also carries many useful reviews specifi cally in the heterocyclic 
area.  Progress in Heterocyclic Chemistry   4   published by the International Society of Heterocyclic Chem-
istry  5   also carries reviews, and monitors developments in heterocyclic chemistry over a calendar year. 
Essential at the beginning of a literature search is a consultation with the appropriate chapter(s) of 
 Comprehensive Heterocyclic Chemistry , the original  6a   and its two updates,  6b,6c   or, for a useful introduc-
tion and overview, the handbook  7   to the series. It is important to realize that particular topics in the three 
parts of  Comprehensive Heterocyclic Chemistry  must be read together  –  the later parts update, but do 
not repeat, the earlier material. Finally, the  Science of Synthesis  series, published over the period 
2000 – 2008, contains authoritative discussions of information organized in a hierarchical system.  8   
Volumes 9 – 17 discuss aromatic heterocycles.  

  8.     There are three comprehensive compilations of heterocyclic facts: the early series  9   edited by Elderfi eld, 
discusses pioneering work. The still - continuing and still - growing series of monographs  10   dealing with 
particular heterocyclic systems, edited originally by Arnold Weissberger, and latterly by Edward C. 
Taylor and Peter Wipf, is a vital source of information and reviews for all those working with hetero-
cyclic compounds. Finally, the heterocyclic volumes of  Rodd ’ s Chemistry of Carbon Compounds   11   
contain a wealth of well - sifted information and data.    

  P.1   Hazards 
 This book is designed, in large part, for the working chemist. All chemistry is hazardous to some degree 
and the reactions described in this book should only be carried out by persons with an appropriate degree 
of skill, and after consulting the original papers and carrying out a proper risk assessment. Some major 
hazards are highlighted ( Explosive : general discussion ( 5.4 ), sodium azide ( 29.1.1.5 .3), tetrazoles: diazo-
nium salts and others ( 29.1.1.3 ), perchlorates ( 5.4 ; 11 (introductory paragraph)), tosyl azide ( 5.4 ).  Toxicity : 
general ( 31.6.1 ), fl uoroacetate ( 31.1.1 .4), chloromethylation (e.g.  14.9.2.1 )),  12   but this should not be taken 
to mean that every possible hazard is specifi cally pointed out. Certain topics are included only as informa-
tion and are not suitable for general chemistry laboratories  –  this applies particularly to explosive 
compounds.  

  P.2   How to Use This Textbook 
 As indicated above, by comparison with earlier editions, this fi fth edition of  Heterocyclic Chemistry  con-
tains more material, including more that is appropriate to study at a higher level, than that generally taught 
in a fi rst degree course. Nevertheless we believe that undergraduates will fi nd the book of value and offer 
the following modus operandi as a means for undergraduate use of this text. 

 The undergraduate student should fi rst read Chapter  2 , which will provide a structural basis for the 
chemistry that follows. We suggest that the material dealt with in Chapters  3  and  4  be left for study at later 
stages, and that the undergraduate student proceed next to those chapters ( 7 ,  10 ,  13 ,  15 ,  19  and  23 ) that 
explain heterocyclic principles in the simplest terms and which should be easily understandable by students 
who have a good grounding in elementary reaction chemistry, especially aromatic chemistry. 

 The student could then proceed to the main chapters, dealing with  ‘ Reactions and Synthesis of …  ’  in 
which will be found full discussions of the chemistry of particular systems  –  pyridines, quinolines, etc. 
These utilise many cross references that seek to capitalise on that important didactical strategy  –  comparison 
and analogy with reactivity already learnt and understood. 

 Chapters  3 ,  4  and  6  are advanced essays on heterocyclic chemistry. Sections can be sampled as required 
 –   ‘ Electrophilic Substitution ’  could be read at the point at which the student was studying electrophilic 
substitutions of, say, thiophene  –  or Chapter  3  can be read as a whole. We have devoted considerable space 
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in Chapter  3  to discussions of radical substitution, and Chapter  4 , because of their great signifi cance, is 
devoted entirely to metallation and the use of organometallic reagents, and to transition metal - catalysed 
reactions. These topics have grown enormously in importance since the earlier editions, and are of great 
relevance to heterocyclic chemistry.  
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        Defi nitions of Abbreviations 

 acac   =   acetylacetonato [MeCOCHCOMe  –  ] 
 adoc   =   adamantanyloxycarbonyl 
 Aliquat ®    =   tricaprylmethylammonium chloride [MeN(C 8 H 17 ) 3 Cl] 
  p  - An   =    para  - anisyl [4 - MeOC 6 H 4 ] 
 aq.   =   aqueous 
 atm   =   atmosphere 
 9 - BBN   =   9 - borabicyclo[3.3.1]nonane [C 8 H 15 B] 
 BINAP   =   2,2 ′  - bis(diphenylphosphino) - 1,1 ′  - binaphthalene [C 44 H 32 P 2 ] 
 BINOL   =   1,1 ′  - bi(2 - naphthol) [C 20 H 14 O 2 ] 
 Bn   =   benzyl [PhCH 2 ] 
 Boc   =    tertiary     -  butoxycarbonyl [Me 3 COC = O] 
 BOM   =   benzyloxymethyl [PhCH 2 OCH 2 ] 
 BOP   =   (benzotriazol - 1 - yloxy)tris(dimethylamino)phosphonium hexafl uorophosphate 
 BSA   =    N,O  - bis(trimethylsilyl)acetamide [MeC(OSiMe 3 ) = NSiMe 3 ] 
 Bt   =   benzotriazol - 1 - yl [C 6 H 4 N 3 ] 
  i  - Bu   =    iso  - butyl [Me 2 CHCH 2 ] 
  n  - Bu   =    normal  - butyl [Me(CH 2 ) 3 ] 
  s  - Bu   =    secondary  - butyl [MeCH 2 C(Me)H] 
  t  - Bu   =    tertiary  - butyl [Me 3 C] 
 Bus   =    tertiary  - butylsulfonyl [Me 3 CSO 2 ] 
 c.   =   concentrated 
  c    =    cyclo  as in  c  - C 5 H 9   =  cyclopentyl [C 5 H 9 ] 
 CAN   =   cerium(IV) ammonium nitrate [Ce(NH 4 ) 2 (NO 3 ) 6 ] 
 Cbz   =   benzyloxycarbonyl (PhCH 2 OC = O) 
 CDI   =   1,1 ′  - carbonyldiimidazole [(C 3 H 3 N 2 ) 2 C = O] 
 Chloramine T   =    N  - chloro - 4 - methylbenzenesulfonamide sodium salt [TsN(Cl)Na] 
 cod   =   cycloocta - 1,5 - diene [C 8 H 12 ] 
 coe   =   cyclooctene [C 8 H 14 ] 
 cp   =   cyclopentadienyl anion [ c  - C 5 H 5   –  ] 
 cp *    =   pentamethylcyclopentadienyl anion [Me 5  -  c  - C 5 ] 
  m  - CPBA   =    meta  - chloroperbenzoic acid [3 - ClC 6 H 4 CO 3 H] 
 CSA   =   camphorsulfonic acid 
 CuTC   =   thiophene - 2 - carboxylic acid copper(I) salt [C 5 H 3 CuO 2 S] 
 Cy   =   cyclohexyl [C 6 H 11 ] 
 DABCO   =   1,4 - diazabicyclo[2.2.2]octane [C 6 H 12 N 2 ] 
 dba   =    trans , trans  - dibenzylideneacetone [PhCH = CHCOCH = CHPh] 
 DBU   =   1,8 - diazabicyclo[5.4.0]undec - 7 - ene [C 9 H 16 N 2 ] 
 DCC   =    N,N  ′  - dicyclohexylcarbodiimide [ c  - C 6 H 11 N = C = N -  c  - C 6 H 11 ] 
 DCE   =   1,2 - dichloroethane [Cl(CH 2 ) 2 Cl] 
 DDQ   =   2,3 - dichloro - 5,6 - dicyano - 1,4 - benzoquinone [C 8 Cl 2 N 2 O 2 ] 
 de   =   diastereomeric excess 
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 DEAD   =   diethyl azodicarboxylate [EtO 2 CN = NCO 2 Et] 
 DIAD   =   diisopropyl azodicarboxylate [ i  - PrO 2 CN = NCO 2  i  - Pr] 
 DIBALH   =   diisobutylaluminium hydride [(Me 2 CHCH 2 ) 2 AlH] 
 DMA   =    N,N  - dimethylacetamide [MeCONMe 2 ] 
 DMAP   =   4 - dimethylaminopyridine [C 7 H 10 N 2 ] 
 DME   =   1,2 - dimethoxyethane [MeO(CH 2 ) 2 OMe] 
 DMF   =    N,N  - dimethylformamide [Me 2 NCH = O] 
 DMFDMA   =   dimethylformamide dimethyl acetal [Me 2 NCH(OMe) 2 ] 
 DMSO   =   dimethylsulfoxide [Me 2 S = O] 
 DoM   =   directed  ortho  - metallation 
 DPPA   =   diphenylphosphoryl azide [(PhO) 2 P(O)N 3 ] 
 dppb   =   1,4 - bis(diphenylphosphino)butane [Ph 2 P(CH 2 ) 4 PPh 2 ] 
 dppf   =   1,1 ′  - bis(diphenylphosphino)ferrocene [C 34 H 28 FeP 2 ] 
 dppp   =   1,3 - bis(diphenylphosphino)propane [Ph 2 P(CH 2 ) 3 PPh 2 ] 
 EDTA   =   ethylenediaminetetracetic acid [(HO 2 CCH 2 ) 2 N(CH 2 ) 2 N(CH 2 CO 2 H) 2 ] 
 ee   =   enantiomeric excess 
 El +    =   general electrophile 
 eq   =   equivalent(s) 
 ESR   =   electron spin resonance 
 Et   =   ethyl [CH 3 CH 2 ] 
 f.   =   fuming 
 Fur   =   furyl as in 2 - Fur  =  2 - furyl (furan - 2 - yl) [C 4 H 3 O] 
 FVP   =   fl ash vacuum pyrolysis 
 Het   =   general designation for an aromatic heterocyclic nucleus 
 HMDS   =   1,1,1,3,3,3 - hexamethyldisilazane [Me 3 SiNHSiMe 3 ] 
 hplc   =   high pressure liquid chromatography 
 HOMO   =   highest occupied molecular orbital 
 h ν    =   ultraviolet or visible irradiation 
 hy   =   high yield 
 Kryptofi x 2.2.2   =   4,7,13,16,21,24 - hexaoxa - 1,10 - diazabicyclo[8.8.8]hexacosane [C 18 H 36 N 2 O 6 ] 
 LDA   =   lithium diisopropylamide [LiN i  - Pr 2 ] 
 LiTMP   =   lithium 2,2,6,6 - tetramethylpiperidide [LiN(CMe 2 (CH 2 ) 3 CMe 2 )] 
 liq.   =   liquid 
 LR   =   Lawesson ’ s reagent [C 14 H 14 O 2 P 2 S 4 ] 
 LUMO   =   lowest unoccupied molecular orbital 
 Me   =   methyl [CH 3 ] 
 MOM   =   methoxymethyl [CH 3 OCH 2 O] 
 mp   =   melting point 
 MS   =   molecular sieves 
 MTBD   =   1,3,4,6,7,8 - hexahydro - 1 - methyl - 2 H  - pyrimido[1,2 -  a ]pyridine [C 8 H 15 N 3 ] 
 Ms   =   mesyl (methanesulfonyl) [MeSO 2 ] 
 MSH   =    O  - (mesitylenesulfonyl)hydroxylamine [H 2 NOSO 2 C 6 H 2  - 2,4,6 - Me 3 ] 
 MW   =   reaction heated by microwave irradation 
 NBS   =    N  - bromosuccinimide [C 4 H 4 BrNO 2 ] 
 NDA   =   sodium diisopropylamide [NaN i  - Pr 2 ] 
 NIS   =    N  - iodosuccinimide [C 4 H 4 INO 2 ] 
 NMP   =    N  - methylpyrrolidone [C 4 H 9 NO] 
 NPE   =   2 - (4 - nitrophenyl)ethyl [4 - O 2 NC 6 H 4 CH 2 CH 2 ] 



Defi nitions of Abbreviations xxvii

 Nu  –     =   general nucleophile 
  n  - Oct   =    normal  - octyl[Me(CH 2 ) 7 ] 
  OXONE  ®    =   potassium peroxymonosulfate [2KHSO 5 .KHSO 4 .K 2 SO 4 ] 
 Ph   =   phenyl [C 6 H 5 ] 
 PhH   =   benzene [C 6 H 6 ] 
 Phosphorus oxychloride (phosphoryl chloride )   =   POCl 3  
 Phth   =   phthaloyl [1,2 - COC 6 H 4 CO] 
 PIFA   =   phenyliodine(III) bis(trifl uoroacetate) [PhI(OCOCF 3 ) 3 ] 
 PMB   =    para    - methoxybenzyl [4 - MeOC 6 H 4 CH 2 ] 
 PMP   =   1,2,2,6,6 - pentamethylpiperidine [C 10 H 21 N] 

      =   pyrophosphate [OP( = O)(OH)OP( = O)OH] 
 PPA   =   polyphosphoric acid 
  i  - Pr   =    iso  - propyl [Me 2 CH] 
  n  - Pr   =    normal  - propyl [CH 3 CH 2 CH 2 ] 
 proton sponge   =   1,8 - bis(dimethylamino)naphthalene [C 14 H 18 N 2 ] 
 PSSA   =   polystyrenesulfonic acid 
 py   =   pyridine, usually as a solvent 
 Py   =   pyridyl, as in 2 - Py  =  2 - pyridinyl (pyridin - 2 - yl), 3 - Py, 4 - Py [C 5 H 4 N] 
 Pybox   =   2,6 - bis[(4 S, 5 S ) - 4,5 - diphenyl - 2 - oxazolin - 2 - yl]pyridine [C 35 H 27 N 3 O 2 ] 
 R f    =   general designation of perfl uoroalkyl [C n F 2n+1 ] 
 R F    =   R f (CH 2 ) n  
 rp   =   room (atmospheric) pressure 
 rt   =   room temperature 
 salcomine   =    N , N  ′  - bis(salicylidene)ethylenediaminocobalt(II) [C 16 H 14 N 2 O 2 Co] 
 SDS   =   sodium dodecylsulfate [C 12 H 25 SO 3 Na] 
 SEM   =   trimethylsilylethoxymethyl [Me 3 Si(CH 2 ) 2 OCH 2 ] 
 SES   =   2 - (trimethylsilyl)ethanesulfonyl [Me 3 Si(CH 2 ) 2 SO 2 ] 
 SET   =   single electron transfer 
 SOMO   =   singly occupied molecular orbital 
 TASF   =   tris(dimethylamino)sulfur (trimethylsilyl)difl uoride [(Me 2 N) 3 S(Me 3 SiF 2 )] 
 TBAF   =   tetra -  normal  - butylammonium fl uoride [ n  - Bu 4 N +  F  –  ) 
 TBAS   =   tetra -  normal  - butylammonium hydrogen sulfate [ n  - Bu 4 N +  HSO 4   –  ) 
 TBDMS   =    tertiary  - butyldimethylsilyl [Me 3 C(Me) 2 Si] 
 TBTA   =   tris[(1 - benzyl - 1 H  - 1,2,3 - triazol - 4 - yl)methyl]amine 
 TfO  –     =   trifl ate [CF 3 SO 3   –  ] 
 tfp   =    trifuran - 2 - ylphosphine [P(C 4 H 3 O) 3 ] 
 THF   =   tetrahydrofuran (2,3,4,5 - tetrahydrofuran) [C 4 H 8 O] 
 THP   =   tetrahydropyran - 2 - yl [C 5 H 9 O] 
 TIPS   =   tri -  iso  - propylsilyl [ i  - Pr 3 Si] 
 TMEDA   =    N,N,N  ′ , N  ′  - tetramethylethylenediamine [Me 2 N(CH 2 ) 2 NMe 2 ] 
 TMP   =   2,2,6,6 - tetramethylpiperidine [C 9 H 19 N] 
 TMS   =   trimethylsilyl [Me 3 Si] 
 TMSOTf   =   trimethylsilyl trifl ate [Me 3 SiOSO 2 CF 3 ] 
 TolH   =   toluene [C 6 H 5 CH 3 ] 
  p  - Tol   =    para  - tolyl [4 - MeC 6 H 4 ] 
  o  - Tol   =    ortho  - tolyl [2 - MeC 6 H 4 ] 
 TosMIC   =   tosylmethyl isocyanide [4 - MeC 6 H 4 SO 2 CH 2 NC] 
 trifl ate   =   trifl uoromethanesulfonate [CF 3 SO 3   –  ] 

PP
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 Ts   =   tosyl [4 - MeC 6 H 4 SO 2 ] 
      =    β  -  d  - 2 - deoxyribofuranosyl 
      =    β  -  d  - ribofuranosyl 
      =    a sugar, usually a derivative of ribose or deoxyribose, attached to heterocyclic nitrogen, in which the 

substituents have not altered during the reaction shown. 
      =   sonication  

dR

R

S
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 Heterocyclic Nomenclature     

     A selection of the structures, names and standard numbering of the more common heteroaromatic systems 
and some common non - aromatic heterocycles are given here as a necessary prelude to the discussions 
which follow in subsequent chapters. The aromatic heterocycles have been grouped into those with six -
 membered rings and those with fi ve - membered rings. The names of six - membered aromatic heterocycles 
that contain nitrogen generally end in  ‘ ine ’ , though note that  ‘ purine ’  is the name for a very important 
bicyclic system which has both a six -  and a fi ve - membered nitrogen - containing heterocycle. Five - 
membered heterocycles containing nitrogen general end with  ‘ ole ’ . Note the use of italic  ‘  H  ’  in a name 
such as  ‘ 9 H  - purine ’  to designate the location of an  N  - hydrogen in a system in which, by tautomerism, the 
hydrogen could reside on another nitrogen (e.g. N - 7 in the case of purine). Names such  ‘ pyridine ’ ,  ‘ pyrrole ’ , 
 ‘ thiophene ’ , originally trivial, are now the standard, systematic names for these heterocycles; names such 
as  ‘ 1,2,4 - triazine ’  for a six - membered ring with three nitrogens located as indicated by the numbers, are 
more logically systematic. 

 A device that is useful, especially in discussions of reactivity, is the designation of positions as  ‘  α  ’ ,  ‘  β  ’ , 
or  ‘  γ  ’ . For example, the 2 -   and  the 6 - positions in pyridine are equivalent in reactivity terms, so to make 
discussion of such reactivity clearer, each of these positions is referred to as an  ‘  α  - position ’ . Comparable 
use of  α  and  β  is made in describing reactivity in fi ve - membered systems. These useful designations are 
shown on some of the structures. Note that carbons at angular positions do not have a separate number, 
but are designated using the number of the preceding atom followed by  ‘ a ’   –  as illustrated (only) for quino-
line. For historical reasons purine does not follow this rule.                                                

1

 Six - membered aromatic heterocycles 



2 Heterocyclic Chemistry

 A detailed discussion of the systematic rules for naming polycyclic systems in which several aromatic 
or heteroaromatic rings are fused together is beyond the scope of this book, however, a simple example 
will serve to illustrate the principle. In the name  ‘ pyrrolo[2,3 -  b ]pyridine ’ , the numbers signify the positions 
of the fi rst - named heterocycle, numbered as if it were a separate entity, which are the points of ring fusion; 
the italic letter,  ‘  b  ’  in this case, designates the  side  of the second - named heterocycle to which the other 
ring is fused, the lettering deriving from the numbering of that heterocycle as a separate entity, i.e. side  a  
is between atoms 1 and 2, side  b  is between atoms 2 and 3, etc. Actually, this particular heterocycle is 
more often referred to as  ‘ 7 - azaindole ’   –  note the use of the prefi x  ‘ aza ’  to denote the replacement of a 
ring carbon by nitrogen, i.e. of C - 7 – H of indole by N.      

    Five - membered aromatic heterocycles   
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 The main thrust of this book concerns the aromatic heterocycles, exemplifi ed above, however Chapter 
 30  explores briefl y the chemistry of saturated or partially unsaturated systems, including three -  and four -
 membered heterocycles.               

    Non - aromatic heterocycles   
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 Structures and Spectroscopic Properties of 
Aromatic Heterocycles     

     This chapter describes the structures of aromatic heterocycles and gives a brief summary of some physical 
properties.  1   The treatment we use is the valence - bond description, which we believe is appropriate for the 
understanding of all heterocyclic reactivity, perhaps save some very subtle effects, and is certainly suffi cient 
for a general textbook on the subject. The more fundamental, molecular - orbital description of aromatic 
systems is less relevant to the day - to - day interpretation of heterocyclic reactivity, though it is necessary in 
some cases to utilise frontier orbital considerations,  2   however such situations do not fall within the scope 
of this book.  

  2.1   Carbocyclic Aromatic Systems 
  2.1.1   Structures of Benzene and Naphthalene 

 The concept of aromaticity as represented by benzene is a familiar and relatively simple one. The difference 
between benzene on the one hand and alkenes on the other is well known: the latter react with electrophiles, 
such as bromine, easily by addition, whereas benzene reacts only under much more forcing conditions and 
then typically by substitution. The difference is due to the cyclic arrangement of six  π  - electrons in benzene: 
this forms a conjugated molecular - orbital system which is thermodynamically much more stable than a 
corresponding non - cyclically conjugated system. The additional stabilisation results in a diminished ten-
dency to react by addition and a greater tendency to react by substitution for, in the latter manner, survival 
of the original cyclic conjugated system of electrons is ensured in the product. A general rule proposed by 
H ü ckel in 1931 states that aromaticity is observed in cyclically conjugated systems of 4 n    +   2 electrons, 
that is with 2, 6, 10, 14, etc.,  π  - electrons; by far the majority of monocyclic aromatic and heteroaromatic 
systems are those with six  π  - electrons. 

 In this book we use the pictorial valence - bond resonance description of structure and reactivity. Even 
though this treatment is not rigorous, it is still the standard means for the understanding and learning of 
organic chemistry, which can at a more advanced level give way to the more complex, and mathematical, 
quantum - mechanical approach. We begin by recalling the structure of benzene in these terms. 

 In benzene, the geometry of the ring, with angles of 120  ° , precisely fi ts the geometry of a planar trigo-
nally hybridised carbon atom, and allows the assembly of a  σ  - skeleton of six sp 2  hybridised carbon atoms 
in a strainless planar ring. Each carbon then has one extra electron which occupies an atomic p orbital 
orthogonal to the plane of the ring. The p orbitals interact to generate  π  - molecular orbitals associated with 
the aromatic system. 

 Benzene is described as a  ‘ resonance hybrid ’  of the two extreme forms which correspond, in terms of 
orbital interactions, to the two possible spin - coupled pairings of adjacent p electrons: structures   1   and   2  . 
These are known as  ‘ resonance contributors ’ , or  ‘ mesomeric structures ’ , have no existence in their own 
right, but serve to illustrate two extremes which contribute to the  ‘ real ’  structure of benzene. Note the 
standard use of a double - headed arrow to inter - relate resonance contributors. Such arrows must never be 
confused with the use of opposing straight  ‘ fi sh - hook ’  arrows that are used to designate an equilibrium 

2
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between two species. Resonance contributors have no separate existence; they are not in equilibrium one 
with the other.  

    Structure of benzene; resonance contributors (mesomeric structures)   

 Sometimes, benzenoid compounds (and also, occasionally six -  and fi ve - membered heterocyclic systems) 
are represented using a circle inside a hexagon (pentagon); although this emphasises their delocalised nature 
and the close similarity of the ring bond lengths (all exactly identical only in benzene itself), it is not helpful 
in interpreting reactions, or in writing  ‘ mechanisms ’ , and we do not use this method in this book.      

 Treating naphthalene comparably reveals three resonance contributors,   3  ,   4   and   5  . The valence - bond 
treatment predicts quite well the non - equivalence of the bond lengths in naphthalene: in two of the three 
contributing structures, C - 1 – C - 2 is double and in one it is single, whereas C - 2 – C - 3 is single in two and 
double in one. Statistically, then, the former may be looked on as 0.67 of a double bond and the latter as 
0.33 of a double bond: the measured bond lengths confi rm that there indeed is this degree of bond fi xation, 
with values closely consistent with statistical prediction.        

    Structure of naphthalene; resonance contributors (mesomeric structures)   

  2.1.2   Aromatic Resonance Energy   3    

 The difference between the ground - state energy of benzene and that of hypothetical, non - aromatic, 
1,3,5 - cyclohexatriene corresponds to the degree of stabilisation conferred to benzene by the special cyclical 
interaction of the six  π  - electrons. This difference is known as aromatic resonance energy. Quantifi cation 
depends on the assumptions made in estimating the energy of the  ‘ non - aromatic ’  structure, and for this 
reason and others, a variety of values have been calculated for the various heteroaromatic systems; their 
absolute values are less important than their relative values. What one can say with certainty is that the 
resonance energy of bicyclic aromatic compounds, like naphthalene, is considerably less than twice that of 
the corresponding monocyclic system, implying a smaller loss of stabilisation energy on conversion to a 
reaction intermediate which still retains a complete benzene ring, for example during electrophilic substitu-
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tion (see 3.2). The resonance energy of pyridine is of the same order as that of benzene; that of thiophene 
is lower, with pyrrole and lastly furan of lower stabilisation energy still. Actual values for the stabilisations 
of these systems vary according to assumptions made, but are in the same relative order (kJ   mol  − 1 ): benzene 
(150), pyridine (117), thiophene (122), pyrrole, (90), and furan (68).   

  2.2   Structure of Six - Membered Heteroaromatic Systems 
  2.2.1   Structure of Pyridine 

 The structure of pyridine is completely analogous to that of benzene, being related by replacement of CH 
by N. The key differences are: (i) the departure from perfectly regular hexagonal geometry caused by the 
presence of the heteroatom, in particular the shorter carbon – nitrogen bonds, (ii) the replacement of a 
hydrogen in the plane of the ring with an unshared electron pair, likewise in the plane of the ring, located 
in an sp 2  hybrid orbital and not at all involved in the aromatic  π  - electron sextet; it is this nitrogen lone pair 
which is responsible for the basic properties of pyridines, and (iii) a strong permanent dipole, traceable to 
the greater electronegativity of nitrogen compared with carbon.      

 It is important to realise that the electronegative nitrogen causes inductive polarisation, mainly in the 
 σ  - bond framework, and additionally stabilises those polarised mesomeric contributors in which nitrogen is 
negatively charged  –    8  ,   9  , and   10    –  which, together with contributors   6   and   7  , which are strictly analogous 
to the Kekul é  contributors to benzene, represent pyridine. The polarised contributors also imply a permanent 
polarisation of the  π  - electron system.  

    Structure of pyridine; resonance contributors (mesomeric structures)   

 The polarisations resulting from inductive and mesomeric effects are in the same direction in pyridine, 
resulting in a permanent dipole towards the nitrogen atom. This also means that there are fractional positive 
charges on the carbons of the ring, located mainly on the  α  -  and  γ  - positions. It is because of this general 
electron - defi ciency at carbon that pyridine and similar heterocycles are referred to as  ‘ electron - poor ’ , or 
sometimes  ‘  π  - defi cient ’ . A comparison with the dipole moment of piperidine, which is due wholly to the 
induced polarisation of the  σ  - skeleton, gives an idea of the additional polarisation associated with distortion 
of the  π  - electron system.       

  2.2.2   Structure of Diazines 

 The structures of the diazines (six - membered systems with two nitrogen atoms in the ring) are analogous, 
but now there are two nitrogen atoms and a corresponding two lone pairs; as an illustration, the main 
contributors ( 11  –  18 ) to pyrimidine are shown below.        
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  2.2.3   Structure of Pyridinium and Related Cations 

 Electrophilic addition to the pyridine nitrogen generates pyridinium ions, the simplest being 1 H  - pyridinium 
formed by addition of a proton. 1 H  - Pyridinium is actually isoelectronic with benzene, the only difference 
being the nuclear charge of nitrogen, which makes the system, as a whole, positively charged. Thus pyri-
dinium cations are still aromatic, the diagram making clear that the system of six p orbitals required to 
generate the aromatic molecular orbitals is still present, though the formal positive charge on the nitrogen 
atom severely distorts the  π  - system, making the  α  -  and  γ  - carbons in these cations carry fractional positive 
charges which are higher than in pyridine, the consquence being increased reactivity towards nucleophiles. 
Electron density at the pyridinium  β  - carbons is also reduced relative to these carbons in pyridines.      

    Structure of pyrimidine; resonance contributors (mesomeric structures)   

+ +++

 In the pyrylium cation, the positively charged oxygen also has an unshared electron pair, in an sp 2  orbital 
in the plane of the ring, exactly as in pyridine. Once again, a set of resonance contributors,   19   –   23  , makes 
clear that this ion is strongly positively charged at the 2 - , 4 -  and 6 - positions; in fact, because the more 
electronegative oxygen tolerates positive charge much less well than nitrogen, the pyrylium cation is cer-
tainly a less stabilised system than a pyridinium cation.   

    Structure of pyrylium cation; resonance contributors (mesomeric structures)   

  2.2.4   Structures of Pyridones and Pyrones 

 Pyridines with an oxygen at either the 2 -  or 4 - position exist predominantly as carbonyl tautomers, which 
are therefore known as  ‘ pyridones ’   4   (see also  2.5 ). In the analogous oxygen heterocycles, no alternative 
tautomer is possible; the systems are known as  ‘ pyrones ’ . The extent to which such molecules are aromatic 
has been a subject for considerable speculation and experimentation, and estimates have varied consider-
ably. The degree of aromaticity depends on the contribution that dipolar structures,   25   and   27  , with a 
 ‘ complete ’  pyridinium (pyrylium) ring make to the overall structure. Pyrones are less aromatic than pyri-
dones, as can be seen from their tendency to undergo addition reactions (11.2.2.4), and as would be expected 
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from a consideration of the  ‘ aromatic ’  contributors,   25   and   27  , which have a positively charged ring het-
eroatom, oxygen being less easily able to accommodate this requirement.        

  2.3   Structure of Five - Membered Heteroaromatic Systems   5    
  2.3.1   Structure of Pyrrole 

 Before discussing pyrrole it is necessary to recall the structure of the cyclopentadienyl anion, which is a 
six  π  - electron aromatic system produced by the removal of a proton from cyclopentadiene. This system 
serves to illustrate nicely the difference between aromatic stabilisation and reactivity, for it is a very reac-
tive, fully negatively charged entity, and yet is  ‘ resonance stabilised ’   –  everything is relative. Cyclopenta-
diene, with a p K  a  of about 14, is much more acidic than a simple diene, just because the resulting anion is 
resonance stabilised. Five equivalent contributing structures,   28   –   32  , show each carbon atom to be equiva-
lent and hence to carry one fi fth of the negative charge.  

 Pyrrole is isoelectronic with the cyclopentadienyl anion, but is electrically neutral because of the higher 
nuclear charge on nitrogen. The other consequence of the presence of nitrogen in the ring is the loss of 
radial symmetry, so that pyrrole does not have fi ve equivalent mesomeric forms: it has one with no charge 
separation,   33  , and two pairs of equivalent forms in which there is charge separation, indicating electron 
density drift  away  from the nitrogen. These forms do not contribute equally; the order of importance is: 
 33     >     35,37     >     34,36 .       

    Structure of cyclopentadienyl anion; resonance contributors (mesomeric structures)   

    Structure of pyrrole; resonance contributors (mesomeric structures)   

 Resonance leads, then, to the establishment of partial negative charges on the carbons and a partial posi-
tive charge on the nitrogen. Of course the inductive effect of the nitrogen is, as usual, towards the hetero-
atom and away from carbon, so that the electronic distribution in pyrrole is a balance of two opposing 
effects, of which the mesomeric effect is probably the more signifi cant, and this results in a dipole moment 
directed  away  from the nitrogen. The lengths of the bonds in pyrrole are in accord with this exposition, 
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thus the 3,4 - bond is very much longer than the 2,3 - /4,5 - bonds, but appreciably shorter than a normal single 
bond between sp 2  hybridised carbons, in accord with contributions from the polarised structures   34   –   37  . It 
is because of this electronic drift away from nitrogen and towards the ring carbons that fi ve - membered 
heterocycles of the pyrrole type are referred to as  ‘ electron - rich ’ , or sometimes  ‘  π  - excessive ’ .      

 It is most important to recognise that the nitrogen lone pair in pyrrole forms part of the aromatic six -
 electron system.  

  2.3.2   Structures of Thiophene and Furan        

 The structures of thiophene and furan are closely analogous to that discussed in detail for pyrrole above, 
except that the NH is replaced by S and O, respectively. A consequence is that the heteroatom in each has 
one lone pair as part of the aromatic sextet, as in pyrrole, but also has a second lone pair that is not involved, 
and is located in an sp 2  hybrid orbital in the plane of the ring. Mesomeric forms exactly analogous to those 
(above) for pyrrole can be written for each, but the higher electronegativity of both sulfur and oxygen 
means that the polarised forms, with positive charges on the heteroatoms, make a smaller contribution. The 
decreased mesomeric electron drift away from the heteroatoms is insuffi cient, in these two cases, to over-
come the inductive polarisation towards the heteroatom (the dipole moments of tetrahydrothiophene and 
tetrahydrofuran, 1.87 D and 1.68 D, respectively, both towards the heteroatom, are in any case larger than 
that of pyrrolidine) and the net effect is that the dipoles are directed towards the heteroatoms in thiophene 
and furan.      

 The larger bonding radius of sulfur is one of the infl uences making thiophene more stable (more aromatic) 
than pyrrole or furan  –  the bonding angles are larger and angle strain is somewhat relieved, but in addition, 
a contribution to the stabilisation involving sulfur d - orbital participation may be signifi cant.  

  2.3.3   Structures of Azoles 

 The 1,3 -  and 1,2 - azoles, fi ve - membered rings with two heteroatoms, present a fascinating combination of 
heteroatom types  –  in all cases, one heteroatom must be of the fi ve - membered heterocycle (pyrrole, thio-
phene, furan) type and one of the imine type, as in pyridine; imidazole with two nitrogen atoms illustrates 
this best. Contributor  39  is a particularly favourable one.        
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  2.3.4   Structures of Pyrryl and Related Anions 

 Removal of the proton from an azole  N  – hydrogen generates an N - anion, for example the pyrryl anion. 
Such species are still aromatic, but now have a lone pair of electrons at the nitrogen, in an sp 2  hybrid orbital, 
in the plane of the ring and  not  part of the aromatic sextet.      

    Structure of imidazole; resonance contributors (mesomeric structures)   

 Even in the simplest example, pyrrole itself, the acidity (p K  a  17.5) is very considerably greater than that 
of its saturated counterpart, pyrrolidine (p K  a   ∼  44); similarly the acidity of indole (p K  a  16.2) is much greater 
than that of aniline (p K  a  30.7). One may rationalise this relatively increased acidity on the grounds that the 
charge is not localised, and this is illustrated by resonance forms which show the delocalisation of charge 
around the heterocycle. With the addition of electron - withdrawing substituents, or with the inclusion of 
extra heteroatoms, especially imine groups, the acidity is enhanced. A nice, though extreme, example is 
tetrazole, for which the p K  a  is 4.8, i.e. of the same order as a carboxylic acid!        

– –

  2.4   Structures of Bicyclic Heteroaromatic Compounds 
 Once the concepts of the structures of benzene, naphthalene, pyridine and pyrrole, as prototypes, have been 
assimilated, it is straightforward to extrapolate to those systems which combine two (or more) of these 
types, thus quinoline is like naphthalene, only with one of the rings a pyridine, and indole is like pyrrole, 
but with a benzene ring attached.      

H

 Resonance representations must take account of the pattern established for benzene and the relevant 
heterocycle. Contributors in which both aromatic rings are disrupted make a very much smaller contribution 
and are shown in parentheses.    
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  2.5   Tautomerism in Heterocyclic Systems   6,7    
 A topic which has attracted a large research effort over the years is the determination of the precise structure 
of heterocyclic molecules which are potentially tautomeric  –  the pyridinol/pyridone relationship ( 2.2.4 ) is 
one such situation. In principle, when an oxygen is located on a carbon  α  or  γ  to nitrogen, two tautomeric 
forms can exist; the same is true of amino groups.      

    Structure of quinoline; resonance contributors (mesomeric structures)   

    Structure of indole; resonance contributors (mesomeric structures)   

 Early attempts to use the results of chemical reactions to assess the form of a particular compound were 
misguided, since these can give entirely the wrong answer: the minor partner in such a tautomeric equilib-
rium may be the one that is the more reactive, so a major product may be actually derived from the minor 
component in the tautomeric equilibrium. Most secure evidence on these questions has come from com-
parisons of spectroscopic data for the compound in question with unambiguous models  –  often N -  and 
 O  - methyl derivatives.  

    Determination of tautomeric equilibrium positions   

 In summary,  α  and  γ  oxy - heterocycles generally prefer the carbonyl form; amino - heterocycles nearly 
always exist as amino tautomers. Sulfur analogues  –  potentially thiol or thione  –  tend to exist as thione in 
six - membered situations, but as thiol in fi ve - membered rings. 

 The establishment of tautomeric form is perhaps of most importance in connection with the purine and 
pyrimidine bases which form part of DNA and RNA, and, through H - bonding involving carbonyl oxygen, 
provide the mechanism for base pairing (cf. 32.4).  

  2.6   Mesoionic Systems   8    
 There are a substantial number of heterocyclic substances for which no plausible, unpolarised mesomeric 
structure can be written: such systems are termed  ‘ mesoionic ’ . Despite the presence of a nominal positive 
and negative charge in all resonance contributors to such compounds, they are not salt - like, are of course 
overall neutral, and behave like  ‘ organic ’  substances, dissolving in the usual solvents. Examples of mesoionic 
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structures occur throughout the text. Amongst the earliest mesoionic substances to be studied were the 
sydnones, for which several contributing structures can be drawn.  

 Mesoionic structures occur amongst six - membered systems too  –  one example is illustrated below.  

    Structure of a sydnone; resonance contributors (mesomeric structures)   

 If there is any one feature that characterises mesoionic compounds it is that their dipolar structures lead 
to reactions in which they serve as 1,3 - dipoles in cycloadditions.  

  2.7   Some Spectroscopic Properties of Some Heteroaromatic Systems 
 The use of spectroscopy is at the heart of chemical research and analysis, but a knowledge of the particular 
chemical shift of, say, a proton on a pyridine, or the particular UV absorption maximum of, say, an indole, 
is only of direct relevance to those actually pursuing such research and analysis, and adds nothing to the 
understanding of heteroaromatic reactivity. Accordingly, we give here only a brief discussion, with rela-
tively little data, of the spectroscopic properties of heterocyclic systems, anticipating that those who may 
be involved in particular research projects will turn to reviews  1   or the original literature for particular data. 

 The ultraviolet and infrared spectra of heteroaromatic systems are in accord with their aromatic character. 
Spectroscopic investigation, particularly ultraviolet/visible (UV/VIS) and nuclear magnetic resonance 
(NMR) spectroscopies, is particularly useful in the context of assessing the extent of such properties, in 
determining the position of tautomeric equilibria, and in testing for the existence of non - isolable 
intermediates. 

  2.7.1   Ultraviolet/Visible (Electronic) Spectroscopy 

 The simple unsubstituted heterocyclic systems show a wide range of electronic absorption, from the simple 
200 nm band of furan, for example, to the 340 nm maximum shown by pyridazine. As is true for benzenoid 
compounds, the presence of substituents that can conjugate causes profound changes in electronic absorp-
tion, but the many variations possible are outside the scope of this section. 

 The UV spectra of the monocyclic azines show two bands, each with fi ne structure: one occurs in the 
relatively narrow range of 240 – 260 nm and corresponds to the  π     →     π  *  transitions, analogous with the 
 π     →     π  *  transitions in the same region in benzene (see Table  2.1 ). The other band occurs at longer wave-
lengths, from 270 nm in pyridine to 340 nm in pyridazine and corresponds to the interaction of the hetero-
atom lone pair with aromatic  π  electrons, the n    →     π  *  transitions, which of course cannot occur in benzene. 
The absorptions due to n    →     π  *  transitions are very solvent dependent, as is exemplifi ed in Table  2.1  by 
the case of pyrimidine. With pyridine, this band is only observed in hexane solution, for in alcoholic solu-
tion the shift to shorter wavelengths results in masking by the main  π     →     π  *  band. Protonation of the ring 
nitrogen naturally quenches the n    →     π  *  band by removing the heteroatom lone pair; protonation also 
has the effect of considerably increasing the intensity of the  π     →     π  *  band, without changing its position 
signifi cantly, the experimental observation of which has diagnostic utility.   

    Structure of a pyrazinium - 3 - olate; resonance contributors (mesomeric structures)   
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 The bicyclic azines have much more complex electronic absorption, and the n    →     π  *  and  π     →     π  *  bands 
overlap; being much more intense, the latter mask the former. Broadly, however, the absorptions of the 
bicyclic azines resemble that of naphthalene (Table  2.2 ).   

 The UV spectra of the simple fi ve - membered heteroaromatic systems all show just one medium - to - strong 
low - wavelength band with no fi ne structure. Their absorptions have no obvious similarity to that of benzene, 
and no detectable n    →     π  *  absorption, not even in the azoles, which contain a pyridine - like nitrogen (Tables 
 2.3  and  2.4 ).    

  2.7.2   Nuclear Magnetic Resonance (NMR) Spectroscopy   9    

 The chemical shifts  10   of protons attached to, and in particular of the carbons in, heterocyclic systems, can 
be taken as relating to the electron density at that position, with lower fi elds corresponding to electron -
 defi cient carbons. For example, in the  1 H spectrum of pyridine, the lowest - fi eld signals are for the  α  - protons 
(Table  2.5 ), the next lowest is that for the  γ  - proton and the highest - fi eld signal corresponds to the  β  - protons, 
and this is echoed in the corresponding  13 C shifts (Table  2.6 ). A second generality relates to the inductive 

 Table 2.1     Ultraviolet spectra of monocyclic azines (fi ne structure not given) 

   Heterocycle (solvent)     N    →     π  *  
  λ  max  (nm)  

    ε       π     →     π  *  
  λ  max  (nm)  

    π     →     π  *  
  λ  max  (nm)  

    ε       ε   

  Pyridine (hexane)    270    450    195    251    7500    2000  
  Pyridine (ethanol)     –      –      –     257     –     2750  
  Pyridinium (ethanol)     –      –      –     256     –     5300  
  Pyridazine (hexane)    340    315     –     246     –     1400  
  Pyrimidine (hexane)    298    326     –     243     –     2030  
  Pyrazine (hexane)    328    1040     –     260     –     5600  
  Pyrimidine (water)    271    410     –     243     –     3210  
  Pyrimidinium (water)     –      –      –     242     –     5500  
  Pyrylium (90% aq. HClO4)     –      –     220    269    1400    8500  
  Benzene (hexane)     –      –     204    254    7400    200  

 Table 2.2     Ultraviolet spectra of bicyclic azines (fi ne structure not given) 

   Heterocycle      λ  max  (nm)      λ  max  (nm)      λ  max  (nm)      ε       ε       ε   

  Quinoline    313    270    226    2360    3880    35500  
  Quinolinium    313     –     233    6350        34700  
  Isoquinoline    317    266    217    3100    4030    37000  
  Isoquinolinium    331    274    228    4170    1960    37500  
  Quinolizinium    324    284    225    14500    2700    17000  
  Naphthalene    312    275    220    250    5600    100000  

 Table 2.3     Ultraviolet spectra of monocyclic fi ve - membered heterocycles 

   Heterocycle      λ  max  (nm)      λ  max  (nm)      ε       ε   

  Pyrrole    210     –     5100     –   
  Furan    200     –     10000     –   
  Thiophene    235     –     4300     –   
  Imidazole    206     –     3500     –   
  Oxazole    205     –     3900     –   
  Thiazole    235     –     3000     –   
  Cyclopentadiene    200    239    10000    3400  



 Table 2.4     Ultraviolet spectra of bicyclic compounds with fi ve - membered heterocyclic rings 

   Heterocycle      λ  max  (nm)      λ  max  (nm)      λ  max  (nm)      ε       ε       ε   

  Indole    288    261    219    4900    6300    25000  
  Benzo[ b ]thiophene    288    257    227    2000    5500    28000  
  Benzo[ b ]furan    281        244    2600        11000  
  2 -  t  - Bu - isoindole    223, 266    270, 277    289, 329    48000, 1800    1650, 1850    1250, 3900  
  Isobenzofuran    215, 244, 

249  
  254, 261, 
313  

  319, 327, 
334, 343  

  14800, 2500, 
2350  

  2250, 1325, 
5000  

  5000, 7400, 
4575, 6150  

  Indolizine    347    295    238    1950    3600    32000  
  Benzimidazole    259    275        5620    5010      
  Benzothiazole    217, 251    285    295    18620, 5500    1700    1350  
  Benzoxazole    231, 263    270    276    7940, 2400    3390    3240  
  2 - Methyl - 2 H  - indazole    275    292    295    6310    6170    6030  
  2,1 - Benzisothiazole    203, 221    288sh, 298    315sh    14450, 16220    7590, 2880    3980  
  Purine    263     –      –     7950     –      –   

 Table 2.5      1 H chemical shifts (ppm) for heteroaromatic ring protons 

   Heterocycle      δ  1       δ  2       δ  3       δ  4       δ  5       δ  6       δ  7       δ  8      Others  

  Pyridine     –     8.5    7.1    7.5     –      –      –      –      –   
  2 - Pyridone     –      –     6.6    7.3    6.2    7.3     –      –      –   
  Quinoline     –     8.8    7.3    8.0    7.7    7.4    7.6    8.1     –   
  Quinoline  N  - oxide     –     8.6    7.3    7.7     –      –      –     8.8     –   
  Isoquinoline    9.1     –     8.5    7.5    7.7    7.6    7.5    7.9     –   
  Isoquinoline  N  - oxide    8.8     –     8.1     –      –      –      –      –      –   
  Pyridazine     –      –     9.2    7.7     –      –      –      –      –   
  Pyrimidine     –     9.2     –     8.6    7.1     –      –      –      –   
  Pyrimidine  N  - oxide     –     9.0     –     8.2    7.3    8.4     –      –      –   
  Pyrazine     –     8.5     –      –      –      –      –      –      –   
  1,2,4 - Triazine     –      –     9.6     –     8.5    9.2     –      –      –   
  1,3,5 - Triazine     –     9.2     –      –      –      –      –      –      –   
  Cinnoline     –      –     9.15    7.75     –      –      –      –      –   
  Quinazoline     –     9.2     –     9.3     –      –      –      –      –   
  Quinoxaline     –     9.7     –      –      –      –      –      –      –   
  Phthalazine    9.4     –      –      –      –      –      –      –      –   
  Pyrylium     –     9.6    8.5    9.3     –      –      –      –     in SO 2  (liq.)  
  Pyrrole     –     6.6    6.2     –      –      –      –      –      –   
  Thiophene     –     7.2    7.1     –      –      –      –      –      –   
  Furan     –     7.4    6.3     –      –      –      –      –      –   
  Indole     –     6.5    6.3    7.5    7.0    7.1    7.4     –      –   
  Benzo[ b ]furan     –     7.5    6.7    7.5    7.1    7.2    7.4     –      –   
  Benzo[ b ]thiophene     –     7.3    7.3    7.7    7.3    7.3    7.8     –      –   
  Indolizine    6.3    6.6    7.1     –     7.8    6.3    6.5    7.2     –   
  Imidazole     –     7.9     –     7.25     –      –      –      –      –   
  1 - Methylimidazole     –     7.5     –     7.1    6.9     –      –      –      –   
  Pyrazole     –      –     7.6    6.3     –      –      –      –      –   
  1 - Methylpyrazole     –      –     7.5    6.2    7.4     –      –      –     3.8 (CH 3 )  
  Thiazole     –     8.9     –     8.0    7.4     –      –      –      –   
  Oxazole     –     7.95     –     7.1    7.7     –      –      –      –   
  Benzimidazole     –     7.4     –     7.0    6.9     –      –      –      –   
  Benzoxazole     –     7.5     –     7.7    7.8    7.8    7.7     –      –   
  Pyrazole     –      –     7.6    7.3     –      –      –      –      –   
  Isothiazole     –      –     8.5    7.3    8.7     –      –      –      –   
  Isoxazole     –      –     8.1    6.3    8.4     –      –      –      –   
  Indazole     –      –     8.1    7.8    7.1    7.35    7.55     –      –   
  1,2,3 - Triazole     –      –      –     7.75     –      –      –      –      –   
  1,2,4 - Triazole     –      –     7.9     –     8.85     –      –      –      –   
  Tetrazole     –      –      –      –     9.5     –      –      –      –   
  Purine     –     9.0     –      –      –     9.2     –     8.6     –   
  Benzene    7.27     –      –      –      –      –      –      –      –   
  Anisole     –     6.9    7.2    6.9     –      –      –      –      –   
  Aniline     –     6.5    7.0    6.6     –      –      –      –      –   
  Nitrobenzene     –     8.2    7.4    7.6     –      –      –      –      –   
  Naphthalene    7.8    7.5     –      –      –      –      –      –      –   
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 Table 2.6      13 C chemical shifts (ppm) for heteroaromatic ring carbons 

   Heterocycle      δ  1       δ  2       δ  3       δ  4       δ  5       δ  6       δ  7       δ  8       δ  ring junction      δ  ring junction     Other  

  Pyridine     –     150    124    136     –      –      –      –      –      –      –   
  1 -  H  - pyridinium     –     143    129    148     –      –      –      –      –      –      –   
  Pyridine  N  - oxide     –     139    126    126     –      –      –      –      –      –      –   
  1 - Me - pyridinium     –     146    129    146     –      –      –      –      –      –     50 (CH 3 )  
  2 - Pyridone     –     165    121    142    107    136     –      –      –      –      –   
  4 - Pyridone     –     140    116    176     –      –      –      –      –      –      –   
  Quinoline     –     151    122    136    1289    127    130    131    129 (4 a )    149 (8 a )     –   
  Isoquinoline    153     –     143    120    126    130    127    128    136 (4 a )    129 (8 a )     –   
  Pyridazine     –      –     153    128     –      –      –      –      –      –      –   
  1 H  - pyridazinium     –      –     152    138     –      –      –      –      –      –      –   
  pyrimidine     –     158     –     156    121     –      –      –      –      –      –   
  1 -  H  - pyrimidinium     –     152     –     159    125     –      –      –      –      –      –   
  pyrazine     –     146     –      –      –      –      –      –      –      –      –   
  1 H  - pyrazinium     –     143     –      –      –      –      –      –      –      –      –   
  Cinnoline     –      –     146    125    128    132    132    130    127 (4 a )    151 (8 a )     –   
  Quinazoline     –     161     –     156    127    128    134    129    135 (4 a )    150 (8 a )     –   
  Quinoxaline     –     146     –      –     130    130     –      –     143 (4 a )     –      –   
  Phthalazine    152     –      –      –     127    133     –      –     126 (4 a )     –      –   
  1,2,3 - Triazine     –      –      –     150    118     –      –      –      –      –      –   
  1,2,4 - Triazine     –      –     158     –     150    151     –      –      –      –      –   
  1,3,5 - Triazine     –     166     –      –      –      –      –      –      –      –      –   
  Pyrylium (BF 4  

 –  )     –     169    128    161             –      –      –      –      –   
  2 - Pyrone     –     162    117    143    106    152     –      –      –      –      –   
  2,6 - Me 2  - 4 - pyrone     –     166    114    180             –      –      –      –     20 (CH 3 )  
  Coumarin     –     161    117    144    129    124    132    117    119 (4 a )    154 (8 a )     –   
  Chromone     –     156    113    177    125    126    134    118    125 (4 a )    156 (8 a )     –   
  Pyrrole     –     117    108     –      –      –      –      –      –      –      –   
  Thiophene     –     126    127     –      –      –      –      –      –      –      –   
  Furan     –     144    110     –      –      –      –      –      –      –      –   
  Indole     –     124    102    121    122    120    111     –     128 (3 a )    136 (7 a )     –   
  Oxindole     –     179    36    124    122    128    110     –     125 (3 a )    143 (7 a )     –   
  Benzo[ b ]furan     –     145    107    122    123    125    112     –     128 (3 a )    155 (7 a )     –   
  Benzo[ b ]thiophene     –     126    124    124    124    124    123     –     140 (3 a )    140 (7 a )     –   
  Indolizine    100    114    113     –     126    111    117    120    133 (8 a )     –      –   
  Imidazole     –     135     –     122             –      –      –      –      –   
  1 - Methylimidazole     –     138     –     130    120         –      –      –      –     33 (CH 3 )  
  Thiazole     –     154     –     143    120         –      –      –      –      –   
  Oxazole     –     151     –     125    138         –      –      –      –      –   
  Benzimidazole     –     144     –     110    123    122    119     –      –      –      –   
  Benzothiazole     –     155     –     123    126    125    122     –     153 (3 a )    134 (7 a )     –   
  Benzoxazole     –     153     –     121    125    124    111     –     140 (3 a )    150 (7 a )     –   
  Pyrazole     –      –     135    106    135         –      –      –      –      –   
  Isothiazole     –      –     157    123    148         –      –      –      –      –   
  Isoxazole     –      –     150    105    159         –      –      –      –      –   
  Indazole     –      –     133    120    120    126    110     –     123 (3 a )    140 (7 a )     –   
  3 - Methyl - 1,2 -
 benzisothiazole  

   –     163     –      –      –      –      –      –     152 (7 a )     –      –   

  Purine     –     152     –     155    131    146     –     146     –      –      –   
  Uracil     –     151     –     142    100    164     –      –      –      –      –   
  Benzene    129     –      –      –      –      –      –      –      –      –      –   
  Anisole    160    114    130    121     –      –      –      –      –      –      –   
  Aniline    149    114    129    116     –      –      –      –      –      –      –   
  Nitrobenzene    149    124    130    135     –      –      –      –      –      –      –   
  Naphthalene    128    126     –      –      –      –      –      –     133 (4 a )     –      –   
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electron withdrawal by the heteroatom  –  for example it is the hydrogens on the  α  - carbons of pyridine that 
are at lower fi eld than that at the  γ  - carbon, and it is the signals for protons at the  α  - positions of furan that 
are at lower fi eld than those at the  β  - positions. Protons at the  α  - positions of pyrylium cations present the 
lowest - fi eld  1 H signals. In direct contrast, the chemical shifts for  C  - protons on electron - rich heterocycles, 
such as pyrrole, occur at much higher fi elds.   

 Coupling constants between 1,2 - related ( ortho ) protons on heterocyclic systems vary considerably. 
Typical values round six - membered systems show smaller values closer to the heteroatom(s). In fi ve -
 membered heterocycles, altogether smaller values are typically found, but again those involving a hydrogen 
closer to the heteroatom are smaller, except in thiophenes, where the larger size of the sulfur atom infl u-
ences the coupling constant. The magnitude of such coupling constants refl ects the degree of double - bond 
character (bond fi xation) in a particular C – C bond.      

 The use of  15 N NMR spectroscopy is of obvious relevance to the study of nitrogen - containing hetero-
cycles  –  it can, for example, be used to estimate the hybridisation of nitrogen atoms.  11     
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 Substitutions of Aromatic Heterocycles     

     This chapter describes in general terms the types of reactivity found in the typical six -  and fi ve - membered 
aromatic heterocycles. We discuss electrophilic addition (to nitrogen) and electrophilic, nucleophilic and 
radical substitution chemistry. This chapter also has discussion of  ortho  - quinodimethanes, in the heterocy-
clic context. Organometallic derivatives of heterocycles, and transition metal (especially palladium) - 
catalysed chemistry of heterocycles, are so important that we deal with these aspects separately, in 
Chapter  4 . Emphasis on the typical chemistry of individual heterocyclic systems is to be found in the 
summary chapters ( 7 ,  10 ,  13 ,  15 ,  19  and  23 ), and a more detailed examination of typical heterocyclic 
reactivity and many more examples for particular heterocyclic systems are to be found in the chapters  –  
 ‘ Pyridines: Reactions and Synthesis ’ , etc.  

  3.1   Electrophilic Addition at Nitrogen 
 Many heterocyclic compounds contain a ring nitrogen. In some, especially fi ve - membered heterocycles, 
the nitrogen may carry a hydrogen. It is vital to the understanding of the chemistry of such nitrogen - con-
taining heterocycles to know whether, and to what extent, they are basic  –  will form salts with protic acids 
or complexes with Lewis acids  –  and for heterocycles with  N  - hydrogen, to what extent they are acidic  –  
will lose the  N  - hydrogen as a proton to an appropriately strong base (see  3.5 ). As a measure of these 
properties, we use p K  a  values to express the acidity of heterocycles with  N  - hydrogen and p K  aH  values to 
express base strength.  The lower the  p K  a   value the more acidic; the higher the  p K  aH   value the more basic.  
It may be enough to simply remember this trend, but a little more detail is given below. 

 For an acid AH dissociating in water:      

3

 The corresponding equation for a base involves the  dissociation of the conjugate acid  of the base, so we 
use p K  aH :      

 Heterocycles which contain an imine unit (C = N) as part of their ring structure, pyridines, quinolines, 
isoquinolines, 1,2 -  and 1,3 - azoles, etc., do not utilise the nitrogen lone pair in their aromatic  π  - system (cf. 
 2.2 ) and therefore it is available for donation to electrophiles, just as in any simpler amine. In other words, 
such heterocycles are basic and will react with protons, or other electrophilic species, by addition at nitro-
gen. In many instances the products from such additions  –  salts  –  are isolable.      
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 For the reversible addition of a proton, the position of equilibrium depends on the p K  aH  of the hetero-
cycle,  1   and this in turn is infl uenced by the substituents present on the ring: electron - releasing groups 
enhance the basicity and electron - withdrawing substituents reduce the basic strength. The p K  aH  of simple 
pyridines is of the order of 5, while those for 1,2 -  and 1,3 - azoles depend on the character of the other 
heteroatom: pyrazole and imidazole, with two nitrogen atoms, have values of 2.5 and 7.1, respectively. 

 Related to basicity, but certainly not always mirroring it, is the  N  - nucleophilicity of imine - containing 
heterocycles. Here, the presence of substituents adjacent to the nitrogen can have a considerable effect on 
how easily reaction with, for example, alkyl halides takes place, and indeed whether nitrogen attacks at 
carbon, forming  N  +  - alkyl salts,  2   or by deprotonation, bringing about a 1,2 - dehydrohalogenation of the 
halide, the heterocycle then being converted into an  N  +  - hydrogen salt. The classical study of the slowing 
of  N  - alkylation by the introduction of steric interference at  α  - positions of pyridines showed one methyl to 
slow the rate by about threefold, whereas 2,6 - dimethyl substitution slowed the rate between 12 and 40 
times.  3   Taking this to an extreme, 2,6 - di -  t  - butylpyridine will not react at all with iodomethane; the very 
reactive methyl fl uorosulfonate will  N  - methylate it, but only under high pressure.  4   The quantitative assess-
ment of reactivity at nitrogen must always take into account both steric (especially at the  α  - positions) and 
electronic effects: 3 - methylpyridine reacts faster ( × 1.6), but 3 - chloropyridine reacts slower ( × 0.14) than 
pyridine. In bicyclic molecules,  peri  substituents have a signifi cant effect on the relative rates of reaction 
with iodomethane: for pyridine, isoquinoline (no  peri  hydrogen), quinoline and 8 - methylquinoline, rates 
are 50, 69, 8 and 0.008, respectively. 

 Other factors can infl uence the rate of quaternisation: all the diazines react with iodomethane more slowly 
than does pyridine. Pyridazine, much more weakly basic (p K  aH  2.3) than pyridine, reacts with iodomethane 
faster than the other diazines, a result which is ascribed to the  ‘  α  effect ’ , i.e. the increased nucleophilicity 
is deemed to be due to electron repulsion between the two immediately adjacent nitrogen lone pairs.  5   Reac-
tion rates for iodomethane with pyridazine, pyrimidine and pyrazine are respectively 0.25, 0.044 and 0.036, 
relative to the rate with pyridine.  

  3.2   Electrophilic Substitution at Carbon   6    
 The study of aromatic heterocyclic reactivity can be said to have begun with the results of electrophilic 
substitution processes  –  these were traditionally the means for the introduction of substitutents onto het-
erocylic rings. To a considerable extent, that methodology has been superseded, especially for the introduc-
tion of carbon substituents, by methods relying on the formation of organometallic nucleophiles ( 4.1 ) and 
on palladium - catalysed processes ( 4.2 ). Nonetheless, the reaction of heterocycles with electrophilic reagents 
is still extremely useful in many cases, particularly for electron - rich, fi ve - membered heterocycles. 

  3.2.1   Aromatic Electrophilic Substitution: Mechanism 

 Electrophilic substitution of aromatic (and heteroaromatic) molecules proceeds  via  a two - step sequence, 
initial  addition  (of El + ) giving a positively charged intermediate (a  σ  - complex, or Wheland intermediate), 
then  elimination  (normally of H + ), of which the former is usually the slower (rate - determining) step. 
Under most circumstances such substitutions are irreversible and the product ratio is determined by kinetic 
control.   

    Electrophilic substitution of aromatic compounds   
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  3.2.2   Six - Membered Heterocycles 

 An initial broad division must be made in considering heteroaromatic electrophilic substitution, into those 
heterocycles that are basic and those that are not, for, in the case of the former, the interaction of the nitro-
gen lone pair with the electrophile (cf.  3.1 ), or indeed with any other electrophilic species in the proposed 
reaction mixture (protons in a nitrating mixture, or aluminium chloride in a Friedel – Crafts combination), 
will take place far faster than any  C  - substitution, thus converting the substrate into a positively charged 
salt and therefore enormously reducing its susceptibility to attack by El +  at carbon. It is worth recalling the 
rate reduction attendant upon the change from benzene to the  N,N,N  - trimethylanilinium cation (PhN + Me 3 ), 
where the electrophilic substitution rate goes down by a factor of 10 8 , even though in this instance the 
charged atom is only attached to, and not a component of, the aromatic ring. Thus all heterocycles with a 
pyridine - type nitrogen (i.e. those containing C = N) do not easily undergo  C  - electrophilic substitution, 
unless: (i) there are other substituents on the ring which  ‘ activate ’  it for attack or (ii) the molecule has 
another, fused benzene ring in which substitution can take place. For example, simple pyridines do not 
undergo many useful electrophilic substitutions, but quinolines and isoquinolines undergo substitution in 
the benzene ring. It has been estimated that the intrinsic reactivity of pyridine (i.e. not protonated) to elec-
trophilic substitution is around 10 7  times less than that of benzene, that is to say, about the same as that of 
nitrobenzene. 

 When quinoline or isoquinoline undergo nitration in the benzene ring, the actual species attacked is the 
 N  - protonated heterocycle and even though substitution is taking place in the benzene ring, it must neces-
sarily proceed through a doubly charged intermediate; this results in a much slower rate of substitution 
than for naphthalene, the obvious comparison  –  the 5 -  and 8 - positions of quinolinium are attacked at a rate 
about 10 10  times slower than the 1 - position of naphthalene, and it is estimated that the nitration of pyri-
dinium cation is at least 10 5  slower still.  7   A study of the bromination of methylpyridines in acidic solution 
allowed an estimate of 10   − 13   for the partial rate factor for bromination of a pyridinium cation.  8        

  ‘ Activating ’  substitutents,  9   i.e. groups that can release electrons either inductively or especially meso-
merically, make the electrophilic substitution of pyridine rings to which they are attached faster; for example 
4 - pyridone nitrates at the 3 - position  via  the  O  - protonated salt.  10   In order to understand the activation, it is 
helpful to view the species attacked as a (protonated) phenol - like substrate. Electrophilic attack on neutral 
pyridones is best visualised as attack on a carbonyl - conjugated enamine (N – C = C – C = O). Dimethoxypyri-
dines also undergo nitration  via  their cations, but the balance is often delicate, for example 2 - aminopyridine 
brominates at C - 5, in acidic solution,  via  the free base.  11    

    Electrophilic attack on 4 - pyridones at C - 3/5   
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 Pyridines carrying activating substituents at C - 2 are attacked at C - 3/C - 5, those with such groups at C - 3 
are attacked at C - 2/C - 6, and not at C - 4, whilst those with substituents at C - 4 undergo attack at C - 3.  

 Substituents that reduce the basicity of a pyridine nitrogen can also infl uence the susceptibility of the 
heterocycle to electrophilic substitution, in these cases by increasing the proportion of neutral (more reac-
tive) pyridine present at equilibrium: 2,6 - dichloropyridine nitrates at C - 3, as the free base, and only 10 3  
times more slowly than does 1,3 - dichlorobenzene. As a rule - of - thumb: (i) pyridines with a p K  aH     >    1 will 
nitrate as cations, slowly unless strongly activated, and at a position dictated by the substituent, (ii) weakly 
basic pyridines, p K  aH     <     − 2.5, nitrate as free bases, the position of attack again depending on the infl uence 
of the substituent.  11   Pyridines carrying strongly electron - withdrawing substituents, or heterocycles with 
additional heteroatoms, diazines for example, are so deactivated that electrophilic substitutions do not take 
place, but again with the caveat that activating substituents do allow such substitutions in oxy -  and 
amino - diazines.  

  3.2.3   Five - Membered Heterocycles 

 For fi ve - membered, electron - rich heterocycles, the utility of electrophilic substitutions is much greater.  12   
Heterocycles such as pyrrole, thiophene and furan undergo a range of electrophilic substitutions with great 
ease, at either type of ring position, but with a preference for attack adjacent to the heteroatom  –  at their 
 α  - positions.  

 These substitutions are facilitated by electron release from the heteroatom: pyrroles are more reactive 
than furans, which are in turn more reactive than thiophenes. Quantitative comparisons  13   of the relative 
reactivities of the three heterocycles vary from electrophile to electrophile, but for trifl uoroacetylation, for 
example, the pyrrole:furan:thiophene ratio is: 5    ×    10 7    :   1.5    ×    10 2    :   1;  14   in formylation, furan is 12 times more 
reactive than thiophene,  15   and for acetylation, the value is 9.3.  16   In hydrogen exchange (deuteriodeproton-
ation), the partial rate factors for the  α  and  β  positions of  N  - methylpyrrole  17   are 3.9    ×    10 10  and 2.0    ×    10 10  
respectively; for this same process, the values for furan are 1.6    ×    10 8  and 3.2    ×    10 4  and for thiophene, 
3.9    ×    10 8  and 1.0    ×    10 5  respectively,  18   and in a study of thiophene,  α : β  ratios ranging from 100   :   1 to 1000   :   1 
were found for different electrophiles.  19   Relative substrate reactivity parallels positional selectivity i.e. the 
 α : β  ratio decreases in the order furan    >    thiophene    >    pyrrole.  20   Nice illustrations of these relative reactivities 
are found in acylations of compounds containing two different systems linked together.  21        

    Positions of electrophilic attack on pyridines carrying activating substituents   

    Electrophilic subsitution of pyrrole at an  α  - position   
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 The positional selectivity of attack on pyrroles can be completely altered by the presence of bulky groups 
on nitrogen: 1 - ( t  - butyldimethylsilyl)pyrrole and 1 - (tri -  i  - propylsilyl)pyrrole are attacked exclusively at their 
 β  - positions.  22   

 Indoles are only slightly less reactive than pyrroles, electrophilic substitution taking place in the hetero-
cyclic ring, at a  β  - position; in acetylation using a Vilsmeier combination ( N,N  - dimethylacetamide/
phosgene), the rate ratio compared with pyrrole is 1:3.  23   In contrast to pyrrole, there is a very large differ-
ence in reactivity between the two hetero - ring positions in indoles: 2600:1,  β : α  in Vilsmeier acylation. 
With reference to benzene, indole reacts at its  β  - position around 5    ×    10 13  times as fast.  24   Again, these 
differences can be illustrated conveniently using an example  25   that contains two types of system linked 
together.      

 The reactivity of an indole is very comparable to that of a phenol: typical of phenols is their ability to 
be substituted even by weak electrophiles, like benzenediazonium cations, and indeed indoles (and pyrroles) 
also undergo such couplings; depending on p H , indoles can undergo such processes  via  a small equilibrium 
concentration of anion formed by loss of the  N  - proton (cf.  3.5 ); of course this is an even more rapid process, 
shown to be 10 8  faster than for the neutral heterocycle.  26   The Mannich substitution (electrophile: CH 2  = N + Me 2 ) 
of 5 -  and 6 - hydroxy - indoles, takes place  ortho  to the phenolic activating group on the benzene ring, and 
not at the indole  β  - position.  27   Comparisons of the rates of substitution of the pairs furan/benzo[ b ]furan and 
thiophene/benzo[ b ]thiophene showed the bicyclic systems to be less reactive than the monocyclic hetero-
cycles, the exact degree of difference varying from electrophile to electrophile.  28   

 Finally, in the 1,2 -  and 1,3 - azoles there is a fascinating interplay of the propensities of an electron - rich 
fi ve - membered heterocycle with an imine basic nitrogen. This latter reduces the reactivity of the heterocycle 
towards electrophilic attack at carbon, both by inductive and mesomeric withdrawal, and importantly by 
addition of electrophilic species to the imine nitrogen (e.g. salt formation in acidic media). As an example, 
depending on acidity, the nitration of pyrazole can proceed by attack on the pyrazolium cation  29   or on the 
free base.  30   A study of acid - catalysed exchange showed the order: pyrazole    >    isoxazole    >    isothiazole, paral-
leling pyrrole    >    furan    >    thiophene, but each diazole is much less reactive than the corresponding heterocycle 
without the azomethine nitrogen, but, equally, each is still more reactive than benzene, the partial rate 
factors for exchange at their 4 - positions being 6.3    ×    10 9 , 2.0    ×    10 4  and 4.0    ×    10 3  respectively. Thiophene 
is 3    ×    10 5  times more rapidly nitrated than 4 - methylthiazole.  31   The mono -  and dinitration of a 2 - (thien - 2 - yl)
thiazole illustrates the relative reactivities.  32          
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  3.3   Nucleophilic Substitution at Carbon   33    
  3.3.1   Aromatic Nucleophilic Substitution: Mechanism 

 Nucleophilic substitution of aromatic compounds proceeds  via  an  addition  (of Nu  −  ) then  elimination  (of a 
negatively charged entity, most often Hal  −  ) two - step sequence, of which the former is usually rate - deter-
mining (the S N (AE) mechanism:  S ubstitution  N ucleophilic  A ddition  E limination). It is the stabilisation 
(delocalisation of charge) of the negatively charged intermediates (Meisenheimer complexes) that is the 
key to such processes, for example in reactions of  ortho  -  and  para  - chloronitro - benzenes, the nitro group 
is involved in the charge dispersal.   

  3.3.2   Six - Membered Heterocycles 

 In the heterocyclic fi eld, the displacement of a good leaving group, often halide, by a nucleophile is a very 
important general process, especially for six - membered systems. In the chemistry of fi ve - membered aro-
matic heterocycles, such processes only come into play in situations such as where, as in benzene chemistry, 
the leaving group is activated by an  ortho -   or  para  - nitro group, or in the azoles, where the leaving group 
is attached to the carbon of the imine unit in analogy with the six - membered imines. 

 The  α  -  and  γ  - positions of a six - membered halo - azine, a 2 - , 4 -  or 6 - halo - pyridine being the prototype, 
are activated for the initial nucleophilic addition step by two factors: (i) inductive and mesomeric with-
drawal of electrons by the nitrogen and (ii) inductive withdrawal of electrons by the halogen. Additionally, 
in the intermediates formed, the negative charge resides largely on the nitrogen:  α  -  and  γ  - halides are  much  
more reactive to nucleophilic displacement than  β  - halides.      

 A quantitative comparison for displacements of chloride with sodium methoxide in methanol showed 
the 2 -  and 4 - chloropyridines to react at roughly the same rate as 4 - chloronitrobenzene, with the  γ  - isomer 
somewhat more reactive than the  α  - halide.  34   It is notable that even 3 - chloropyridine, where only inductive 
activation can operate, is appreciably more reactive than chlorobenzene.  

    Aromatic nucleophilic substitution  via  an addition/elimination sequence   

    Rates of displacement of chloride by MeO  −   relative to chlorobenzene, at 50  ° C   
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 The presence of a formal positive charge on the nitrogen, as in  N  - oxides and pyridinium salts, has a 
further very considerable enhancing effect on the rate of nucleophilic substitutions,  N  - oxidation having a 
smaller effect than quaternisation: in the latter there is a full formal positive charge on the molecule but 
 N  - oxides are overall electrically neutral. In reactions with methoxide, the 2 - , 3 -  and 4 - chloropyridine  N  -
 oxides are 1.9    ×    10 4 , 1.1    ×    10 5 , and 1.1    ×    10 3  times more reactive than the corresponding chloropyridines, 
and displacements of halide in the 2 - , 3 -  and 4 - chloro - 1 - methylpyridinium salts are 4.6    ×    10 12 , 2.9    ×    10 8 , 
and 5.7    ×    10 9  times more rapid. Another signifi cant point to emerge from these rate studies concerns the 
relative rate enhancements, at the three ring positions: the effect of the charge is much greater at an  α  -  than 
at a  γ  - position, such that in the salts the order is 2    >    4    >    3, as opposed to both neutral pyridines, where 
the order of reactivity is 4    >    2    >    3, and  N  - oxides, where the  α  - positions have about the same reactivity as 
the  γ  - positions.  35   The utility of a nitro group as a leaving group (nitrite) in heterocyclic chemistry is empha-
sised by a comparison of its relative reactivity to nucleophilic displacement: 4 - nitropyridine is about 1100 
times more reactive than 4 - bromopyridine. Sulfones are also highly reactive and widely used leaving 
groups. A comparison of the rates of displacement of 4 - methylsulfonylpyridine with its  N  - methyl quater-
nary salt showed a rise in rate by a factor of 7    ×    10 8 .  36   Although methoxide is not generally a good leaving 
group, when attached to a pyridinium salt it is only about four times less easily displaced than iodide, 
bromide and chloride; fl uoride in the same situation is displaced about 250 times faster than the other 
halides.  37   

 A substantial study of the activating effects of other substituents on the displacement of 2 - halo - pyridines 
is very instructive and some examples are shown below. The activating effect of trifl uoromethyl is particu-
larly notable.  38     

 In certain situations, particularly with relatively poor nucleophiles such as anilines, reaction rates can be 
enhanced considerably by the addition of acids, such as HCl, CF 3 CO 2 H or BF 3 , to the reaction mixture, so 
that the much more reactive protonated haloazine is the substrate. Due to the relatively low basicity of 
anilines, suffi cient free base is present to act as the nucleophile. 

 Turning to bicyclic systems, and a study of reaction with ethoxide, a small increase in the rate of reaction 
relative to pyridines is found for chloroquinolines at comparable positions.  39   In the bicyclic compounds, 
quaternisation again greatly increases the rate of nucleophilic substitution, having a larger effect ( ∼ 10 7 ) at 
C - 2 than at C - 4 ( ∼ 10 5 ).  40    

    Relative rates of displacement of pyridine - 2 - fl uoride by EtO  −   in EtOH   

    Relative rates of displacement of pyridine - 2 - chloride by EtO  −   in EtOH   
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 Diazines with halogen  α  and  γ  to nitrogen are much more reactive than similar pyridines, for example 
2 - chloropyrimidine is  ∼ 10 6  times more reactive than 2 - chloropyridine.  

  3.3.3   Vicarious Nucleophilic Substitution (VNS Substitution)   41    

 A process known as  ‘  V icarious  N ucleophilic  S ubstitution ’  (VNS) of hydrogen has been widely applied to 
carboaromatic and to heteroaromatic compounds. In general form, the process requires the presence of a 
nitro group on the substrate, which permits the addition of a carbon nucleophile, of the form (X)(Y)(R)C  −  , 
where X is a potential leaving group and Y is an anion - stabilising group that permits the formation of the 
carbanion. Most often X is a halogen and Y can be arylsulfonyl, ester or benzotriazole (which can serve 
both as the anion stabilizing substituent and also as leaving group). A typical sequence is shown below: 
following addition,  ortho  or  para  to the nitro group, elimination of HX takes place to form a conjugated, 
non - aromatic nitronate, which on reprotonation returns the molecule to aromaticity and produces the sub-
stituted product. Excess of the base used to generate the initial carbanion must be employed in order to 
drive the process forward by subsequently bringing about the irreversible elimination of HX from the 
nitronate salt.  

 Three VNS sequences are shown below, each illustrating a different aspect. In the fi rst example, the 
anion - stabilising group (Y) (trifl uoromethanesulfonyl) also serves as the leaving group (X).  42   The second 
example shows the operation of a VNS substitution in a fi ve - membered heterocycle with the nucleophile 
(X = Cl; Y = SO 2 Ph) attacking at C - 5, vinylogously conjugated to the nitro group.  43   The third example is 
somewhat unusual in that the attacking nucleophile (X = Cl; Y = SO 2  p  - Tol) does not even attack the nitro -
 substituted ring: addition occurs at C - 2 in 6 - nitroquinoxaline, for this produces an anion stabilised by 
delocalisation involving both N - 1 and the nitro group.  44               

    Relative rates of displacement of chloride by EtO  −   at 20  ° C   

    Vicarious nucleophilic substitution (VNS) of aromatic compounds   
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  3.4   Radical Substitution at Carbon   45    
 Both electron - rich and electron - poor heterocyclic rings are susceptible to substitution of hydrogen by free 
radicals. Although electrically neutral, radicals exhibit varying degrees of nucleophilic or electrophilic 
character and this has a very signifi cant effect on their reactivity towards different heterocyclic types. These 
electronic properties are a consequence of the interaction between the SOMO ( S ingly  O ccupied  M olecular 
 O rbital) of the radical and either the HOMO, or the LUMO, of the substrate, depending on their relative 
energies; these interactions are usefully compared with charge - transfer interactions. 

  Nucleophilic radicals  carry cation - stabilising groups on the radical carbon, allowing electron density to 
be transferred from the radical to an electron - defi cient heterocycle; they react, therefore, only with electron -
 poor heterocycles and will not attack electron - rich systems: examples of such radicals are   •  CH 2 OH, alkyl  •  , 
and acyl  •  . Substitution by such a radical can be represented in the following general way:      

  Electrophilic radicals , conversely, are those which would form stabilised anions on gaining an electron, 
and therefore react readily with electron - rich systems; examples are   •  CF 3  and   •  CH(CO 2 Et) 2 . Substitution by 
such a radical can be represented in the following general way:      

 Aryl radicals can show both types of reactivity. A considerable effort (mainly older work) was devoted 
to substitutions by aryl radicals; they react with electron - rich and electron - poor systems at about the same 
rate, but often with poor regioselectivity.  46   

  3.4.1   Reactions of Heterocycles with Nucleophilic Radicals 

     The Minisci Reaction  47   

 The reaction of nucleophilic radicals, under acidic conditions, with heterocycles containing an imine unit 
is by far the most important and synthetically useful radical substitution of heterocyclic compounds. Pyri-
dines, quinolines, diazines, imidazoles, benzothiazoles and purines are amongst the systems that have been 
shown to react with a wide range of nucleophilic radicals, selectively at positions  α  and  γ  to the nitrogen, 
with replacement of hydrogen. Acidic conditions are essential because  N  - protonation of the heterocycle 
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both greatly increases its reactivity and promotes regioselectivity towards a nucleophilic radical, most of 
which hardly react at all with the neutral base. A particularly useful feature of the process is that it can 
be used to introduce acyl groups, directly, i.e. to effect the equivalent of a Friedel – Crafts substitution  –  
impossible under normal conditions for such systems (cf.  3.2.2 ). Tertiary radicals are more stable, but also 
more nucleophilic and therefore more reactive than methyl radicals in Minisci reactions. The majority 
of Minisci substitutions have been carried out in aqueous, or at least partially aqueous, media, making 
isolation of organic products particularly convenient. 

 Several methods have been employed to generate the required carbon - centred radical, many depending 
on the initial formation of oxy or methyl radicals, which then abstract hydrogen or iodine from suitable 
substrates, as illustrated below.  48   The re - aromatisation of the intermediate radical - cation is usually brought 
about by its reaction with excess of the oxidant used to form the initial radical.                     
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 In contrast to the oxidative generation of radicals described above, reductions of alkyl iodides using 
tris(trimethylsilyl)silane also produces alkyl radicals under conditions suitable for Minisci - type sub-
stitution.  49   Carboxylic acids ( α  - keto acids) are also useful precursors for alkyl  50   and/or acyl  51   radicals  via  
silver - catalysed peroxide oxidation, or from their 1 - hydroxypyridine - 2 - thione derivatives,  52   the latter in 
non - aqueous conditions.           

  N,N  - Dialkyl - formamides can be converted into either alkyl or acyl radicals, depending on the 
conditions.  53        

 An instructive and useful process is the two - component coupling of an alkene with an electrophilic 
radical: the latter will of course not react with the protonated heterocycle, but after addition to the alkene, 
a nucleophilic radical is generated, which will react.  54        

 When more than one reactive position is available in a heterocyclic substrate, as is often the case for 
pyridines for example, there are potential problems with regioselectivity or/and disubstitution (since the 
product of the fi rst substitution is often as reactive as the starting material). Regioselectivity is dependent 
to a certain extent on the nature of the attacking radical and the solvent, but may be diffi cult to control 
satisfactorily.  55        
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 A point to note is that for optimum yields, radical substitutions are often not taken to full conversion (of 
starting heterocycle), but as product and starting material are often easily separated this is usually not a 
problem. Ways of avoiding disubstitution include control of pH (when the product is less basic than the 
starting material) or the use of a two - phase medium to allow removal of a more lipophilic product from 
the aqueous acidic reaction phase. 

 Very selective monosubstitution can also be achieved by the ingenious use of an  N  +  - methoxy quaternary 
salt, in place of the usual protonic salt. Here, re - aromatisation is the result of loss of methanol, leaving as 
a product a much less reactive, neutral pyridine.  56        

 In addition to substitution of hydrogen,  ipso  replacement of nitro, sulfonyl and acyl substituents can 
occur, and may compete with normal substitution.  57      

  3.4.2   Reactions with Electrophilic Radicals 

 Although much less well developed than the Minisci reaction, substitution with electrophilic radicals 
can be used in some cases to achieve selective reaction in electron - rich heterocycles.  58          

  3.5   Deprotonation of   N   - Hydrogen   59    
 Pyrroles, imidazoles, pyrazoles and benzo - fused derivatives that have a free  N  - hydrogen have p K  a  values 
for the loss of the  N  - hydrogen as a proton in the region of 14 – 18. This is to say that they can be completely 
converted into  N  - anions by reaction with strong bases like sodium hydride or  n  - butyllithium. In reactivity 
terms, these  N  - anions are nucleophilic at the nitrogen, in direct contrast to the neutral heterocycle, and thus 
provide the means by which the nitrogen of azoles can be substituted, for example by reaction with alkyl 
halides, or with other electrophiles that can provide protection/masking of the nitrogen, the  N  - substituent 
to be subsequently removed (see  4.2.10  for palladium - catalysed azole  N  - arylations). Similar  N  - substitutions 
can also be achieved with bases that generate only an equilibrium (low) concentration of the  N  - anion.       
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  3.6   Oxidation and Reduction   60    of Heterocyclic Rings 
 Generally speaking, the electron - poor heterocycles are more resistant to oxidative degradation than are 
electron - rich systems  –  it is usually possible to oxidise alkyl side - chains attached to electron - poor hetero-
cycles whilst leaving the ring intact; this is not generally true of electron - rich, fi ve - membered systems. 

 The conversion of monocyclic heteroaromatic systems into reduced, or partially reduced derivatives is 
generally possible, especially in acidic solutions, where it is a cation that is the actual species reduced. It 
follows that the six - membered types, which usually have a basic nitrogen, are more easily reduced than 
the electron - rich, fi ve - membered counterparts. Heteroaromatic quaternary salts are likewise easily reduced.  

  3.7     ortho   - Quinodimethanes in Heterocyclic Compound Synthesis   61    
 The generation then trapping of  ortho  - quinodimethanes, in both intermolecular and intramolecular reac-
tions, is a signifi cant method for the construction of polycyclic heterocyclic compounds. This section 
describes the most important methods for the generation of such species, and gives some examples of their 
trapping. From the point of view of ring construction, the most important trapping reactions are those in 
which the  ortho  - quinodimethane acts as a diene in Diels – Alder cycloadditions, thereby regaining a fully 
aromatic heterocyclic ring, as illustrated below.  62   The unstable and reactive  ortho  - quinodimethanes are not 
isolated, but are generated in the presence of the trapping reactant. Their adducts with sulfur dioxide can 
be a convenient way in which to store  ortho  - quinodimethanes generated by other means.  61        

 The ease with which an  ortho  - quinodimethane can be formed is related to the stability of the 
aromatic heterocycle from which it is derived and to the degree of double - bond character between the  ortho  
ring carbons. The fi rst of these aspects can be nicely illustrated by comparing the thiophene 2,3 -
 quinodimethane  63   with its furan counterpart  64    –  the latter is more stable than the former  –  the thiophene -
 derived species has much more to lose in its formation from an aromatic thiophene (and much more to 
gain by reacting to regain that aromaticity) than does the latter.  

    Relative stabilities of heterocyclic  ortho  - quinodimethanes   

  ortho  - Quinodimethanes are much easier to produce if the bond between the  ortho  ring carbons in the 
precursor has appreciable double - bond character. Thus, in fi ve - membered heterocycles, it is much easier 
to produce a 2,3 - quinodimethane, than a 3,4 - quinodimethane. Similarly, in bicyclic six - membered systems, 
for example quinolines,  65   it is much easier to produce 3,4 - quinodimethanes than 2,3 - quinodimethanes, 
structures for which imply a loss of resonance stabilisation in the second ring. 

 Three main strategies have been employed for the production of heterocyclic  ortho  - quinodimethanes: 
a 1,4 - elimination, the chelotropic loss of sulfur dioxide from a 2,5 - dihydrothiophene  S,S  - dioxide 
and the electrocyclic ring opening of a cyclobuteno - heterocycle; each of these is illustrated diagramatically 
below.  
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 The use of cyclobuteno - heterocycles is of course dependent on a convenient synthesis (for an example, 
see  14.13.2.5 ), but when available, they are excellent precursors, only rather moderate heating being 
required for ring opening, as shown by the example below, in which the initial Diels – Alder adduct is aro-
matised by reaction with excess quinone.  66        

    Generation of heterocyclic  ortho  - quinodimethanes   

 1,4 - Eliminations have involved 1,2 - bis(bromomethyl) - heterocycles with iodide,  67    ortho  -
 (trimethylsilylmethyl) heterenemethyl ammonium salts,  68    ortho  - (trimethylsilylmethyl) heterenecarbinol 
mesylates, each with a source of fl uoride, and  ortho  - (tri -  n  - butylstannylmethyl) heterenecarbinol acetates 
with a Lewis acid.  69                       
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 An extensively developed route involves loss of a proton from indol - 3 - ylcarboxaldehyde imines (or their 
pyrrolic counterparts  70  ), following reaction with an acylating agent, as illustrated below.  71        

 The extrusion of sulfur dioxide from heterocyclic sulfones is probably the most generally used method 
for the generation of  ortho  - quinodimethanes, and many examples have been reported. Such sulfones are 
generally stable and easy to synthesise by various routes. In addition, the acidity of the protons adjacent 
to the sulfone unit allows for base - promoted introduction of substituents, before thermolytic extrusion and 
the Diels – Alder step. Two examples of sulfur dioxide extrusion are shown below.  72              
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 Organometallic Heterocyclic Chemistry     

     Heterocyclic  ‘ organometallics ’  cover a wide range of types and reactivities, and can be prepared for any 
metal, although relatively few are of practical importance for the synthetic chemist. The most signifi cant 
are: (i) nucleophilic (and often basic) compounds, mainly lithium and magnesium compounds, (ii) nucleo-
philic, generally non - basic compounds, such as those of zinc, aluminium and titanium, (iii) compounds of 
tin, and the  ‘ metalloids ’  boron and silicon, which have relatively low classical nucleophilicity, but are 
particularly important as notionally  ‘ nucleophilic ’  partners in transition - metal - catalysed coupling reactions, 
but also have interesting chemistry in their own right, (iv) transition metals, of which the most important 
are intermediates in catalytic cycles, particularly palladium, copper, nickel and rhodium. 

 In this chapter, for general organometallics we give an overview, with most of the examples for particular 
heterocyclic rings in the main chapters (with further discussions); however, for the transition metals, 
because of the regularity of reactivity across the whole range of heterocycles, most of the examples are 
given in this chapter.  

  4.1   Preparation and Reactions of Organometallic Compounds 
 The general methods of preparation of these compounds  1   are: 

  1.     Direct metallation.     Direct C – H metallations are of several types, of which the most important is reac-
tion ( ‘ deprotonation ’ ) with a strongly basic reagent, usually a lithium compound, but is also possible 
for magnesium and zinc. Electrophilic metallation can be carried out with palladium(II) and mercury(II) 
salts, and neutral C – H insertion by other transition metals is becoming increasingly important, usually 
for catalytic reactions.  

  2.     Halogen – metal exchange.     The simplest type of halogen metal exchange is by reaction of metal with a 
halide, such as in the preparation of a Grignard reagent, but the most common way is by reaction of the 
halide with an organometallic reagent, particularly an alkyllithium. Exchanges using organomagnesium 
and organozinc compounds are now very well developed and offer advantages in selectivity and func-
tional group compatibility.  

  3.     Metal – metal exchange.     Metal – metal exchange usually involves the reaction of an organometallic 
reagent with an electrophilic metal source, such as a salt, halo or alkoxy derivative. This is most widely 
used for the preparation of organo - boron,  - tin,  - zinc and  - silicon compounds by reaction with organo-
lithium or magnesium reagents.    

  4.1.1   Lithium   2    

 Lithio - heterocycles have proved to be the most useful organometallic derivatives: they react with the whole 
range of electrophiles in a manner exactly comparable to that of aryllithiums and can often be prepared by 
direct metallation ( C  - hydrogen deprotonation), as well as by halogen exchange between a halo - heterocycle 
and an alkyllithium. As well as reaction with carbon electrophiles, lithiated species are often the most 
convenient source of heterocyclic derivatives of less electropositive metals, such as zinc, boron, silicon and 
tin, as will be seen in the following sections.

4
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    4.1.1.1   Direct Lithiation ( C  - Hydrogen Deprotonation) 

 Many heterocyclic systems react directly with alkyllithiums or with lithium amides to give the lithio - het-
erocycle  via  abstraction of a proton. Although a  ‘ free ’  anion is never formed, the ease of lithiation correlates 
well with  C  - hydrogen acidity and, of course, with the stability of the corresponding conjugate base (carb-
anion).  3   Lithiations by deprotonation are therefore directly related to base - catalysed proton exchange  4   using 
reagents such as sodium methoxide, at much higher temperatures, which historically provided the fi rst 
indication that preparative deprotonations might be regioselective and thus of synthetic value. It must be 
remembered that kinetic and equilibrium acidities may be different; thermodynamic products are favoured 
by higher temperatures and by more polar solvents. 

 The details of the mechanism of this type of metallation are still under discussion, but can be represented 
as involving a four - centre transition state, although higher - level complexes with more than one metal atom 
and complexation with the ring heteroatom are probably involved.      

      The two main routes to hetero - organolithiums exemplifi ed   

 The main factor giving increased acidity of heterocyclic  C  - hydrogen relative to benzenoid  C  - hydrogen 
is the inductive effect of the heteroatom(s), thus metallation occurs at the carbon  α  to the heteroatom, where 
the inductive effect is felt most strongly, unless other factors, with varying degrees of importance, intervene. 
These include the following: 

  1.     Mesomerism.     Except in the case of side - chain anions, the  ‘ anion ’  orbital is orthogonal to the  π  - system 
and so it is not mesomerically delocalised. However, electron density, and therefore  C  - hydrogen acidity 
at ring carbons, is affected by resonance effects.  

  2.     Coordination of the metal to the heteroatom.     Stronger coordination between the metal of the base and 
a heteroatom leads to enhanced acidity of the adjacent  C  - hydrogen due to increased inductive withdrawal 
of electron density  –  it is proportionately stronger, for example, for oxygen than for sulfur.  

  3.     Lone - pair interactions.     Repulsion between the electrons in the orbital of the  ‘ anion ’  or incipient anion. 
This interaction is thought to be important in pyridines and other azines, and may be a kinetic rather 
than equilibrium effect, at least in the case of lithiation.  5    

  4.     Polarisability of the heteroatom.     More polarisable atoms, such as sulfur, are able to disperse charge 
more effectively.  

  5.     Substituent effects.     Directed  ortho  - metallation (DoM)  6   is extremely useful in heterocyclic chemistry, 
just as in carbocyclic chemistry. Metallation  ortho  to the directin g  group is promoted by either inductive 
effects (e.g. Cl, F), or chelation (e.g. CH 2 OH    →    CH 2 OLi), or a combination of these, and may overcome 
the intrinsic regioselectivity of metallation of a particular heterocycle. When available, this is by far the 
most important additional factor infl uencing the regioselectivity of lithiation.    

  Lithiating Agents 

 Lithiations are normally carried out with alkyllithiums or lithium amides.  n  - Butyllithium is the most widely 
used alkyllithium, but  t  - butyllithium and occasionally  s  - butyllithium are used when more powerful reagents 
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are required. Phenyllithium was used in older work, but is uncommon now, although it can be of value 
when a less reactive, more selective base is required.  7   A very powerful metallating reagent is formed from 
a mixture of  n -  butyllithium and potassium  t  - butoxide: this produces the potassium derivative of the 
heterocycle. 

 Lithium diisopropylamide (LiN( i  - Pr) 2 ; LDA) is the most widely used lithium amide, but lithium 
2,2,6,6 - tetramethylpiperidide (LiTMP) is rather more basic and less nucleophilic  –  it has found particular 
use in the metallation of diazines. Alkyllithiums are stronger bases than the lithium amides, but usually 
react at slower rates. Metallations with the lithium amides are reversible, so for effi cient conversion, the 
heterocyclic substrate must be more acidic ( > 4 p K  a  units) than the corresponding amine.  

  Solvents 

 Ether solvents  –  Et 2 O and THF  –  are normally used. The more strongly coordinating THF increases the 
reactivity of the lithiating agent by increasing its dissociation. A mixture of ether, THF and pentane (Trapp ’ s 
solvent) can be employed for very low temperature reactions ( < 100  ° C) (THF freezes at this temperature). 
To increase the reactivity of the reagents even further, ligands such as TMEDA ( N,N , N  ′  ,N  ′   -
  tetramethylethylenediamine; Me 2 N(CH 2 ) 2 NMe 2 ) or HMPA ((Me 2 N) 3 PO) ( CAUTION :  carcinogen ) are 
sometimes added  –  these strongly and specifi cally coordinate the metal cation.   

  4.1.1.2   Halogen Exchange 

 Bromo -  and iodo - heterocycles react rapidly with alkyllithiums, even at temperatures as low as  − 100  ° C, to 
give the lithio - heterocycle. Exchange of fl uorine is unknown and of chlorine, rare, but is known under 
special circumstances, such as in polychloro compounds. The apparent preparation of a number of lithio -
 heterocycles by direct reaction of a chloro heterocycle using lithium metal with naphthalene has been 
reported. Since such lithiations have to be carried out in the presence of the electrophile, it may be that the 
process is more complex than it seems.  8   

 Positional selectivity in halogen exchange is governed by factors similar to those in direct deprotonation, 
such as acidity of the corresponding C – H and the presence of directing groups.      

 Mechanistically, the exchange process may involve a four - membered or other cyclic concerted transition 
state, or may possibly proceed  via  an electron - transfer sequence, however direct nucleophilic attack, at 
least on iodine, has been demonstrated in the case of iodobenzene,  9   and cannot therefore be dismissed as 
a more general mechanism.

      Possible mechanisms for metal – halogen exchange   

    Halogen Exchange Reagents 

  n  - Butyllithium is the usual exchange reagent; the  n  - butyl bromide byproduct does not usually interfere with 
subsequent steps. When the presence of an alkyl bromide is undesirable, two equivalents of  t  - butyllithium 
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can be employed  –  the initially formed  t  - butyl bromide is consumed by reaction with the second equivalent 
of alkyl - lithium, producing isobutene.      

 It is very important to differentiate between pure bases, such as lithium diisopropylamide, which act only 
by deprotonation, and alkyllithiums, which can act as bases  or  take part in halogen exchange. When using 
alkyllithiums, exchange is favoured over deprotonation by the use of lower temperatures. The reaction of 
3 - iodo - 1 - phenylsulfonylindole with the two types of reagent is illustrative.  10          

  4.1.1.3   Regiostability 

 When an organolithium is prepared by halogen exchange, or a kinetic C – H metallation, there may be the 
possibility of equilibration involving a more  ‘ acidic ’  hydrogen in the molecule. This occurs more readily 
in strongly coordinating solvents and at higher temperatures, and may be promoted by the presence of 
electron - withdrawing  N  - protecting groups. Derivatives of magnesium and zinc are much more resistant to 
such migrations and are totally regio - stable for all practical purposes. 

 Similar equilibria,  via  halogen migration, are also possible and, indeed, can be used to advantage (see 
for example, 17.4.2).  

  4.1.1.4   Ring Lithiation of Five - Membered Heterocycles        

 The inductive effect of the heteroatom, which withdraws electrons to a greater extent from an adjacent 
carbon atom ( α  - positions), allows direct  α  - lithiation of practically all fi ve - membered heterocycles. The 
relative  ‘ acidities ’  of  α  - hydrogens in some different classes are illustrated in the table below.  

      Equilibrium p  K   a  values  #   for deprotonation of some fi ve - membered heterocycles in THF   11    
 # Measured p K  a  values vary according to solvent etc.   
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 Despite the lower electronegativity of sulfur, and hence a weaker inductive effect, thiophene metallates 
about as readily as furan, probably in part because the higher polarisability of sulfur allows more effi cient 
charge distribution.  12   The lithiation of 2 - (2 - furyl)thiophene, in either ring depending on conditions, is 
instructive;  13   preferential lithiation of the furan ring in the non - polar solvent is probably due to stronger 
coordination of lithium to the oxygen, thus increasing the inductive effect on the  α  - hydrogen in the 
furan ring.      

 The use of stronger bases can result in dimetallation.  14        

 Directing groups can overcome the normal tendency for  α  - lithiation in fi ve - membered heterocycles, as 
shown in the thiophene example below, however the use of lithium diisopropylamide does allow  ‘ normal ’  
 α  - lithiation in this case.  15        

 Lithiation of pyrroles is complicated by the presence of a much more acidic hydrogen on nitrogen, 
however 1 - methylpyrrole lithiates, at C - 2, albeit under slightly more vigorous conditions than for furan.  16   
Removable protecting groups on the pyrrole nitrogen allow  α  - lithiation,  t  - butoxycarbonyl (Boc) is an 
example; it has additional advantages: not only is it easily hydrolytically removed, but it also withdraws 
electrons, thus acidifying the  α  - hydrogen further, and fi nally it provides chelation assistance.  17        

 Benzo[ b ]thiophenes, benzo[ b ]furans and  N  - blocked indoles lithiate on the heterocyclic ring,  α  to the 
heteroatom.  18   Lithiation at the other hetero - ring position can be achieved  via  halogen exchange, but 
low temperatures must be maintained to prevent equilibration to the more stable 2 - lithiated heterocycle.  10        
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 Benzene - ring - lithiated intermediates can be prepared by metal – halogen exchange, even, in the case of 
indoles, without protection of the NH, i.e. it is possible to produce an  N,C  - dimetallated species ( 20.5.2 ).  19   

 The 1,3 - azoles lithiate very readily, at C - 2. One may understand this in terms of a combination of the 
acidifying effects seen at an  α  - position of pyridine (both inductive and mesomeric electron withdrawal) 
with that at the  α  - positions of thiophene, furan and pyrrole (inductive only). 2 - Substituted - 1,3 - azoles gener-
ally lithiate at C - 5.  20        

 For imidazoles, it is usual for the  N  - hydrogen fi rst to be masked,  21   and a variety of protecting groups 
have been used for that purpose, many of which provide additional stabilisation and an additional reason 
for regioselective  α  - lithiation by coordinating the lithium: trimethylsilylethoxymethyl (Me 3 Si(CH 2 ) 2 OCH 2 ; 
SEM) is one such group.  22        

 It is a signifi cant comment on the relative ease of  α  - lithiation in six -  and fi ve - membered systems that 
( N  - protected) pyrazoles lithiate at C - 5, i.e. at the pyrrole - like  α  - position, though, again chelation assistance 
from the  N  - protecting group also directs to C - 5.  23   

 One must be aware that hetero - ring cleavage  24   can occur in  β  - lithiated fi ve - membered systems, because 
the heteroatom can act as a leaving group, if the temperature is allowed to rise.  25        

 Higher azoles  –  triazoles, tetrazoles, heterodiazoles  –  lithiate readily, but some of the lithio - compounds are 
relatively unstable.  

  4.1.1.5   Ring Lithiation of Six - Membered Heterocycles 

 The preparation of lithiated derivatives of six - membered heterocycles like pyridines, quinolines and diazines 
must overcome the problem that they are intrinsically susceptible to nucleophilic addition/substitution 
( 3.3.2 ) by the lithium reagents. In contrast to the selective lithiation of fi ve - membered rings, the direct 
metallation of pyridine is quite diffi cult and complex, but it can be achieved using the very strong base 
combination  n -  butyllithium/potassium  t  - butoxide. In relatively non - polar solvents (ether/hexane) kinetic 
2 - metallation predominates, but in a polar solvent (THF/HMPA/hexane), or under equilibrating conditions, 
the 4 - isomer is the major product. The pyridine  α  -  and  γ  - positions, being more electron - defi cient than a 
 β  - position, have the kinetically most acidic protons, and of the two former anions, location of negative 
charge at the  γ  - position is the more stable situation, perhaps due to unfavourable repulsion between the 
coplanar nitrogen lone pair and the  α  -  ‘ anion ’ . In non - polar solvents, stronger coordination of the metal 
cation with the nitrogen lone pair will reduce this repulsive interaction and thus increase the relative 
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stability of the  α  -  ‘ anion ’ .  26   As a corollary of this, pyridine can be selectively lithiated at C - 2 when the lone 
pair is tied up as a complex with boron trifl uoride  27   or using special reagents which act  via  complexation 
to the nitrogen and then intramolecular delivery of base to the  α  - proton ( 8.4.1 ). This is consistent with 
much earlier studies of base - catalysed exchange, when it was demonstrated that  N  - oxides and  N  +  - alkyl 
quaternary salts exchange more rapidly at an  α  - position.  28             

 All the isomerically pure lithio - pyridines can be prepared by halogen exchange, though 3 - bromopyridine 
requires a lower temperature, or a change to a less - dissociating solvent, to discourage nucleophilic addition; 
bromopicolines can be similarly converted, without deprotonation at the methyl groups. 

 Pyridines carrying groups which direct metallation  ortho , using chelation and/or inductive infl uences, 
can be directly lithiated without risk of nucleophilic addition. When the group is at a 2 -   29   or 4 - position,  30   
lithiation must occur at a  β  - carbon; pyridines with  ortho  - directing groups located at a  β  - position usually 
lithiate at C - 4: this is true, for example, of chloro -  and fl uoro - pyridines;  31   3 - methoxymethoxy - ,  32   3 - piv-
aloylamino, -   33   3 - trimethylsilylethoxymethoxy -   34  , 3 -  t  - butylaminosulfonyl - ,  35   3 - diethylaminocarbonyloxy -  
or 3 - diethylaminothiocarbonyloxy - pyridines,  36   and the adduct from 3 - formylpyridine and Me 2 N(CH 2 ) 2 
NMeLi;  37   3 - ethoxypyridine, however, metallates at C - 2.  38             

 Quinolines react like pyridines, but are more susceptible to nucleophilic addition;  39   this is also an 
increased problem with pyrimidines, relative to pyridines, but nevertheless they can be lithiated by 
deprotonation or by halogen exchange at low temperatures, around  − 100  ° C. The presence of 2 -  and/or 
4 - substituents adds some stability to lithiated pyrimidines.  40             



44 Heterocyclic Chemistry

 Pyrazines and pyridazines react in accord with the principles discussed above.  41         

  4.1.1.6   Generation of the Organolithium in the Presence of the Electrophile 

 Rather than a sequential lithiation, followed by addition of an electrophile, it may be better to generate the 
organolithium compound, either by halogen exchange or direct deprotonation,  in the presence of  the elec-
trophile. The reason for doing this may be that the organolithium intermediate is unstable, or that it avoids 
side reactions, such as lithium migration. It is also more effi cient, particularly on larger scale, as only one 
temperature - controlled addition is required and it often allows the use of higher reaction temperatures. 
There is a balance, which may be temperature dependent, between the rates of formation of the organome-
tallic, its reaction with the electrophile and the reaction of the lithiating agent with the electrophile. 
Examples of this approach include the preparation of heterocyclic boronic acids  via  halogen exchange  42   
and indole - 2 - boronates and 2 - silanes  via  direct deprotonation.  43   In the latter case, the low reactivity of the 
base (LDA) to trialkyl borates and silyl chlorides allows temperatures as high as 0  ° C to be used.       

  4.1.1.7   Lithiation in the Presence of Functional Groups 

    N   - Hydrogen 

 When a ring nitrogen bears a hydrogen, it is normal to use a protecting group during lithiation (by halogen 
exchange), but in a number of cases the  ‘ protection ’  involves simply deprotonating the nitrogen. In some 
cases, for example, 2 - iodoindole  44   or 4 - bromopyrazole,  45   excess of the alkyl lithium can be used, but the 
process is more complex than might be thought and internal protonation may occur, leading to overall 
dehalogenation. The initial use of a separate strong base to deprotonate the NH before carrying out the 
lithium exchange may be better, as in the reaction of six - ring bromo - indoles, where potassium hydride is 
used for the deprotonation ( 20.5.2 ). 

 Iodine - magnesium exchange has been carried out for 5 -  and 6 - iodouracils in the presence of lithium 
chloride, using methylmagnesium chloride to deprotonate both N - hydrogens, then addition of isopropyl-
magnesium chloride to exchange the halogen.  46    
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  Protecting Groups 

 The standard solution for ketones and aldehydes is to use protecting groups such as acetals, but this can 
be inconvenient or maybe incompatible with the product due to the conditions required for deprotection. 
However,  in situ  protection as carbinolamine anions is an ideal solution, being very effi cient time - wise and 
process - wise.  47   (Note that intermediates of the same type are formed during quenching of lithio - compounds 
with DMF and can be used in the same way.)      

 Another, very useful,  in situ  protection of indoles and pyrroles, involves deprotonation of the nitrogen then 
addition of carbon dioxide to give the lithium  N  - carboxylate salt.  48           

  4.1.2   Magnesium   49    

 Heterocyclic magnesium compounds (Grignard reagents), which are often diffi cult to prepare by the stan-
dard method (halides with magnesium metal), can be readily prepared by metal – halogen exchange with an 
alkyl Grignard. These exchanges show the same selectivity as lithium exchanges: 2    >    3 in fi ve - membered 
rings and 3    >    2 in six - membered rings (for the same halogen) and I    >    Br, as illustrated by the dihalothio-
phenes shown below.  50        

 Isopropylmagnesium halides are the most widely used reagents and are effective over a very wide 
range of heterocyclic systems; they can even be used in the presence of esters if the temperature is kept 
low and are also suitable for solid - state synthesis.  51        

 The relatively modest directing effect of a carboxylate overrides the normally higher reactivity in thiazoles 
of C - 2    >    C - 5.  51        
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 The exchange of the bromomethyl oxazole shown below had to be carried out in the presence of the elec-
trophile, due to the high instability of the intermediate magnesium compound.  52        

 Electron - withdrawing substituents increase the rate of exchange, as shown above, but, generally, exchange 
of bromine is quite slow. However, the addition of lithium salts brings about dramatic increases in reactivity 
of Grignard reagents for halogen exchange and also increases the reactivity of the resulting (hetero)aryl 
organometallic. This is best conducted by using the complex  i  - PrMgCl.LiCl, which probably exists as 
a magnesiate  i  - PrMgCl 2   −   Li + , which is more reactive than the (oligomeric) Grignard. The pyridine 
example below demonstrates the difference in reactivity.  53        

 LiCl seems to be a  ‘ magic ingredient ’  for enhancing reactivity during magnesium and zinc halogen – metal 
exchanges, and direct metallation, and also of the subsequent reactions of the products. This 2004 discovery 
may supersede previous methods. The addition of (THF - soluble) CeCl 3 .LiCl to Grignard reactions (includ-
ing some pyridyl Grignard reagents) with hindered or readily enolisable ketones greatly increases the 
yields.  54   

 The addition of lithium chloride to magnesium amide bases, for example TMPMgCl, greatly increases 
solubility (in THF) and reactivity for direct metallation, even for sensitive substrates such as pyrimidines.  55   
Amongst a range of heterocyclic substrates, it is notable that 2,6 - dichloropyridine gives clean 4 - substitution, 
whereas  ‘ standard ’  amide bases give mixtures of C - 3 and C - 4 products. Magnesium bis - amides, such as 
(TMP) 2 Mg.2LiCl, are more successful in some situations, such as where  t  - butyl esters are used as directing 
groups.  56        
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 Direct C – H magnesiation can be carried out with lithium tri -  n  - butylmagnesiate on oxazoles,  57   thiophenes 
and fl uoro -  and chloro - pyridines, the intermediates being used for trapping electrophiles and in coupling 
reactions. The use of the highly hindered neopentylmagnesium bromide allows iodine – magnesium exchange, 
even in the presence of ketones.  58   

 Bromine exchange of bromo - 2 - furoic acids can be carried out after formation of the magnesium salt of 
the acid by reaction with methyl Grignard in the presence of lithium chloride.  59   This procedure can also 
be used for iodine exchange in imidazoles, without protection of the NH.  60    

  4.1.3   Zinc   61    

 Heteroaryl zinc compounds are particularly useful in palladium - catalysed coupling, being compatible with 
many functional groups. They are often prepared  in situ via  lithiation, followed by reaction with zinc 
halides, but direct zincation of halides can be carried out, using either Riecke zinc, as in the example 
below,  62   or, more conveniently, ordinary zinc dust,  63   with various means of activation.      

 Activation with cobalt chloride and allyl chloride has been used for chlorothiophenes (2 - Cl is more 
reactive than 3 - Cl) and activated aryl chlorides.  64   Commercial zinc dust and the heteroaryl halide can be 
used to make the heteroarylzinc in both electron - rich and electron - poor systems.  65        

 The addition of LiCl to zinc dust (activated with 1,2 - dibromoethane plus TMSCl) has a dramatic effect 
on the reaction rates.  66   The reaction is successful with iodo - heterocycles and some activated bromo - 
compounds, such as the furan ester shown below.      

 Organoindium(III) compounds can be prepared under very similar conditions to these organozincs and 
have an even greater tolerance of functional groups: they are compatible with alcohols and phenols.  67   

 Di - (heteroaryl) zincs, for use in coupling reactions, can be prepared by direct exchange of iodides, for 
example 5 - iodofurfural, with ( i  - Pr) 2 Zn in the presence of a Li(acac) catalyst.  68   

 The direct C – H zincation of a number of heterocyclic systems can be carried out using 
(TMP) 2 Zn.2MgCl 2 .2LiCl (prepared by reacting TMPMgCl.LiCl with ZnCl 2 ), including 1,3,4 - oxadiazoles, 
1,2,4 - triazoles and compounds bearing sensitive functional groups, such a nitro or aldehyde.  69   In less 
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reactive systems, such as benzofuran and benzothiophene, the use of microwave irradiation allows effi cient 
conversion.  70         

  4.1.4   Copper 

 Copper derivatives, in the form of cuprates (RCu(X)Li), are usually prepared  in situ  from lithium, magne-
sium or zinc compounds, by reaction with a Cu(I) source such as CuCN. They are often used to improve 
conversions using, for example, an acid chloride or an allylic halide as electrophile  –  a number of examples 
appear in other sections of this book. They are also useful as the organometallic partners in some cross -
 coupling reactions (using cobalt catalysts).  71   

 A more convenient direct cupration of iodides can be carried out using highly hindered cuprates, such 
as (Nphyl) 2 CuLi.  72   The reaction is faster in electron - defi cient rings, and chelating groups allow the use of 
bromides as substrates.            

  4.1.5   Boron 

 Practically all the organoboron compounds of interest in the current context are boronic acids or closely 
related compounds.  73   Boronic acids are relatively weak acids that ionise by association, not dissociation 
 –  stable salts of tetrahedral aryl trihydroxyboronates can be isolated as stable solids and used in coupling 
reactions.  74   Some typical p K  a s are shown below.  75   Pyridine boronic acids exist as zwitterions in water at 
pH 7.  76   Electron - withdrawing groups and the inductive effects of heteroatoms increase acidity, and forma-
tion of esters with 1,2 -  or 1,3 - diols can reduce the p K  a  by up to 2.5 units.  77        
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 Boronic acids readily dehydrate, eventually giving a boroxin, but the conversion is easily reversible and 
the interconversion can be brought about simply by dissolution in wet or dry solvents. The solid  ‘ acids ’  
very commonly occur as mixtures of acid and anhydrides, which makes precise measurement of molar 
quantities diffi cult. Simple esters, such as with methanol, readily form on dissolution in the alcohol, but 
also hydrolyse very rapidly in air. Cyclic esters are more stable and, particularly, pinacol esters are widely 
used in coupling reactions, as they are reasonably stable on storage, have a known stoichiometry and, of 
course, react well; they are the most common form of boronate available commercially. More stable esters 
are formed with substituted diethanolamines, due to the extra coordination afforded by the basic nitrogen. 
 N  - Methyldiethanolamine has long been used for isolation and characterisation of boronic acids and its esters 
can be used in coupling reactions, although somewhat variably. The free acid is readily liberated by treat-
ment with aqueous acid or ammonium chloride. The  N  - phenyl analogue has found particular use as a stable 
source of 2 - pyridylboronic acid, the weaker donation by the aniline nitrogen giving a good balance of 
stability and reactivity. 

 An important application is the use of  N  - methyliminodiacetic acid (MIDA) esters as protecting groups 
( 4.2.8 ). These MIDA esters are readily cleaved in mild basic aqueous conditions, but are stable to many 
standard functional - group transformations, even chromic acid oxidations.

        4.1.5.1   Trifl uoroborates 

 Boron has a high affi nity for fl uoride, and boronic acids can be converted,  via  reaction with KHF 2 , into 
trifl uoroborates (RBF 3 K), the fl uorine analogues of the boronate anion. These compounds are very stable, 
but can be reactive under the appropriate conditions and are very useful in palladium - catalysed 
couplings.  

  4.1.5.2   Protodeboronation 

 Boronic acids are potentially susceptible to acid -  or base - catalysed protodeboronation, but the conditions 
necessary vary widely. The ease of cleavage of the C – B bond under basic or acidic conditions correlate 
with the corresponding carbanion stability or ease of protonation of the ring, respectively. When a relatively 
stable carbanion can be formed, such as in furan boronic acids containing electron - withdrawing groups, 
base - catalysed deboronation can become an important unwanted side reaction during palladium - catalysed 
boronic acid couplings.  78   Indeed, imidazole and oxazole 2 - boronic acids have not yet been isolated, possibly 
due to their very ready deboronation.      
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 Pyridine 2 - boronic acid is rather unstable (unlike the 3 -  and 4 - isomers) and can only be isolated as esters, 
 N  - substituted diethanolamine esters being the most stable. A possible rationale for this instability may be 
the parallel with the mechanism for the ready decarboxylation of pyridine 2 - carboxylic acid  via  a transient 
ylide intermediate ( 8.11 ).       

  4.1.5.3   Preparation 

 Boronates (i.e. boronic acids and esters) are usually prepared by one of two methods: reaction of organo-
lithiums or Grignard reagents with a trialkyl borate, usually tri -  iso  - propyl borate, or palladium - catalysed 
boronation.      

 Palladium - catalysed boronation can be carried out using either 4,4,4 ′ ,4 ′ ,5,5,5 ′ ,5 ′  - octamethyl - 2,2 ′  - bi -
 1,3,2 - dioxaborolane (pinacol diboron or bis(pinacolato)diboron) or pinacol borane,  79   the latter being pre-
ferred because of the lower cost of the reagent. The mechanisms of the conversions are very similar to 
cross - coupling reactions, the difference being the transfer of boron, instead of carbon, to palladium in the 
transmetallation step. The mechanism (see below) of transfer of boron from the diboron compound seems 
straightforward, but exactly how it is transferred from the borane is less clear.                     
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 Iridium - catalysed C – H - boronation can be carried out using either pinacol borane or pinacol diborane, 
both methods giving comparable results.  80   Reaction occurs at  α  - positions of fi ve - membered rings and is 
compatible with halogen substituents, as exemplifi ed below.  81        

 Minor methods for the synthesis of boronic acids involve transmetallation with silicon or mercury.  82             

 As is also true for silicon and tin compounds, the high stability of boronates, particularly cyclic esters, 
allows them to be incorporated into and carried through as substituents in a range of reaction types, such 
as the synthesis of pyrazole boronates for cross couplings (see  4.2.7.4 ). 

 In addition to the very important palladium - catalysed reactions, boronic acids undergo a number of useful 
reactions that do not require transition - metal catalysis, particularly those involving electrophilic  ipso  -
 substitutions by carbon electrophiles. The Petasis reaction involves  ipso  - replacement of boron under 
Mannich - like conditions and is successful with electron - rich heterocyclic boronic acids. A variety of quino-
lines and isoquinolines, activated by ethyl pyrocarbonate, have been used as the  ‘ Mannich reagent ’ .  83   
A Petasis reaction on indole 3 - boronic acids under standard conditions was an effi cient route to very high 
de  α  - indolylglycines.  84             
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 Furan and indole trifl uoroborates undergo HF - catalysed  ipso  - substitution reactions with enones, which can 
also be made highly enantioselective.  85        

 A long - standing reaction is the oxidation of aryl boronic acids to  ‘ phenols ’  by alkaline peroxide, usually 
in the work - up of a borate - organolithium reaction, without isolation of the boronic acid, i.e. an effi cient 
ArBr    →    ArOH conversion. A variant under milder conditions uses sodium perborate (for the conversion 
of 5 - bromopyrimidines),  86   and, using oxone, oxindoles can be prepared from 1 - Boc indoles  via  direct 
2 - lithiation.  87     

  4.1.6   Silicon   88    and Tin   89    

 ( CAUTION :  see the discussion of organotin toxicity on page 67 ) 
 Silicon and tin compounds have many similarities to organoborons, both in preparation, stability and reac-
tivity. Reaction of organolithiums with silyl and stannyl halides is straightforward, and the preparations 
 via  palladium - catalysed reactions of distannanes  90   and disilanes with aryl halides exactly follow the 
boron analogues, though coupling with hexaalkyldisilanes requires rather more vigorous conditions.  91   The 
disilane method can be used for the preparation of trimethylsilyl compounds from aryl chlorides  92   and 
dimethylsilanols for cross couplings.  93        

 Aryl silicon compounds can be prepared by metal - catalysed reaction of halides with silanes, as in the 
rhodium - catalysed reaction below.  94   The mechanistic details of this reaction (probably) differ from the 
palladium - catalysed borane reaction. ( NOTE :  triethoxysilane is extremely toxic! )           
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 Useful alternative preparations of stannanes include palladium - catalysed decarboxylation of stannyl 
esters.  90   Trialkylstannyl and trialkylsilyl anions are highly reactive and will displace halogen without 
the use of a catalyst.  95   It is possible to directly silylate indoles and pyrroles  via  electrophilic 
substitution.  96        

 The relatively high stability of carbon - silicon/ - boron/ - tin bonds allows the  ‘ metal ’  to be carried through 
many heterocyclic syntheses as an inert substitutent: some examples are shown below.  97                  

 Silicon and tin are both subject to  ipso  - replacement by electrophiles,  via  an electrophilic addition/metal 
elimination mechanism analogous to other aromatic substitutions, but at a much faster rate than the cor-
responding replacement of hydrogen.  98    Ipso  - substitutions also take place on heterocycles and, in the case 
of electron - rich systems, probably  via  the same type of mechanism.           
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 4 - Trimethylsilyl - pyridines will also react with aldehydes under fl uoride catalysis; an intramolecular example 
is shown below.  99         

  4.1.7   Mercury   100    

 Only Hg(II) compounds are of interest in the current context and they can be prepared by exchange reac-
tions of other organometallics with mercuric salts or, more usefully from the heterocyclic viewpoint, by 
direct electrophilic mercuration with mercuric salts, particularly mercuric acetate. 

 There is a lot of information on the mercuration of heterocycles in the old literature,  101   but it is seldom 
used nowadays due to the major disadvantages of toxicity and associated waste management; it can be, 
however, a very useful reaction. The advantages of mercuration are that it can be carried out in hydroxylic 
and acidic solvents and in the presence of air, and that mercury in the product is easily replaced by  ipso  -
 substitution with other electrophiles, such as halogens, and gives boronic acids by reaction with borane. 

 There is a differential reactivity to nitrogen heterocycles between Hg(II) and other types of electrophile, 
such as bromine, possibly due to a weaker coordination of the mercuric ion to a ring nitrogen; for example 
mercuration is more successful in electrophilic substitutions for oxazoles. In both oxazoles and thiazoles, 
the preferred position for mercuration is C - 5,  102   but in the latter, trimercuration occurs quite readily.  

  4.1.8   Palladium 

 Organopalladium compounds can be prepared by electrophilic palladation, oxidative addition to aryl halides 
or reaction of Pd(II) with organometallic reagents. These transformations are all vital for the palladium -
 catalysed reactions discussed later in this chapter.  

  4.1.9   Side - Chain Metallation ( ‘ Lateral Metallation ’ )   103    

  4.1.9.1   Side - Chain Metallation of Six - Membered Heterocycles 

 Anions that are immediately adjacent to the ring on alkyl side - chains are subject to varying degrees of 
stabilisation by interaction with the ring. The most favourable situation is where the side - chain is linked 
directly to a C=N, as in the 2 -  and 6 - positions of a pyridine, or at a 4 - position of a pyridine. Such anions 
are stabilised in much the same way as an enolate (conjugated enolate). We use the word  ‘ enaminate ’  to 
describe this nitrogen - containing, enolate - like anion.      
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 Quantitative measures for some methyl deprotonations are: 2 - methylpyridine (p K  a  34), 3 - methylpyridine 
(p K  a  37.7), 4 - methylpyridine (p K  a  32.2), 4 - methylquinoline (p K  a  27.5).  104   These values can be usefully 
compared with those typical for ketone  α  - deprotonation (19 – 20) and toluene side - chain deprotonation 
( ∼ 41). Thus, strong bases can be used to convert methyl - pyridines quantitatively into side - chain anions, 
however the enolate - like stabilisation of the anion is suffi cient that reactions can often be carried out using 
weaker bases under equilibrating conditions, i.e. under conditions where there is only a small percentage 
of anion present at any one time. It may be that under such conditions, side - chain deprotonation involves 
 N  - hydrogen - bonded or  N  - coordinated pyridines.      

 An alternative means for effecting reaction at a side - chain depends on a prior electrophilic addition to 
the nitrogen: this acidifi es further the side - chain hydrogens, then deprotonation generates an enamine or 
an enamide, each being nucleophilic at the side - chain carbon; the condensation of 4 - picoline with benzal-
dehyde using acetic anhydride illustrates this.       

  4.1.9.2   Side - Chain Metallation of Five - Membered Heterocycles 

 The metallation of a side - chain on a simple fi ve - membered heterocycle is much more diffi cult than in the 
six - membered series, because no enaminate stabilising resonance is available. Nonetheless, it also is selec-
tive for an alkyl adjacent to the heteroatom, because the heteroatom acidifi es by induction. Relatively more 
forcing conditions need to be applied, especially if an  N  - hydrogen is present,  105   but an elegant method has 
been developed for indoles, in which the fi rst - formed  N  - anion is blocked with carbon dioxide, the lithium 
carboxylate thus formed then neatly also facilitating 2 - methyl lithiation by intramolecular chelation; this 
device has the further advantage that, following reaction of the side - chain anion with an electrophile, 
the  N  - protecting group is removed simply, during aqueous processing.  106        

 Side - chains at C - 2 on 1,3 - azoles are activated in a manner analogous to pyridine  α  - alkyl groups, and 
can be metallated, but more care is needed to avoid ring metallation.  107           
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  4.2   Transition Metal - Catalysed Reactions   108    
 Transition - metal - catalysed reactions are probably the most important area in synthetic organic chemistry 
and they have been used extensively in both the ring synthesis and the functionalisation of heterocycles. 
As well as completely new modes of reactivity, variants of older synthetic methods have been developed 
using the milder and more selective processes that attach to the use of transition - metal catalysts. Although 
this section is devoted to reactions catalysed by a range of transition metals, palladium - catalysed processes 
vastly outnumber the others (Ni, Rh, Cu, Fe). Therefore, the following discussions will be concerned 
with palladium - catalysed processes, with occasional diversions, where appropriate, into other metals. In 
fact, many of the processes and mechanistic details of the  ‘ minor ’  metals are very similar to those of 
palladium.      

 In general, heterocyclic compounds undergo palladium - catalysed reactions in ways exactly analogous to 
carbocycles; heterocyclic sulfur and nitrogen atoms seldom interfere with these (homogeneous) palladium 
catalysts, which must be contrasted with the well - known poisoning of hydrogenation catalysts, such as 
palladium metal on carbon, by sulfur -  and nitrogen - containing molecules. 

 Palladium - catalysed processes typically utilise only 1 – 5 mol% of the catalyst and proceed through small 
concentrations of transient palladium species: there is a sequence of steps, each with an organopalladium 
intermediate, and it is important to become familiar with these basic organopalladium processes in order 
to rationalise the overall conversion. Concerted, rather than ionic, mechanisms are the rule, so it is mislead-
ing to compare them too closely with apparently similar classical organic mechanisms, however curly 
arrows can be used as a memory aid (in the same way as one may use them for cycloaddition reactions), 
and this is the way in which palladium - catalysed reactions are explained in the following discussion. (For 
convenience, an organometallic component can be referred to as the  nucleophilic partner  and the halide as 
the  electrophilic partner , but this should not necessarily be taken to imply reactivity as defi ned in classical 
chemistry. Also, references to  ‘ the halide ’  should be understood to include all related substrates, such as 
trifl ates.) 

  4.2.1   Basic Palladium Processes 

  NOTE : For clarity, ligands that are not involved in the transformation under consideration are omitted 
from the following schemes, however it is important to understand that most organopalladium compounds 
normally exist as 4 - coordinate, square - planar complexes, although the more reactive key intermediates may 
have lower degrees of coordination. The equilibration of these various degrees of ligand binding plays an 
important role in the overall reaction sequences, both in the individual reactions and in  cis – trans  isomerisa-
tion of the square planar complexes. Ligands are major determinants of the rates of all the individual steps 
and can be  ‘ tailored ’  for specifi c purposes.      
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 Despite an apparent similarity between RPdX and RMgX, their chemical properties are very different. 
The former are usually stable to air and water, and unreactive to the usual electrophilic centres, such as 
carbonyl, whereas RMgX do react with oxygen, water and carbonyl compounds. 

  4.2.1.1   Concerted Reactions 

  Oxidative Addition 

 Aromatic and vinylic halides react with Pd(0) to give an organopalladium halide: aryl(or alkenyl)PdHal. 
This is formally similar to the formation of a Grignard reagent from magnesium metal, Mg(0), and a halide, 
but mechanistically, a concerted, direct  ‘ insertion ’  of palladium into the carbon – halogen bond is believed 
to be involved. The ease of reaction: X   =   I    >    Br    ∼    OTf    >>    Cl    >>    F, explains why chloro and fl uoro sub-
stituents can normally be tolerated, not interfering in palladium - catalysed processes, however the use of 
highly reactive catalysts does allow the use of chloro compounds as substrates for these reactions. As a 
simple illustration, Pd(PPh 3 ) 4  reacts with iodobenzene at room temperature, but requires heating to 80  ° C 
for a comparable insertion into bromobenzene. Although alkyl halides will undergo oxidative addition to 
Pd(0), the products are generally much less stable.      

 Oxidative addition involves a concerted nucleophilic - like attack by Pd(0), but differs from a standard 
two - step aromatic nucleophilic displacement in that direct attack at the carbon – halogen bond occurs and 
mesomeric stabilisation of an intermediate is not involved. That being said, those same mesomeric relation-
ships do contribute, together with inductive effects, to the total electron density at the carbons involved 
and, all other things being equal,  the tendency is for oxidative addition to select the carbon with the lowest 

electron density.  In simple systems, there seems to be a good correlation with total electron density at 
carbon: pyridine, furan and thiophene show highest reactivity at C - 2. In pyridines, for oxidative addition, 
the order is C - 2    >    C - 4    >    C - 3, whereas for nucleophilic displacement it is C - 4    >    C - 2    >    C - 3, showing the 
greater effect of induction at C - 2 in the former.   

 Reductive Elimination 

 Organopalladium species with two organic units attached to the metal, R 1 PdR 2 , are generally unstable: 
extrusion of the metal, in a zero oxidation state, takes place, with the consequent linking of the two organic 
units. Because this is again a concerted process, stereochemistry in the organic moieties is conserved.

         1,2 - Insertion 

 Organopalladium halides add readily to double and triple bonds in a concerted, and therefore  syn,  manner 
( via  a  π  - complex, not shown for clarity).      
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 This process works best with electron - defi cient alkenes, such as ethyl acrylate, but will also take place 
with isolated or even with electron - rich alkenes. In reactions with acrylates, the palladium becomes attached 
to the carbon adjacent to the ester, i.e. the aromatic moiety becomes attached to the carbon  β  to the ester.   

 1,1 - Insertion 

 Carbon monoxide, and isonitriles, will insert into a carbon – palladium bond, subsequent reaction with a 
nucleophile generates the product.

          β  - Hydride Elimination 

 When a  syn   β  - hydrogen is present in an alkylpalladium species, a rapid elimination of a palladium hydride 
occurs, generating an alkene. This reaction is much faster in RPdX than in R 2 Pd and is the reason that 
attempted palladium - catalysed reactions of alkyl halides often fail.

         Transmetallation 

 Palladium(II) compounds, such as ArPdX and PdX 2 , generally react readily with a wide variety of organo-
metallic reagents, of varying nucleophilicity, such as R 4 Sn, RB(OH) 2 , RMgX and RZnX, transferring the 
R group to palladium with overall displacement of X. The details of the reactions are not fully understood 
and will vary from metal to metal, but a concerted transfer is probably the best means for their interpreta-
tion. It should be noted that the reactivity of these organometallic compounds towards palladium (or at 
least in the overall reaction) does not parallel their reactivity in nucleophilic additions, for example to 
carbonyl groups; indeed the less reactive metals (B, Sn) are generally the most effective. 

 The process probably involves coordination between the metal and the palladium  via  a bridging oxygen 
(boronic acids, silanols) or halogen (tin, zinc, magnesium), followed by internal transfer of the organic 
residue. The diagram shows a simple four - centre transition state, but more complex arrangements are 
possible.      

 For boronic acids, coordination of the boron with a nucleophile, such as hydroxide, fl uoride or an amine, 
giving a tetrahedral boronate anion, is necessary to drive transmetallation.        
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  4.2.1.2   Ionic Reactions 

  Addition to Palladium – Alkene  π   - Complexes 

 Like those of Hg 2+  and Br + , Pd 2+  – alkene complexes are very susceptible to attack by nucleophiles. In con-
trast to 1,2 - insertion, this process exhibits  anti  stereospecifi city.

         Aromatic Palladation 

 In reactions like aromatic mercuration, palladium(II) compounds will metallate aromatic rings  via  an elec-
trophilic substitution, hence electron - rich systems are the most reactive.  109    ortho  - Palladation assisted by 
electron - releasing chelating groups has been used frequently.  110           

  4.2.2   Catalysts   111    

 The catalyst (or catalytic system) is generally composed of a metal and a ligand  –  most commonly a phos-
phine, but sometimes an amine or imidazole carbene. For most reactions, the active catalyst is the zerovalent 
metal i.e. Pd(0), and can be added as such, as a stable complex such as Pd(PPh 3 ) 4    –   tetrakis(triphenylphosphine)
palladium(0)  –  referred to colloquially as  ‘ tetrakis ’ . 

 On the other hand, a Pd(II) pre - catalyst, such as palladium acetate, together with a ligand (or as a pre -
 formed complex) can be used and has the benefi t of better stability for storage. 

 It is sometimes a cause of confusion that the added  ‘ catalyst ’  is a Pd(II) compound, but it must be 
remembered that an initiation step  –  reduction of Pd(II) to Pd(0)  –  is required before the catalytic cycle 
can start. This reduction is usually brought about by a component of the reaction, as shown below, but 
sometimes a separate reducing agent, such as DIBALH, can be used.      
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 There are a very large number of catalyst systems in the literature and every new issue of a journal seems 
to contain yet more! Many of these catalysts have merit in specifi c situations, but a relatively small number 
will suffi ce for the large majority of reactions. For library synthesis, a single catalyst has to be generally 
active over a range of reactants, but not necessarily optimum for all. In more critical situations, such as 
scale - up, a variety of catalysts can be screened to optimise yields or other features of the reaction. 

 The ligand is the main variable in the catalyst system. Phosphines can be varied in steric bulk or in their 
donor strength, or fi nely tuned as chelating diphosphines. Alkyl groups on phosphorus increase the donor 
strength, increasing the electron density on the metal and thus the reactivity of the catalyst to less reactive 
substrates, such as chlorides. Steric bulk decreases the number of ligands that can coordinate to the metal 
atom, therefore increasing its reactivity. Tri -  o  - tolylphosphine is moderately bulky and moderate in its donor 
effects. Very bulky ligands that also contain alkyl groups on phosphorus, such as the (Buchwald – Hartwig) 
biphenyl compounds, form very powerful catalysts that are effective for poorly reactive substrates and can 
often be used at very low concentrations. 

 Carbene ligands are usually derived from very hindered imidazoles and are strong donors, so also form 
powerful catalysts. The carbenes themselves are very unstable to air, so are often generated  in situ  by reac-
tion of precursor imidazolium salts with base. Alternatively, additionally stabilized preformed complexes, 
such as the  ‘ PEPPSI ’  group (stabilized by the additional pyridine ligand) can be used.           

 Palladium on charcoal, in the presence of a phosphine, can be used as the catalyst in Sonogashira 
and Suzuki reactions,  112   but a phosphine - free method, shown below, is effective with a wide range of het-
erocyclic partners.  113        
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  NOTE : There are often descriptions in the literature of  ‘ ligand - free ’  or  ‘ ligandless ’  catalysts. What is 
usually meant is that a standard ligand, such as a phosphine or carbene, has not been added. There are 
always ligands present  –  a ligand can be halide, hydroxide, amines in the reacting molecule or solvents, 
such as water or THF, counter ions (if a Pd(II) compound is used), and so on. Moreover, halide anions 
have been shown to be very infl uential ligands.  114   

  4.2.2.1   Additives 

 In addition to the catalyst and base (if required), the use of metal - salt additives is very common for enhanc-
ing cross coupling and other reactions. CuI is the most common additive and in many cases it may operate 
as an intermediate transmetallating agent: RM    →    RCu    →    RPdR ′ . In other cases, it has been said to remove 
excess phosphine, thus increasing the reactivity of the palladium. Ag 2 O is sometimes used and may act by 
transmetallation or as a halide trap.  

  4.2.2.2   Less Common Catalysts 

 Iron, cobalt and manganese are effective catalysts for cross coupling and other reactions. They were studied 
in the very early days of transition - metal catalysis and are now being resurrected.  115   

 Fe(III) salts catalyse the coupling of Grignard reagents with alkenyl and aryl halides. The mechanism is 
not fully understood, but probably resembles the standard palladium sequence, through either an Fe(0) –
 Fe(II) or an Fe(I) – Fe(III) cycle. A particular feature is that chlorides are superior, in terms of yield, 
to bromides and iodides as substrates. Trifl ates also give very high yields and couple selectively in the 
presence of chlorides. Heterocyclic examples include 6 - chloropurines, 4 - chloropyrimidines, 6 - chloro - 1,3 -
 dimethyluracil and 2 - chloropyridines,  116   and the dichloropyridine example below.  117        

 Iron (FeCl 2 .(py) 4 ) also catalyses Suzuki coupling,  118   but this has not yet been applied to heterocycles. 
 Manganese(II) chloride (2 – 5 mol%) as the catalyst gave generally high yields in the coupling of Grignard 

reagents with 2 -  and 4 - chloroquinolines, 1 - chloroisoquinoline and 4 - chloro - 2 - phenylquinazoline. Other 
substrates, which gave somewhat lower yields, included 2 - chloropyrimidine, 6 - chloropurine and 
2 - chlorobenzthiazole.  119   

 Cobalt(II) catalyses the coupling of Grignard reagents with chloropyridines  120   and of aryl cuprates with 
aryl halides.  121   This reaction shows unusual substrate reactivity patterns and the mechanism is thought to 
involve a radical intermediate at the oxidative addition step.   

  4.2.3   The Electrophilic Partner; The Halides/Leaving Groups 

 Finding a suitable electrophilic substrate is not usually very challenging as a wide range is generally avail-
able or readily prepared at any (carbon) position of all heterocyclic rings. The main additional consideration 
is occasional instability of the halide. 

 The most common leaving groups for these reactions are halides and trifl ates, but some useful 
alternatives for specifi c situations are described later. Bromide is usually the fi rst choice, having suffi cient 



62 Heterocyclic Chemistry

reactivity for use with the common catalyst – ligand combinations, and being readily available in many cases. 
Chlorides have advantages of availability and cost, but are more catalyst - dependent, although this is not 
too much of a problem following the advent of the hindered, electron - rich ligands, such as the Buchwald –
 Hartwig group and carbenes. Iodides may be required for relatively unreactive substrates or catalysts, but 
in the general case, this does not necessarily imply a better or faster overall reaction or outcome for all 
reactions, as the steps following oxidative addition may be less effi cient in the presence of iodide ions. A 
very useful and general conversion of bromine to iodine can be carried out.  122        

 Oxy compounds are readily available for a number of ring systems and can be used as precursors for 
halides, but conversion into trifl ates or other oxygen - linked leaving groups is generally preferred. For 
example, oxindoles are very accessible sources of C - 2 trifl ates as electrophilic indole components,  123   pre-
paration of the 2 - halides from the indole usually involving lithiation. In the example shown below, the 
 N  - protecting group is readily removed by potassium carbonate in methanol. An alternative 1 - phenylsulfonyl 
protecting group can be used, but is more diffi cult to remove.  124   The isomeric C - 3 counterpart can be 
a halide, prepared by direct electrophilic substitution, or the indoxyl trifl ate.  125        

 There are very few examples of fl uoride acting as a leaving group in oxidative addition, although it is a 
very good leaving group in two - step aromatic nucleophilic substitution. The examples that are known are 
in electron - defi cient systems and generally use nickel catalysts, exemplifi ed by the reactions of fl uoroazines 
with Grignard reagents.  126        

  4.2.3.1   Leaving Group Selectivity   127    

 Achieving a selective coupling reaction involving just one particular halogen in a polyhalo - compound can 
be very useful synthetically. This can take two main forms  –  competition between identical halogens and 
between different halogens. 

 Selectivity in the coupling reaction is determined by selectivity in oxidative addition and normally the 
differences between halogens are dominant: I    >    Br    >    Cl. Trifl ate is usually more reactive than bromide, 
but it may not always override other effects (see the examples below). When the halogens are the same, 
differences in positional reactivity come into play. The tendency is for selective oxidative addition to occur 
at the carbon of lowest electron density and this can be determined by   13  C NMR spectroscopy.  128   Other 
effects may be involved, such as chelation or steric hindrance, particularly when there is competition 
between two otherwise identical halogens. 

 Although it is possible to predict the result from physical measurements and calculations, the patterns 
are well established experimentally for most heterocyclic systems. These general selectivity patterns for 
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the reactivity of leaving groups in palladium - catalysed reactions, and some interesting specifi c examples, 
are indicated below, the point of fi rst reaction indicated in red. The differences between the two pairs of 
pyridine 2/3 - bromo - 3/2 - trifl ates are intriguing, one set seeming to be position selective and the other 
leaving - group selective. Further specifi c examples will be found later, in the sections dealing with the 
particular ring systems.       

  4.2.3.2   Less Common Leaving Groups 

 Methylthio is a good leaving group in Pd - catalysed cross couplings of azines (pyridine, pyrimidine, 
pyrazine) with benzylzinc reagents. The reaction is also successful for 2 - methylthiobenzimidazole and 
 - benzthiazole. In pyrimidines, the reaction shows high selectivity for C - 2 over C - 4; the corresponding 
sulfones are much less reactive  –  the reverse of nucleophilic substitutions.  129   Methylthio - 1,2,4,5 - tetrazines 
are good electrophilic partners for boronic acid and stannane couplings, if a thiophilic copper additive 
(CuTC) is used to activate - capture the thiolate leaving group.  130   An unusual feature in this method is that 
exactly the same conditions are used for the reactions of both boronic acids and stannanes, with no base 
being required for the former.      

 A similar method has been used for boronic acid couplings of 3 - methylthio - 1,2,4 - triazine, using 
Cu(I) 3 - methylsalicylate as the additive  131   and for Stille couplings of a wider range of heterocyclic 
substrates.  132   

 Even thiones react similarly with boronic acids  133   and also in the Sonogashira reaction, where less than 
one equivalent of copper was required, as the sulfur is eventually converted into Et 3 N.H 2 S.  134             
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 Benzylic - type sulfonium salts derived from thiophene - 2 -  and 3 -  and furan - 2 - methanols, where halides 
are not stable, have been used as substrates for Suzuki, Stille and Negishi couplings. The 1 - Boc - pyrrole -
 2 - methanol analogue was only successful in Stille couplings. An important feature of this method is that 
triphenyl phosphite was required as the ligand to overcome the problem of reaction of the usual phosphine 
ligands with the sulfonium salts.  135        

 Phosphates are useful milder alternative leaving groups, for example in coumarins,  136   and furans and 
indolizines.  137        

 Other fl uorinated sulfonates, such as nonafl ates (ArOSO 2 C 4 F 9 ), can be used as substitutes for trifl ates 
and are said to be less susceptible to S – O bond cleavage by nucleophiles.  138   

 Malonate anion, with a palladium catalyst, displaces the acetoxy of 3 -  and 4 - (acetoxymethyl)quinolines, 
probably  via  a three - centered benzylic equivalent of a  π  - allyl complex. The reaction fails with the 2 - isomer, 
but also works with the 3 -  and 4 - (1 - acetoxyethyl) compounds and 4 - (1 - acetoxyethyl)isoquinoline.  139     

  4.2.4   Cross - Coupling Reactions 

    RM ArX R Ar+ → −   

 Cross - coupling reactions  140    –  the reaction of a (hetero)aryl halide (ArX), or its equivalent, with an organo-
metallic reagent (RM), resulting in the formation of a carbon – carbon bond  –  are undoubtedly the most 
widely used transition - metal - catalysed reactions in general organic and heterocyclic chemistry. 

  4.2.4.1   Mechanism 

 The catalytic cycle for all these reactions is: (i) oxidative addition, (ii) transmetallation and (iii) reductive 
elimination to regenerate Pd(0). However, the reaction conditions required can vary dramatically for dif-
ferent metals, as can compatibility with functional groups. Boron and silicon reagents require the presence 
of a base and the transmetallations take place  via  anionic intermediates, while tin, zinc and magnesium 
transmetallations probably go  via  neutral halogen - bridged species.       
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  4.2.4.2   Side Reactions 

 A number of side reactions may occur in cross - coupling experiments and can sometimes consume a con-
siderable proportion of the reactants: 

  (a)     Reduction of the halide: ArX    →    ArH  
  (b)     Protonolysis of the organometallic: RM    →    RH  
  (c)     Homo - coupling of the halide: ArX    →    Ar – Ar  
  (d)     Homo - coupling of the organometallic: RM    →    R – R  
  (e)     Transfer of groups from the ligand (particularly Ph from Ph 3 P): ArX    →    ArPh  
  (f)     Oxidation of the organometallic (particularly boronates), by air or peroxides: RM    →    ROH.    

 The mechanisms of some of these side reactions are not always clear, particularly the source of the 
reducing agent in (a) and (c). It is possible that radical reactions may sometimes be involved. Homo -
 coupling of the organometallic (d) will always occur to some extent if a pre - catalyst - Pd(II) is used. Homo -
 coupling of the halide (c) is sometimes desired and can be achieved effi ciently by using a Pd catalyst in 
the presence of a reducing agent, such as indium.  141   

 An example of transfer of the phenyl group from triphenylphosphine (e) is seen in the coupling of the 
phenyldiethanolamine ester of 2 - pyridylboronic acid, where this side reaction represents about 20% of the 
product, however using tri -  o  - tolylphosphine circumvents the problem ( 4.2.7.6 ).   

  4.2.5   The Nucleophilic (Organometallic) Partner 

 The preparations of the various types of organometallic compounds that can be used as cross - coupling 
partners are described earlier in this chapter. Most magnesium and zinc compounds have to be prepared, 
then used, as needed. However, boronates (i.e. boronic acids and esters), stannanes and silanes are much 
more stable to air and water, and many of them can be stored for long periods. 

 A large number of heterocyclic boronates and, to a lesser degree, stannanes are available commercially. 
Included in the suppliers ’  lists are many compounds, the preparations and properties of which do not appear 
in the literature. They are often noted in papers just as reagents for syntheses of libraries for biological 
testing and, although this may be a practical approach, it is scientifi cally unsatisfactory because there is no 
 ‘ trail ’  of characterization, particularly as some of these compounds, for example azine  α  - boronates, are 
signifi cant from a theoretical viewpoint. 

 Other than ability to perform the required reaction, factors to be taken into consideration when choosing 
the organometallic include functional group compatibility, selectivity and reaction conditions. When con-
sidering scale - up, disposal of metal residues, particularly tin and zinc, and by - products of other additives, 
such as fl uoride, can be signifi cant problems. 

 Grignard and zinc reagents require dry, generally non - polar, solvents, the main difference between the 
two being that zinc organometallics are much more tolerant of functional groups than are Grignard reagents. 
However, some zinc reagents may have a relatively low solubility in solvents such as THF, which can 
result in slow reactions. Stille reactions are usually carried out in non - aqueous solvents, but the reagents 
are quite stable to water and some mono - organotin reactions can be carried out in aqueous solution. The 
major problems with tin reagents are toxicity and removal of organotin impurities from the product. Boronic 
acid (and their trifl uoroborate equivalent) couplings are very tolerant to a variety of conditions and 
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functional groups, and can be conducted in aqueous and non - aqueous conditions, and with a variety of 
bases: aqueous bases of various strengths, anhydrous bases in non - polar solvents, triethylamine in DMF, 
and so on. Silanes can be a useful substitute for boronic acids, but do not have the large range of conditions 
or availability of reagents. 

 Carbanionic reagents, such as enolates and cyanide can also be used in place of the organometallic 
component. 

  4.2.5.1   The Cross - Coupling Reactions 

 There are a number of  ‘ named reactions ’ , which are specifi c to the organometallic used and, in chronologi-
cal order of introduction, these are: 

  Kumada – Corriu (Grignard reagents) (1972)  
  Sonogashira ( in situ  copper acetylides) (1975)  
  Negishi (zinc reagents) (1977)  
  Stille (tin reagents) (1977)  
  Suzuki – Miyaura (boron reagents, particularly boronic acids) (1979)  
  Hiyama – Denmark (silicon reagents) (1988).    

 The Suzuki – Miyaura reaction is certainly the most widely used, but each of the others has its own particular 
advantages (and in some cases disadvantages!). Other metals, such as aluminium,  142   zirconium  143   and 
indium  144   are occasionally used in variants of Kumada/Negishi - type reactions. 

  The Suzuki – Miyaura Reaction   73    

 (This process is sometimes referred to simply as the  ‘ Suzuki reaction ’ .) Boronic acids are by far the most 
versatile coupling partners, and most suited to combinatorial chemistry and library synthesis due their 
stability, ease of handling and ease of removal of by - products on work - up. They are generally considered 
to have low toxicity, although they may have some enzyme - inhibiting activity. The cyclic esters may be 
preferred for enhanced stability and consistent stoichiometry. The corresponding trifl uoroborates  145   show 
even greater stability. 

 The Suzuki reaction usually involves heating the boronic acid (or ester), halide, catalyst and a base in a 
suitable solvent. The presence of base is crucial, but it can vary from very weak to strong. The original, 
and still popular, conditions use Pd(PPh 3 ) 4  as catalyst, with aqueous base and an immiscible solvent, such 
as toluene with ethanol,  146   but DME is an advantageous solvent in some cases.  147   Dioxane is also a popular 
solvent and anhydrous bases, such as potassium phosphate, can be benefi cial, particularly when deborona-
tion is a problem. Triethylamine in DMF is also a useful base – solvent combination.  148   

 Two biphenyl - derived phosphines (shown below) are proposed  149   as effective ligands for general hetero-
cyclic Suzuki couplings, covering a wide range of ring systems, both as boronic acids and/or the halide 
component. Examples include thiophene - 2 -  and  - 3 - boronates, pyrrole - 2 -  and  - 3 - boronates, furan - 2 - 
boronates, indole - 5 - boronates and pyridine - 3 -  and  - 4 - boronates.      

 The use of trifl uoroborate salts in couplings,  150   which are very easily prepared from boronic acids by 
reaction with KHF 2 , is a useful variant of the Suzuki reaction. These salts have the advantage of enhanced 
(often considerably) stability compared to boronic acids and this is particularly notable for alkenyl com-
pounds, which can be stored for a considerable time. The coupling conditions are very similar to those for 
boronates and are applicable to a wide range of heterocyclic substrates,  149,151,152        
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 Very few functional groups interfere with boronate couplings, but free NH, either in the ring or attached 
to it, is sometimes said to block the reaction. In other cases, for no obvious reason, there is no problem, 
for example unprotected 2 - chlorobenzimidazole couples nicely, under microwave conditions, with a variety 
of aryl boronic acids and aryl trifl uoroborates, the latter being the favoured reagents.  153   3 - Amino - 2 - chlo-
ropyridine does not react with phenyboronic acid, but gives high yields after protection of the NH 2  as the 
acetyl derivative (86%) or as the benzylidene compound (90%).  154   On the other hand, a number of unpro-
tected amino - chloro - pyridines and  - pyrimidines undergo Suzuki couplings in high yield, using a highly 
hindered ferrocenylphosphine ligand.  155    

  The Stille Reaction   89,156    

 The Stille coupling involves heating a halide, a stannane and a catalyst in a suitable solvent, such as toluene 
or DMF. No base is required. The conditions are relatively straightforward, with little overall variation, 
apart from the catalyst. However, if a trifl ate is used instead of a halide, the reaction may not succeed, as 
transmetallation of aryltin compounds with arylpalladium trifl ates is often diffi cult. Addition of a halide 
source, such as lithium chloride, usually solves this problem as it allows the formation of the arylpalladium 
chloride, which can undergo transmetallation. 

 The combination of CsF with CuI is said to work synergistically to enhance reactivity over a range of 
coupling partners in general Stille couplings.  157   In this method, Pd(PPh 3 ) 4  is the preferred catalyst for iodides 
and trifl ates, and PdCl 2  plus  t  - Bu 3 P the preferred catalyst for chlorides and bromides.      

 Organotin reagents have the advantage of greater stability compared to boronates in certain situations, 
for example they resist protodemetallation better at the 2 - position of 1,3 - azoles. In these cases the boronates 
are unknown, but the tin derivatives are easily prepared and couple well. 

 The Stille reaction is a fi ne synthetic method, but substantial problems are associated with the use of 
organotin compounds. Trialkyltin reagents and their by - products show a range of toxic effects.  158   In par-
ticular,  trimethyltin derivatives are potent neurotoxins that are readily absorbed through the skin and 

require extreme care in handling . Tri -  n  - butyltin derivatives are considerably less toxic than trimethyltin, 
but may show enzyme - inhibiting and immunological effects. Organotin compounds generally are very 
damaging to the environment, particularly in watercourses, even at very low levels. Because of this, there 
are severe controls on their release in aqueous effl uents. 

 In addition, it is notoriously diffi cult to remove traces of organotin reagents and by - products from the 
product of a reaction. Although purifi cation to a level that is very satisfactory from a chemical viewpoint 
( < 0.1% i.e. 1000 ppm Sn) may be possible, this amount is potentially very important biologically and if 
used in synthesis for biological screening, there is a possibility that these levels could signifi cantly affect 
the results. Modifi ed techniques, such as the use of solid - supported  159   or fl uorous tin reagents can help to 
minimise residues. 

 The use of mono - organotin compounds, which have much lower toxicity, for couplings offers major 
potential advantages, but further development of this area is required. Phenyltrichlorotin couples with 
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some halo - heterocyclic substrates in aqueous solution, using palladium and a water - soluble ligand, 
the reacting species actually being the trihydroxytin compound produced by hydrolysis.  160   A promising 
method uses bis - (silylamino)tin reagents, prepared by the reaction of a commercially available Sn(II) 
compound with halides.  161   A notable application of this method is the effi cient transfer of   11  CH 3  in couplings 
with several bromo - quinoline isomers.  162         

  The Hiyama – Denmark Reaction 

 Several types of organosilicon compounds can be used in cross coupling, fl uoride usually being required 
to activate the silicon for the transmetallation in the earlier examples. Silanols are newer and more versatile 
reagents, in particular dimethylsilanols, which are used with bases  –  either reversible (alkoxides and cesium 
carbonate) or irreversible (sodium hydride and sodium hexamethyldisilazide). In the latter case, the silano-
ate salts can be isolated and stored.  163   

 A range of 2 - dimethylsilanol derivatives of  N  - protected and substituted indoles,  N  - Boc - pyrrole, furan 
and thiophene couple in high yields with iodides, bromides and chlorides, the latter two requiring the use 
of highly activating ligands, such as SPhos.  164   Isoxazolyl silanols are readily available  via  cycloaddition 
ring synthesis and couple well.  165   Other conditions for silanol couplings include Pd(PPh 3 ) 4  with silver oxide 
and catalytic TBAF.  166                  

 Aryltrimethoxysilanes, for use in cross couplings,  167   can be prepared by a palladium - catalysed reaction 
of aryl iodides with trimethoxysilane,  168    but this silane is extremely toxic!  

 Trimethylsilyl compounds generally do not react in attempted cross couplings, but 2 - trimethylsilylpyri-
dines will react in the presence of TBAF and silver oxide.  169   Also, 2 - trimethylsilylpyridines containing 
chloro, fl uoro or methoxy substituents will couple in the presence of a CuI additive.  170    
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  The Kumada – Corriu Reaction  171   

 Grignard reagents are easy to prepare on a large scale, but they are incompatible, at least under standard 
conditions, with many functional groups, and even add to the rings of the more reactive azines. However, 
effi cient couplings of a wide range of halo - heterocycles can be carried out, for example  α  - chloro -  and 
 - bromo - , and  β  - bromo - azines with phenylmagnesium chloride, as shown below. Moreover, the preparation 
and coupling of some functionalised Grignards can also be carried out by maintaining low 
temperatures.  172        

 2 - , 3 -  and 4 - Tri(quinolyl)magnesates (Q 3 MgLi), prepared by bromine exchange with  n  - Bu 3 MgLi, give 
moderate yields in cross couplings with heteroaryl bromides.  173    

  The Negishi Reaction   174    

 Zinc reagents are more tolerant of functional groups than Grignard reagents and they can be used to intro-
duce quite complex alkyl chains (which is diffi cult to do with the other organometallics), as demonstrated 
by the example below.  175   When used as a heterocyclic organometallic component, zinc reagents can be 
prepared with relative ease at practically any position of any heterocyclic ring.

         The Sonogashira Reaction 

 A typical Sonogashira reaction involves heating an aryl halide, catalyst and a terminal alkyne with cuprous 
iodide and triethylamine. This reaction does not require the preparation of an organometallic reagent, 
because transmetallation occurs  via  an alkynylcopper, formed  in situ . The main use of the Sonogashira 
reaction in heterocyclic chemistry is probably for the synthesis of intermediates for ring 
synthesis.  176        

 Alternatives to the Sonogashira reaction involve the use of preformed alkynyl organometallics,  177   
such as trifl uoroborates,  178   or the reverse coupling of haloalkynes with organometallics.  179           
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  4.2.6   Other Nucleophiles 

 Boronic acids  180   and 9 - BBN derivatives are often used as alkyl partners,  181   but trifl uoroborates may be more 
convenient and stable. Introduction of a protected aminoethyl chain, using a trifl uoroborate, has substantial 
potential for bioactive molecules  –  the reaction shown below using 3 - bromopyridine works equally well 
for pyrimidine (C - 5), thiophene (C - 2), and indole (C - 5).  182             

 A cyano group can be introduced using palladium and zinc cyanide,  183   potassium cyanide or potassium 
ferrocyanide, the last having the signifi cant advantage of low toxicity, and can be carried out with either a 
palladium  184   or copper catalyst.  185   Tri -  n  - butyltin cyanide can be used similarly, but a modifi cation using 
catalytic tri -  n  - butyltin chloride with potassium cyanide is much to be preferred.  186        

 Pd(0) catalyses the coupling of a variety of stabilised enolates, for example the reaction of bromopyri-
dines with the sodium salts of sulfonyl and phosphonyl acetonitriles.  187   Simple enolates can be arylated 
using Pd - carbene catalysts  188   or using highly hindered phosphine ligands.  189             

 Phosphorus can be introduced  via  Pd - , Ni -  or Cu - catalysed reactions.  190        
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 Hydroxymethyl can be introduced  via  coupling with benzoyloxymethylzinc iodide. This reaction 
shows an unusual pattern, with chloroazines being superior to the corresponding bromides and iodides; 
2 - bromonaphthalene and 3 - bromoquinoline do not react.       

  4.2.7   The Ring Systems in Cross - Coupling Reactions 

 As reactions in benzo - fused rings are generally similar to simple carbocyclic compounds, our discussion 
of these is limited. 

  4.2.7.1   Pyrrole,   191    Furan and Thiophene 

 2 - Boronates and  - stannanes are usually made  via  direct lithiation and the 3 - analogues  via  lithium exchange 
on 3 - bromo or  - iodo compounds. Boronic acids at  α  -  and  β  - positions of all three systems generally couple 
well, but some  α  - derivatives are quite susceptible to base - catalysed cleavage, which is enhanced by the 
presence of  β  - electron - withdrawing groups.  192   In the reverse couplings, using the heterocyclic halide, the 
only potential problem is the relative instability of some halo - pyrroles, but this can be alleviated to some 
degree by the presence of electron - withdrawing protecting groups on nitrogen. Examples below include 
the double coupling of 2,5 - dibromothiophene,  193   the reaction of a thiophene - 2 - stannane with a vinyl 
iodide,  194   and a nickel(0) - catalysed alkylation of 3 - bromothiophene.  195                        

  4.2.7.2   Indole, Benzofuran, Benzothiophene 

 Lithiation of  N  - protected indoles is the main route to 2 - boronic acids, which have found wide use, although 
the usual protecting groups (Boc and arylsulfonyl) increase the ease of deboronation. With Boc - protected 
derivatives, the indole is less consistent than the pyrrole in coupling reactions.  192    In situ  protection of the 
indole NH as the  N  - carboxylate can be used to prepare both the 2 - boronic acid  196   and 2 - tri -  n  - butylstan-
nane  197   for one - pot coupling procedures.      
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 1 - TBS and 1 - TIPS indole - 3 - boronic acids, prepared  in situ via  halogen exchange, couple well with a 
range of heterocyclic substrates.  198   

 A synthesis of the natural product meridianin D demonstrates selectivity in halogen – lithium exchange 
and substrate selectivity, using a halogenated boronic acid. The presence of the  N  - tosyl probably controls 
the halogen exchange selectivity.  199        

 1 - Tosyl - 3 - tri -  n  - butylstannylindole, available  via  palladium - catalysed stannylation, undergoes coupling 
with a range of halides and trifl ates.  200   

 1 - Methylindol - 2 - ylzinc chloride can be coupled with alkenyl halides  201  and the couplings of  N  - protected 
indol - 2 - ylsilanols are discussed above. 

 Unprotected 5 -  and 6 - tri -  n  - butylstannylindoles (and comparable boronic acids) are prepared  via  lithium –
 bromine exchange, using the KH then  t  - butyllithium procedure, and couple cleanly with acid chlorides.  202   

 2,3 - Diiodo - 1 - phenysulfonylindole can be converted by sequential,  in situ , magnesium – iodine 
exchanges into various 3 - substituted indol - 2 - ylboronates, which participate in Suzuki couplings.  203        

 Benzothiophene - 3 - boronates can be prepared  via  both lithiation  204   and palladium - catalysed 
boronation.  205    

  4.2.7.3   1,3 - Azoles   206    

 Imidazole boronate esters at C - 4 and C - 5 are known, but attempts to prepare imidazole 2 - boronic acid or 
boronate esters, either  via  lithio compounds or palladium - catalysed boronation, fail. The products of these 
attempts indicate that the boronate may have formed, but rapidly deboronates.  207   Oxazole -   208   and thiazole -
 2 - stananes  209   are much more stable and work well in coupling reactions.      

 2 - Stannyl imidazoles  210   can be used, but the corresponding zinc compounds give high yields and are 
preferable.  211        
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  N  - Protected 2 - substituted imidazole 5 - boronates are readily prepared  via  direct lithiation, but the use of 
2 - silyl compounds as precursors for the corresponding 2 H  - 5 - boronates fail at the desilylation stage. 
However, catalytic reduction of a 2 - chloro analogue gives a high yield of the 1 - THP protected boronate, 
but yields of its coupling products are quite modest.  212        

 2 - Phenyl - 5 -  and  - 4 - stannyl - thiazoles, prepared  via  lithium - halogen exchange, are equally reactive in 
Stille couplings.  213   2 - Phenyloxazole 4 - pinacolboronates are prepared by palladium - catalysed boronation of 
the 5 -  H  - trifl ate or  via  lithium - bromine exchange on the 5 - methyl - 4 - bromide.  214   

 Unprotected 4(5) - bromoimidazole couples well with arylboronic acids under phase - transfer conditions.  215   
Boronic acid couplings of 2 - chloro -  and 4 - trifl oxy - oxazoles are equally successful.  216        

 In a 5 - bromo - 4 - trifl oxy - oxazole, the trifl ate reacted selectively in a Stille coupling with PhSnMe 3 .  217   
2,4 - Dibromothiazole reacts selectively at C - 2 in Negishi couplings, the products being convertible into zinc 
or tin derivatives for further couplings.  218   The coupling of 4,5 - diiodoimidazole protected with SEM on N - 1, 
is completely selective for the 5 - halogen.  219    

  4.2.7.4   1,2 - Azoles 

 1 - SEM and  - THP - protected pyrazole - 5 - boronates are easily prepared  via  direct lithiation and undergo cross 
couplings under standard conditions.  220   Pyrazole - 5/3 - stannanes (with no  N  - protection) can be prepared by 
ring synthesis from alkynyl stannanes. The example shown below, bearing a 4 - fl uorine, requires iodo - arenes 
as substrates for cross coupling.  221        

 A wide range of isoxazole - 4 - boronates and some 5 - boronates can be prepared by dipolar cycloaddition 
of nitrile oxides with alkynylboronates.  222   

 3 - Iodoindazoles require Boc - protection of the NH for successful Sonogashira,  223   Suzuki and Heck reac-
tions.  224   3,5 - Dichloro -  and dibromo - isothiazole - 4 - carbonitriles undergo selective cross coupling at C - 5 for 
a range of reaction types; a further coupling of the remaining 3 - halogen is possible for Stille and Negishi 
reactions, but Suzuki coupling requires iodine.  225    

  4.2.7.5   Higher azoles 

 There seem to be few examples of organometallics derived from higher azoles (triazoles, tetrazole, 
oxadiazoles etc.) being used in coupling reactions, possibly due to the relative instability of boronates and 
stannanes, although there is an example of a coupling of a 5 - stannyltetrazole.  226        
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 Zinc derivatives seem to be more amenable, for example 1 - benzyloxy - 1,2,3 - triazol - 5 - ylzinc iodide 
(prepared  via  direct lithiation) couples well, but the corresponding stannane is less stable and can only be 
used for palladium - catalysed acylations.  227        

 Generally the reverse - mode coupling, using the halo - heterocycle is better, for example 1 - benzyl - 5 - bro-
motetrazole gives high yields with a range of boronic acids, the yield of a single example of a Stille coupling 
being signifi cantly lower.  228    

  4.2.7.6   Pyridines and Quinolines 

 Boronic acids, stannanes, zinc derivatives and Grignard reagents at all positions of the pyridine ring gener-
ally couple well. Silane couplings also work well in some cases. The 3 -  and 4 - pyridine - boronic acids have 
been widely used, but the 2 - isomer is rather unstable, undergoing ready deboronation, although some 
couplings have been carried out using crude material. However, the  N  - phenyldiethanolamine ester of 
pyridin - 2 - ylboronic acid  229   has the right balance between stability and reactivity and is commercially avail-
able. Tri -  o  - tolylphosphine is used as the ligand in this case because with triphenylphosphine, substantial 
transfer of the phenyl from phosphorus occurs.      

 Both 2 -  and 3 - pyridyl stannanes can be prepared by palladium - catalysed stannylation.  230   The  N  - oxides 
and quaternary salts of pyridyl stannanes can be used in Stille couplings.  231   

 The coupling of pyridin - 3 - ylzinc bromide requires a solvent exchange from the ether used for lithiation 
and metal exchange, to THF, for the coupling.  232   

 The Sonogashira coupling of 2,4 - dichloroquinoline in water with a palladium – carbon catalyst (triphe-
nylphosphine, triethylamine, CuI, 80  ° C) shows complete selectivity for the 2 - position  233   and Suzuki 
couplings of 1,3 - dichloroisoquinoline are selective for C - 1.  234   

 The 2,6 - dichloronicotinic ester shown below gives catalyst - variable selectivity in couplings with phenyl-
boronic acid, but the chelating amide is more selective: 9:1 compared to 2.5:1 for the ester.  235        
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 The selectivity (C - 2:C - 4:2,4 - disubstitution) of Suzuki couplings of 2,4 - dibromopyridine varies greatly 
with catalyst and conditions. The most selective C - 2 mono - coupling is obtained using Pd(PPh 3 ) 4  with thal-
lium hydroxide as base.  236   ( Caution! Thallium hydroxide is very toxic .)  

  4.2.7.7   Diazines   237    

 By analogy with pyridin - 2 - ylboronic acid, the azine boronic acids with the boron  α  to nitrogen would be 
expected to be relatively unstable. Pyrimidine - 5 - boronic acids have been quite widely used and pyridazine -
 4 - boronic acids are also well characterised. However, all the other isomeric diazine boronic acids are 
uncharacterised in the literature, but have been mentioned in patents and in suppliers ’  catalogues. The 
only references to their use in couplings seem to be as listed examples in library syntheses, without indi-
vidual experimental details, particularly pyrazin - 2 - ylboronate, 2 - methylthiopyrimidin - 4 - ylboronate, and 
pyrimidine - 2 -  and  - 4 - boronates. 

 Pyridazin - 4 - ylboronates are available  via  Diels – Alder reactions of alkynyl boronates and 1,2,4,5 - 
tetrazines,  238   and the 4 - stannanes similarly from 1,2,4 - triazines  239   and 1,2,4,5 - tetrazines.  240   The stannylpyr-
idazine, without other substituents, can also be obtained by this latter method, as shown below.  241        

 A range of stannylpyrimidines and pyrazines can be prepared by reaction of the halodiazines with a 
lithiostannane, however attempts to prepare 3 - stannylpyridazines fail. Their Stille reactions are consistently 
successful.  242        

 2,4 - Di -  t  - butoxy - pyrimidines are used as protected forms of uracil 5 - boronic acids and 5 - halides for 
Suzuki and Stille couplings, respectively, but suffer from the problem that an intermediate in their prepara-
tion (2,4 - dichloro - 5 - bromopyrimidine) is highly allergenic. Unprotected 5 - iodouracil will couple in some 
cases, but the Stille coupling of the 5 - bromo - 2,4 - bis(trimethylsilyloxy) derivative is more consistently 
successful.  243        
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 Couplings of 5 - iododeoxyuridine (with protection of the sugar oxygens) are successful with a range of 
heteroaryl trimethylstannanes.  244   

 2,4 - Dichloropyrimidine gives a selective Sonogashira coupling at C - 4  245   and 2,4,6 - trichloropyrimidine 
shows clean sequential Suzuki couplings: C - 4, then C - 6, then C - 2.  246   In Sonogashira reactions on dihalo-
pyrimidines, a 4 - chloro reacts in preference to a 5 - bromo, but not a 5 - iodo.  247        

 The use of ultrasonic activation is notable in the Negishi couplings of diazinyl zinc halides.  248    

  4.2.7.8   Higher Azines 

 3,5 - Di - (benzylamino) - 6 - chloro - 1,2,4 - triazine undergoes Sonogashira coupling under mild conditions (CuI, 
Et 3 N, MeOH, refl ux, 3 h; 50 – 77%).  249    

  4.2.7.9   Oxygen Heterocycles 

 4 - Tosyloxycoumarins are good substrates for Sonogashira and Negishi couplings.  250   3 - Bromo - 4 - 
sulfonyloxycoumarins showed complementary selectivity in Suzuki couplings, depending on the sulfonyl 
group, with relative reactivity of 4 - TfO    >    3 - Br    >    4 - TsO.  251   

 2 - Methyl - 4 - pyrone - 3 - trifl ate gives good yields in Stille couplings, under microwave heating, with a 
range of heterocyclic stannanes.  252        

 3,5 - Dibromo - 2 - pyrone reacts selectively at C - 3 under standard Suzuki conditions, but this is switched 
to C - 5 by a change of solvent and addition of cuprous iodide.  253   Stille couplings show the same C - 3 selec-
tivity, but this is enhanced, rather than reversed by the addition of cuprous iodide.  254   4,6 - Dichloro - 2 - pyrone 
shows reasonable selectivity for C - 6 in Sonogashira reactions.  255    

  4.2.7.10   Purines   256    

 Most commonly, palladium - catalysed substitutions on purines are carried out on the halo - purine, but some 
metallated purines are useful. 2 - Stannyl - 6 - chloropurines can be prepared  via  direct (C – H) lithiation, without 
protection of C - 8 (27.7.1). 6 - Purinyl zinc compounds can be prepared by reaction of the iodide with acti-
vated zinc metal.  256   

  O  - Tosyl,  - mesitylenesulfonyl and  - 2,4,6 - tri -  iso  - propylphenylsulfonyl derivatives of deoxyguanosine are 
good substrates for Suzuki couplings, when used with dicyclohexyl - JohnPhos as ligand.  257   Stille and 
Negishi couplings on 6,8 - dichloropurines are highly selective for C - 6.  258                  
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 5 - Bromo -  and  - iodo - indolizines give consistently good results in Suzuki couplings using very simple 
conditions (0.5 mol% PdCl 2 , K 2 CO 3 , aq. dioxane, 80  ° C; no ligand added).  259     

  4.2.8   Organometallic Selectivity 

 The selective reaction of one organometallic in the presence of another is very useful in building up complex 
organometallic reagents. This is best achieved by using metals that have very different requirements for 
their coupling conditions. The greatest differences are between boronates and related reagents, which 
require added base and often aqueous conditions, and stannanes or organozincs, for which non - polar sol-
vents with no added base tend to be used. In compounds containing both a metal and a halide, the challenge 
is to minimize self - coupling, although in the absence of a competitive substrate this is a useful way of 
synthesizing oligomers and polymers. Illustrative examples are shown below in the coupling of 2 - bromo -
 3 - tri -  n  - butylstannyl pyridine with 3 - diethylborylpyridine  260   and the synthesis of a nucleoside boronic acid 
analogue.  261             
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 Negishi couplings on 2 - bromo - 5 -  and  - 6 - tri -  n  - butylstannyl pyridines are possible due to the relatively 
high reactivity of 2 - bromopyridines (the isomeric 5 - bromo - 2 - stannylpyridine gave only low yields 
under the same conditions) and the low temperature of the reaction.  262        

 For Suzuki reactions using haloboronic acids and another halide, the obviously best course is to have 
a more reactive halide in the substrate than in the boronate, so there are quite a few examples of 
chloro - heteroaryl - boronic acids coupling effi ciently with aryl bromides. This difference is clearly shown 
by the coupling reactions of 2 - chloro -  and 2 - bromopyridine - 5 - boronic acids with bromo - heterocycles.  263        

 High - yielding Suzuki substitutions of halogen in halo - boronates are also possible using  N  - methylimino-
diacetic acid (MIDA) to form the protected boronate, which resists coupling under anhydrous conditions. 
This approach has been applied to aryl and heteroaryl (only thiophene and benzofuran, shown below) 
systems,  264   and also for polyene synthesis.  265        
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 In couplings of 5 - metallo - 2 - chlorothiazoles, stannanes are preferred to boronates due to the relative 
instability of the latter. The corresponding zinc derivatives are unsatisfactory.  266         

  4.2.9   Direct  C  –  H  Arylation 

    HetH ArX HetAr+ →   

 The direct arylation, with substitution of hydrogen, mainly of electron - rich heterocycles, such as mono -  and 
di - hetero 5 - membered rings, by reaction with aryl  267   or alkenyl halides, is a very useful supplement to cross 
coupling, eliminating the need for the preparation of an organometallic partner.      

 Both palladium and rhodium are effective catalysts, but the rhodium reactions seem to be more subject 
to steric effects. The reaction proceeds  via  a catalytic cycle similar to cross coupling, except that the 
formation of the diorgano(palladium) is brought about by electrophilic attack by the arylpalladium halide, 
rather than a transmetallation reaction, hence the need for electron - rich systems.  268,269   The equivalent 
alkynylation can also be carried out using haloalkynes.  270        

 It is signifi cant that these types of reaction may be easier than standard electrophilic substitutions in 
1,3 - azoles, refl ecting the different nature of electrophilic metal cations compared to simple electrophiles, 
such as bromine. 

 Oxazoles can be arylated at either C - 2 or C - 5, the method shown being notable for the use of water as 
solvent.  271   2 - Substitution of 5 - aryl oxazoles, using palladium acetate, can be carried out without an added 
ligand.  272        
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 The direct coupling of  t  - butyl thiazole - 4 - carboxylate at C - 2 is successful with a wide range of (hetero)
aryl halides, the hindered ester (rather than the methyl ester), together with the use of tri -  o  - tolylphosphine 
as ligand, giving optimum selectivity for C - 2  vs.  C - 5 for iodoarenes and heteroarenes. Changing the ligand 
to JohnPhos allows extension to chloro -  and bromo - heterocycles.  273        

 A rhodium catalyst, under microwave heating, is similarly successful with NH imidazoles, benzimidazole, 
benzoxazole, and a 1,2,4 - triazole.  280   

 Indoles show a strong tendency to give 2 - substituted products, using either rhodium  281   or palladium 
catalysts, in contrast to normal C - 3 electrophilic substitution.      

 The reaction of 3 - methoxythiophene is highly selective for C - 2 and has been put to use for the synthesis 
of thiophene oligomers.  274   The substitution of thiophenes, using aryl iodides, can also be carried out without 
interference from bromo substituents in the substrate.  275        

 The reaction is selective, as would be expected, for C - 8 in purines  276   and their nucleosides.  277   Even totally 
unprotected deoxyadenosine reacts well with a range of aryl iodides, without arylation of the 6 - NH 2  except, 
curiously, for 2 - iodonitrobenzene, which was completely selective for the amine group!  278   

 Alkenylations can also be carried out: the optimum conditions for 2 - bromopropene with palladium 
acetate include the use of triphenylarsine with silver carbonate and triethylamine, but the advantages 
over more amenable conditions, using triphenylphosphine with potassium or cesium carbonate, are 
marginal.  279        
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  N  - Substituted indoles can be similarly arylated at C - 2, using modifi ed conditions, the reactions being 
successful even when the indole contains strong electron - withdrawing groups.  282        

 This  ‘ abnormal ’  regioselectivity can be explained by equilibration of the intermediate palladated indole 
cation, followed by a relatively slow deprotonation.      

 The reaction using NH indoles and a magnesium base can be controlled to give either C - 2 or C - 3 aryla-
tion.  283   With magnesium oxide, a mild reversible base, only 2 - substitution occurs, but with pre - formed 
strongly coordinating magnesium derivatives, as formed by reaction with Grignard reagents or best, mag-
nesium hexamethyldisilazide, high C - 3:C - 2 ratios result. 

 Alternatively, very clean 3 - substitution of NH indoles by aryl bromides can be achieved by use of 
phosphine - free conditions, but the reaction is inhibited by electron - withdrawing groups on the indole. 
Similar reactions using phosphines give 1 -  or 3 - arylation depending on the phosphine.  284        

  N  - oxides of pyridines  285   and diazines  286   react well and with complete selectivity for the position  α  to the 
 N  - oxide. Mechanistic studies indicate that the reaction is not based on normal (two step: addition then 
proton loss) electrophilic palladation of the  N  - oxide, but possibly by a simultaneous palladation – deproton-
ation that was used to explain the success of the reaction in very electron - defi cient (non - heterocyclic) 
systems, where there is also considerable acidifi cation of the hydrogen.  268        
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 Although azines do not usually react under these conditions, the arylation of pyrazine and pyridine is 
possible using a gold(I) catalyst with  t  - BuOK.  287   

 Consideration could also be given to possible involvement of an (ylide  ↔  carbene)/Pd complex, perhaps 
assisted by coordination with the oxygen. (Carbene intermediates are well known in azoles, cf. the rhodium 
reactions shown later.)      

 The rhodium - catalysed reaction between 1,3 - azoles and terminal alkenes is thought to proceed  via  a 
carbene complex.  291         

 (Stable metal (Ir, Ru, Os, Au) - carbene complexes of such pyridinium and related ylides have been isolated, 
including an iridium derivative by direct preparation from pyridine.  288  ) 

 A reaction using diaryl iodonium salts is thought to proceed  via  a Pd(II) – Pd(IV) cycle (simple halides 
are not suffi ciently reactive to carry out oxidative addition on Pd(II)).  289        

  4.2.9.1    C  –  H  insertion 

 A different type of metallation, directed by an acyl group at either the pyridine 3 -  or 4 - position, uses a 
catalytic ruthenium complex and results in a reductive Heck - type substitution, as illustrated below. The 
mechanism involves insertion of the metal into a C – H bond. The process is non - polar and works equally 
well with electron - rich heterocycles, for example indole.  290        
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  4.2.9.2   Oxidative Coupling of Arenes 

 The catalytic oxidative coupling of two dissimilar arenes is also possible, for example,  N  - acetyl indoles, 
or benzofurans, with benzene and other simple arenes. The mechanism involves sequential metallations in 
the two rings.  292   The regioselectivity can be controlled by the choice of oxidant, Cu(OAc) 2  favouring C - 3 
and AgOAc, C - 2 substitution in 1 - acetylindole.  293             

 The similar oxidative dimerisation of 2 - bromothiophene illustrates selectivity in the presence of halogen. 
The silver fl uoride seems to be the oxidant as it is reduced to silver metal during the reaction.  294        

 2 - Arylation of indoles can also be carried out  via  arylpalladium acetates generated from boronic acids  295   
or trifl uoroborate salts  296   and palladium acetate. The reactions are catalytic in palladium, cycling of the 
Pd(II) being effected by the use of a re - oxidant (Cu(II)/air). The reaction works well on NH and  N  - methyl 
indoles but fails with the  N  - acetyl derivative.        

  4.2.10     N   - Arylation 

    ArX R NH ArNR+ →2 2   

 Transition - metal - catalysed reactions can be used to introduce aryl or heteroaryl groups onto the ring NH, 
or attached amino groups, of heterocycles. They can also be used for the displacement of leaving groups 
by amines in all types of heterocyclic systems, including the use of milder conditions for substitutions at 
relatively activated positions, such as  α  -  and  γ  - positions in pyridines, where nucleophilic substitutions can 
be carried out. 

 There are two general ways in which to carry out this process: (i) reaction with an aryl halide using a 
Pd, Cu or Ni catalyst, (ii) reaction with an aryl boronic acid catalysed by Cu(II). Minor methods include 
reactions with diaryl iodonium salts or high oxidation state aryl metals. 

  4.2.10.1   Buchwald – Hartwig Reaction (Palladium - Catalysed Amination) 

 Although occasional examples had been described earlier, the design and development of new highly active 
ligands for palladium gave new impetus to transition - metal - catalysed aminations.  297   A number of relatively 
complex ligands were used in earlier work, but simpler versions, such as JohnPhos, have now become 
prominent.  298   These methods work well with heterocycles, for example  N  - arylation of indoles, using 
trifl ates, bromides and chlorides.  299   

 The mechanism of palladium/aryl halide amination is very closely related to that of cross coupling, with 
displacement of the halide on palladium (or copper or nickel) by an amine or  N  - anion instead of the trans-
metallation step. In the case of Cu and Ni catalysis, it may proceed through M(0) – M(II) or M(I) – M(III) 
cycles.      
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 Arylation of a pendant amino group in a wide range of amino heterocycles, including pyrazoles, thiazoles, 
thiadiazoles,  300   oxazoles, isoxazoles, pyridines and diazines can be carried out using Xantphos as the 
ligand.  301   In another method, with a number of halo - azines as the arylating agents, the use of sodium phen-
oxide as base is a key feature. This reaction works equally well under classical thermal conditions (80  ° C, 
2 h) or with microwave heating (170  ° C, 2 h).  301        

 The conversion of purines into arylamino derivatives,  302   particularly with polycyclic arylamines, is of 
signifi cance for investigations of mutagenesis. Displacement of bromine on purine nucleosides can be 
carried out at C - 6  303   and C - 8 of deoxyguanosine, with protection of the 2 - amino, the sugar hydroxyl groups, 
and the 6 - oxo as an ether.  304   8 - Bromoadenosine, with protection of the sugar, but not the amino group, 
couples well with anilines.  305   The reverse method is also possible, for example reaction on the 2 - amino of 
a 6 - benzyloxy - deoxyriboside (i.e. a protected deoxyguanosine) with bromopyrenes.  306   

 Intramolecular reactions can also be carried out, such as cyclisation of an N - 1 - COCH 2 NHCbz indole 
displacing a 2 - iodo group.  307   

 Aryl hydrazines, can be prepared  via  arylation of benzophenone hydrazone, Boc - hydrazide or bis - 
Boc - hydrazide.  308   Such transformations can also be carried out using copper catalysts.  309        

  N  - Alkenylation can also be carried out. For indoles, pyrroles and carbazoles, the  N  - lithio - compound is 
the preferred reactant, the magnesium derivative or a mixture of the indole with potassium phosphate giving 
signifi cantly lower yields.  310         
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  4.2.10.2   Nickel - Catalysed Amination 

 Nickel is particularly useful for reactions of aryl chlorides, for example, 2 - , 3 -  and 4 - chloropyridines are 
aminated in the presence of a carbene ligand.  311         

  4.2.10.3   Copper - Catalysed Amination 

 A copper - catalysed amination  –  the Ullmann reaction  –  was the forerunner (1904) of all transition - metal -
 catalysed couplings, but the vigorous conditions that are required limited its use. In recent years there has 
been a resurgence in copper catalysis, due in part to the development of better ligands and understanding 
of mechanisms.  312   

 Copper catalysts have the advantages of lower cost, low toxicity and, often, less need for complex 
ligands. An early example, using phenanthroline as ligand, is shown below.  313        

 A very simple system, using cuprous iodide with no added ligand, gives good results with a wide range 
of aryl and heteroaryl bromides (and a few chlorides and iodides), reacting for example with imidazole, 
1,2,4 - triazole, pyrazole and pyrrole.  314        

 4,7 - Dimethoxy - 1,10 - phenanthroline is a superior ligand for the arylation  315   and heteroarylation  316   of 
imidazoles using a cuprous oxide catalyst.      
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 The use of TMEDA as ligand gives the highest yield in the catalytic reaction, using air as re - oxidant for 
copper. It also gives the highest regioselectivity in the reaction with 4(5) - phenyl imidazole.  323   (Note that 
even in the stoichiometric reaction above, the presence of air is considered to be benefi cial.)      

 Lithium chloride is an effective promoter (no organic ligand added) for the CuI - catalysed N - 1 arylation 
of 5 -  and 7 - azaindoles.  317   Very clean and high - yielding  N  - arylation results from the use of the tetra -  n  - 
butylammonium salt of 2 - pyridone as substrate for CuI - catalysed reactions with iodides.  318   

 Proline is a highly effective ligand for the CuI - catalysed displacement of bromine in 3 - bromopyridines, 
2 - bromothiazoles and 5 - bromo - 1 - phenylsulfonylindole by primary amines, morpholine and pyrazole.  319    

  4.2.10.4   Chan – Lam Reaction 

 This conversion employs a boronic acid with a copper(II) catalyst. The method was developed for reactions 
of heterocycles, including the  N  - arylation of isatin  320   and of pyrazole, imidazole and their benzo derivatives 
(1,2,3 - triazole, 1,2,4 - triazole and 5 - phenyltetrazole gave only very modest yields).  321   These conditions 
also apply to the  N  - arylation of 2 - pyridone (and various fused derivatives), 3 - pyridazinones, indole - 2 -
 carboxylates and pyrrole - 2 - carboxylates.  322        

 The reaction mechanism proceeds  via  a transmetallation giving an aryl - copper - nitrogen species, followed 
by a reductive elimination, but the difference from the aryl halide reaction is that this generates a species 
(Cu(0)) that cannot enter into a catalytic cycle. However, methods that are catalytic in copper have been 
developed, using an oxidant to regenerate Cu(II), although here there is the possibility for a variation in 
mechanism, involving Cu(III).  323        

 Arylation of the amidic nitrogen in oxy - purine and oxy - pyrimidine nucleosides  302   is consistently suc-
cessful. Arylation on exocyclic amino groups, such as in deoxyadenosine, is also possible, but less 
reliable.  324        
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 Similar conditions are used for the arylation, with suitable protection of other positions, at N - 1 of uracil 
and cytosine derivatives and at N - 9 of purines.  325   

 An analogous reaction using alkenyl boronic acids is one of the best processes for the  N  - alkenylation of 
pyridones and amides.  326   Indoles can be  N  - cyclopropylated using cyclopropylboronic acid/cupric acetate.  327         

  4.2.10.5   Other Variations   327    

 As is the case for cross - coupling reactions, arylstannanes  328   and aryltrialkoxysilanes  329   can be substituted 
for boronic acids in this method, but would appear to offer few advantages. A number of other, usually 
Cu(II) - catalysed, reagents can be used to arylate azoles and indoles, of which diaryliodonium salts are the 
most useful.  330   Aryllead triacetates  331   and triarylbismuth diacetates   332   may fi nd very occasional use, but 
 N  - cyclopropylation using tricyclopropylbismuth with cupric acetate is possibly more interesting.  333    

  4.2.10.6    O  - Arylation 

  O  - Arylations can be carried out under conditions very similar to those for  N  - arylations, using Pd or Cu 
catalysts, examples being displacement of 5 - bromo in  N  - protected indoles by phenoxides,  334   and reactions 
of 2 - chloro -  and 2 - bromo - pyridines with 2 - aryl - ethanols.  335   

 Copper powder can also be used to catalyse the reaction of activated halides (in pyridine, quinoline, 
pyrimidine, benzothiazole) with phenols. Microwave heating is far superior to conventional heating for 
chlorides and bromides, but there is little difference for iodide.  336   

 Highly selective CuI - catalysed  O  -  or  N  - arylation of aminoalcohols can be carried out by choice of ligand: 
N using 3,4,7,8 - tetramethylphenantholine; O using 2 - isobutyrylcyclohexanone.  337     

  4.2.11   Heck Reactions   338    

    ArBr CH CHR ArCH CHR+ = → =   

 A standard Heck reaction, as shown in the example below,  339   involves the palladium - catalysed reaction of 
a halide with an alkene, most commonly an electron - defi cient alkene such as an acrylate, but other types 
can also be used. Heck - type cyclisation onto olefi ns is a useful reaction for ring synthesis.      
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 This process is not catalytic in the standard way, as the Pd(0), generated in the fi nal hydride elimination, 
cannot effect the fi rst (electrophilic) ring palladation. However, the addition of an oxidant selective for 
Pd(0), such as a peroxide or Cu(II), allows the cycle to continue by re - formation of the reactive Pd(II) 
species.  342        

 The sequence involves an initial oxidative addition of palladium(0) to the halide, followed by in insertion 
of the arylpalladium halide into the double bond and fi nally a  β  - hydride elimination. Both of the latter two 
reactions are concerted -  syn , therefore a rotation around the carbon – carbon single bond must precede the 
hydride elimination.      

 Electron - defi cient alkenes, such as acrylates, show a strong regiochemical bias, with the aryl group 
becoming attached to the  β  - position. Terminal, unactivated alkenes tend to substitute on the terminal carbon 
and the regiochemistry of reactions with enol ethers is controllable. The  α  - substitution of enol ethers is a 
useful means, following hydrolysis, of introducing acyl groups.  340        

 The electron - rich nature of heterocycles such as indoles, furans and thiophenes allows a different type 
of Heck reaction to be carried out.  341   In this  ‘ oxidative ’  modifi cation, the aryl palladium derivative is gener-
ated by electrophilic palladation with a palladium(II) reagent.      
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 In indoles, the reaction generally occurs at C - 3, unless that is blocked, as in the example above. However, 
the position of substitution can be infl uenced by choice of solvent and possibly, to a lesser extent, the re -
 oxidant. Equilibration of the intermediate palladated indole is probably responsible for the variations in 
regioselectivity.  343        

 The palladation, and therefore substitution, can also be directed to C - 2 in indoles by the use of a chelat-
ing 2 - pyridylmethyl group on the nitrogen.  344   Direction by a carboxy group ( via  the Pd carboxylate) is 
generally useful in indole, furan, thiophene and pyrrole, although it is not always completely selective. The 
carboxyl group is lost during the reaction.  345              

  4.2.12   Carbonylation Reactions 

    ArX CO Nu H ArCONu+ + ( ) →   

 Palladium - catalysed carbonylation of halides, with carbon monoxide, can be used to prepare esters, amides 
and ketones by trapping the intermediate acylpalladium halide with alcohols,  346   amines  347   and organometal-
lics, respectively. Boronic acids are probably the best organometallics for the preparation of ketones, but 
conditions must be adjusted to give the best selectivity between the acylation reaction and simple Suzuki 
coupling of the boronic acid with the starting halide.  348          



90 Heterocyclic Chemistry

  References 
1    ‘  Handbook of Functionalized Organometallics  ’ ,   Knochel ,  P.   (Ed.),  Wiley - VCH ,  2005 .  
2    ‘  Preparative Polar Organometallic Chemistry  ’ ,   Brandsma ,  L.   and   Verkruijsse ,  H. D.  , Vol.  1 ,  Springer - Verlag ,  1987 ;    ‘  The Chemistry of Organolithium 

Compounds  ’ ,   Wakefi eld ,  B. J.  ,  Pergamon Press ,  1974 ;    ‘  Generation and reactions of sp 2  - carbanionic centers in the vicinity of heterocyclic nitrogen 
atoms  ’ ,   Rewcastle ,  G. W.   and   Katritzky ,  A. R.  ,  Adv. Heterocycl. Chem. ,  1993 ,  56 ,  155 ;    ‘  Ring and Lateral Metallation of Heteroaromatic Substrates 
using Strong Base Systems  ’ , FMC Lithium Link, Spring  1993 , FMC Lithium Division, 449, North Cox Road, Gastonia, NC 28054, USA.  

3     von   Ragu é  Schleyer ,  P.  ,   Chandrasekhar ,  J.  ,   Kos ,  A. J.  ,   Clark ,  T.   and   Spitznagel ,  G. W.  ,  J. Chem. Soc., Chem. Commun. ,  1981 ,  882 .  
4    ‘  Base catalysed hydrogen exchange  ’ ,   Elvidge ,  J. A.  ,   Jones ,  J. R.  ,   O ’ Brien ,  C.  ,   Evans ,  E. A.   and   Sheppard ,  H. C.  ,  Adv. Heterocycl. Chem. ,  1974 , 

 16 ,  1 .  
5     Zoltewicz ,  J. A.  ,   Grahe ,  G.   and   Smith ,  C. L.  ,  J. Am. Chem. Soc. ,  1969 ,  91 ,  5501 ;   Meot - Ner (Mautner) ,  M   and   Kafafi  ,  S. A.  ,  ibid. ,  1988 ,  110 ,  

6297 .  
6    ‘  Heteroatom - facilitated lithiations  ’ ,   Gschwend ,  H. W.   and   Rodriguez ,  H. R.  ,  Org. React .,  1979 ,  26 ,  1 ;    ‘  Directed metallation of  π  - defi cient azaaromat-

ics: strategies of functionalisation of pyridines, quinolines and diazines  ’ ,   Qu é guiner ,  G.  ,   Marsais ,  F.  ,   Snieckus ,  V.   and   Epsztajn ,  J.  ,  Adv. Heterocycl. 

Chem. ,  1991 ,  52 ,  187 ;    ‘  Metallation and metal - assisted bond formation in  π  - electron defi cient heterocycles  ’ ,   Undheim ,  K.   and   Benneche ,  T.  ,  Hetero-

cycles ,  1990 ,  30 ,  1155 ;    ‘  Directed  ortho  metallation. Tertiary amide and  O  - carbamate directors in synthetic strategies for polysubstituted aromatics  ’ , 
  Snieckus ,  V.  ,  Chem. Rev. ,  1990 ,  90 ,  879 .  

7     Mallet ,  M.  ,  J. Organomet. Chem. ,  1991 ,  406 ,  49 .  
8     G ó mez ,  I.  ,   Alonso ,  E.  ,   Ram ó n ,  D. J.   and   Yus ,  M.  ,  Tetrahedron ,  2000 ,  56 ,  4043 .  
9     Reich ,  H. J.  ,   Phillips ,  N. H.   and   Reich ,  I. L.  ,  J. Am. Chem. Soc. ,  1985 ,  107 ,  4101 .  

10     Saulnier ,  M. G.   and   Gribble ,  G. W.  ,  J. Org. Chem. ,  1982 ,  47 ,  757 .  
11     Fraser ,  R. R.  ,   Mansour ,  T. S.   and   Savard ,  S.  ,  Can. J. Chem. ,  1985 ,  63 ,  3505 .  
12     von   Ragu é  Schleyer ,  P.  ,   Clark ,  T.  ,   Kos ,  A. J.  ,   Spitznagel ,  G. W.  ,   Rohde ,  C.  ,   Arad ,  D.  ,   Houk ,  K. N.   and   Rondan ,  N. G.  ,  J. Am. Chem. Soc. ,  1984 , 

 106 ,  6467 .  
13     Carpita ,  A.  ,   Rossi ,  R.   and   Veracini ,  C. A.  ,  Tetrahedron ,  1985 ,  41 ,  1919 .  
14     Feringa ,  B.L.  ,   Hulst ,  R.  ,   Rikers ,  R.   and   Brandsma ,  L.  ,  Synthesis ,  1988 ,  316 .  
15     Carpenter ,  A. J.   and   Chadwick ,  D. J.  ,  Tetrahedron Lett. ,  1985 ,  26 ,  1777 .  
16     Gronowitz ,  S.   and   Kada ,  R.  ,  J. Heterocycl. Chem. ,  1984 ,  21 ,  1041 .  
17     Hasan ,  I.  ,   Marinelli ,  E. R.  ,   Lin ,  L. - C. C.  ,   Fowler ,  F. W.   and   Levy ,  A. B.  ,  J. Org, Chem. ,  1981 ,  46 ,  157 .  
18   e.g. for benzo[ b ]thiophen and benzo[ b ]furan:   Kerdesky ,  F. A. J.   and   Basha ,  A.  ,  Tetrahedron Lett. ,  1991 ,  32 ,  2003 .  
19     Moyer ,  M. P.  ,   Shiurba ,  J. F.   and   Rapoport ,  H.  ,  J. Org, Chem. ,  1986 ,  51 ,  5106 .  
20    ‘  Metallation and metal – halogen exchange reactions of imidazoles  ’ ,   Iddon ,  B.  ,  Heterocycles ,  1985 ,  23 ,  417 .  
21   See, however,   Katritzky ,  A. R.  ,   Slawinski ,  J. J.  ,   Brunner ,  F.   and   Gorun ,  S.  ,  J. Chem. Soc., Perkin Trans. 1 ,  1989 ,  1139 .  
22     Lipshutz ,  B. H.  ,   Huff ,  B.   and   Hagen ,  W.  ,  Tetrahedron Lett. ,  1988 ,  29 ,  3411 .  
23     Katritzky ,  A. R.  ,   Rewcastle ,  G. W.   and   Fan ,  W. - Q.  ,  J. Org. Chem. ,  1988 ,  53 ,  5685 ;     Heinisch ,  G.  ,   Holzer ,  W.   and   Pock   S.  ,  J. Chem. Soc., Perkin 

Trans. 1 ,  1990 ,  1829 .  
24    ‘  Ring - opening of fi ve - membered heteroaromatic anions  ’ ,   Gilchrist ,  T. L  .,  Adv. Heterocycl. Chem. ,  1987 ,  41 ,  41 .  
25     Dickinson ,  R. P.   and   Iddon ,  B.  ,  J. Chem. Soc. (C) ,  1971 ,  3447 .  
26     Verbeek ,  J.  ,   George ,  A. V. E.  ,   de   Jong ,  R. L. P.   and   Brandsma ,  L.  ,  J. Chem. Soc., Chem. Commun. ,  1984 ,  257 ;     Verbeek ,  J.   and   Brandsma ,  L.  , 

 J. Org. Chem. ,  1984 ,  49 ,  3857 .  
27     Kessar ,  S. V.  ,   Singh ,  P.  ,   Singh ,  K. N.   and   Dutt ,  M.  ,  J. Chem. Soc., Chem. Commun. ,  1991 ,  570 .  
28     Zoltewicz ,  J. A.   and   Helmick ,  L. S.  ,  J. Am. Chem. Soc. ,  1970 ,  92 ,  7547 ;     Zoltewicz ,  J. A.   and   Cantwell ,  V. W.  ,  J. Org. Chem. ,  1973 ,  38 ,  829 ; 

    Zoltewicz ,  J. A.   and   Sale ,  A. A.  ,  J. Am. Chem. Soc. ,  1973 ,  95 ,  3928 .  
29     Mallet ,  M.  ,  J. Organomet. Chem. ,  1991 ,  406 ,  49 .  
30     Miah ,  M. A. J.   and   Snieckus ,  V.  ,  J. Org. Chem. ,  1985 ,  50 ,  5436 .  
31     Gribble ,  G. W.   and   Saulnier ,  M. G.  ,  Tetrahedron Lett. ,  1980 ,  21 ,  4137 .  
32     Ronald ,  R. C.   and   Winkle ,  M. R.  ,  Tetrahedron ,  1983 ,  39 ,  2031 .  
33     Estel ,  L.  ,   Linard ,  F.  ,   Marsais ,  F.  ,   Godard ,  A.   and   Qu é guiner ,  G.  ,  J. Heterocycl. Chem. ,  1989 ,  26 ,  105 .  
34     Sengupta ,  S.   and   Snieckus ,  V.  ,  Tetrahedron Lett. ,  1990 ,  31 ,  4267 .  
35     Alo ,  B. I.  ,   Familoni ,  O. B.  ,   Marsais ,  F.   and   Qu é guiner ,  G.  ,  J. Heterocycl. Chem. ,  1992 ,  29 ,  61 .  
36     Beaulieu ,  F.   and   Snieckus ,  V.  ,  Synthesis ,  1992 ,  112 ;     Tsukazaki ,  M.   and   Snieckus ,  V.  ,  Heterocycles ,  1992 ,  33 ,  533 .  
37     Kelly ,  T. R.  ,   Xu ,  W.   and   Sundaresan ,  J.  ,  Tetrahedron Lett. ,  1993 ,  34 ,  6173 .  
38     Marsais ,  F.  ,   Le Nard ,  G.   and   Qu é guiner ,  G.  ,  Synthesis ,  1982 ,  235 .  
39     Godard ,  A.  ,   Jaquelin ,  J. - M.   and   Qu é guiner ,  G.  ,  J. Organomet. Chem. ,  1988 ,  354 ,  273 .  
40     Kress ,  T. J.  ,  J. Org. Chem. ,  1979 ,  44 ,  2081 ;     Frissen ,  A. E.  ,   Marcelis ,  A. T. M.  ,   Buurman ,  D. G.  ,   Pollmann ,  C. A. M.   and   van der   Plas ,  H. C.  ,  Tet-

rahedron ,  1989 ,  45 ,  5611 ;     Turck ,  A.  ,   Pl é  ,  N.  ,   Majovic ,  L.   and   Qu é guiner ,  G.  ,  J. Heterocycl. Chem. ,  1990 ,  27 ,  1377 .  
41     Turk ,  A.  ,   Mojovic ,  L.   and   Qu é guiner ,  G.  ,  Synthesis ,  1988 ,  881 ;     Ward ,  J. S.   and   Merritt ,  L.  ,  J. Heterocycl. Chem. ,  1991 ,  28 ,  765 .  
42     Li ,  W.  ,   Nelson ,  D. P.  ,   Jensen ,  M. S.  ,   Hoerrner ,  R. S.  ,   Cai ,  D.  ,   Larsen ,  R. D.   and   Reider ,  P. J.  ,  J. Org. Chem. ,  2002 ,  67 ,  5394 .  
43     Vazquez ,  E.  ,   Davies ,  I. W.   and   Payack ,  J. F.  ,  J. Org. Chem. ,  2002 ,  67 ,  7551 .  
44     Herbert ,  J. M   and   Maggiani ,  M.  ,  Synth. Commun. ,  2001 ,  947 .  
45     Hahn ,  M.  ,   Heinisch ,  G.  ,   Holzer ,  W.   and   Schwarz ,  H.  ,  J. Heterocycl. Chem. ,  1991 ,  28 ,  1189 .  
46     Kopp ,  F.   and   Knochel ,  P.  ,  Org. Lett. ,  2007 ,  9 ,  1639 .  
47     Comins ,  D. L.  ,   Nolan ,  J. M.   and   Bori ,  I. D.  ,  Tetrahedron Lett. ,  2005 ,  36 ,  6697 ;   see also  ‘  The synthetic utility of  α  - amino alkoxides  ’ ;   Comins ,  D. 

L.  ,  Synlett ,  1992 ,  615 .  
48     Bergman ,  J.   and   Venemalm ,  L.  ,  J. Org. Chem. ,  1992 ,  57 ,  2495 .  



Organometallic Heterocyclic Chemistry 91

49    ‘  Functionalised magnesium organometallics as versatile intermediates for the synthesis of polyfunctionalised heterocycles  ’ ,   Ila ,  H.  ,   Baron ,  A.  , 
  Wagner ,  A. J.   and   Knochel ,  P.  ,  Chem. Commun. ,  2006 ,  583 .  

50     Christophersen ,  C.  ,   Begtrup ,  M.  ,   Ebdrup ,  S.  ,   Petersen ,  H.   and   Veds ø  ,  P.  ,  J. Org. Chem. ,  2003 ,  68 ,  9513 .  
51     Abarbi ,  M.  ,   Thibonnet ,  J.  ,   B é rillon ,  L.  ,   Dehmel ,  F.  ,   Rottl ä nder ,  M.   and   Knochel ,  P.  ,  J. Org. Chem. ,  2000 ,  65 ,  4618 .  
52     Smith ,  A. B.  ,   Minbiole ,  K. P.  ,   Verhoest ,  P. R.   and   Schelhaas ,  M.  ,  J. Am. Chem. Soc. ,  2001 ,  123 ,  10942 .  
53     Krasovskiy ,  A.   and   Knochel ,  P.  ,  Angew. Chem. Int. Ed. ,  2004 ,  43 ,  3333 .  
54     Krasovskiy ,  A  ,   Kopp ,  F.   and   Knochel ,  P.  ,  Angew. Chem. Int. Ed. ,  2006 ,  45 ,  497 .  
55     Krasovskiy ,  A.  ,   Krasovszkaya ,  V.   and   Knochel ,  P.  .  Angew. Chem. Int. Ed. .  2006 ,  45 ,  2958 .  
56     Clososki ,  G. C.  ,   Rohbogner ,  C. J.   and   Knochel ,  P.  ,  Angew. Chem. Int. Ed. ,  2007 ,  46 ,  7681 .  
57     Bayh ,  O.  ,   Awad ,  H.  ,   Mongin ,  F.  ,   Hoarau ,  C.  ,   Bischoff ,  L.  ,   Tr é court ,  F.  ,   Qu é guiner ,  G.  ,   Marsais ,  F.  ,   Blanco ,  F.  ,   Abarca ,  B.   and   Ballesteros ,  R.  ,  J. 

Org. Chem. ,  2005 ,  70 ,  5190 .  
58     Kneisel ,  F. F.   and   Knochel ,  P.  ,  Synlett ,  2002 ,  1799 .  
59     Kopp ,  F.  ,   Wunderlich ,  S.   and   Knochel ,  P.  ,  Chem. Commun. ,  2007 ,  2075 .  
60     Kopp ,  F.   and   Knochel ,  P.  ,  Synlett ,  2007 ,  980 .  
61    ‘  Preparations and applications of functionalized organozinc compounds  ’ ,   Knochel ,  P.  ,   Millot ,  N.  ,   Rodriguez ,  A.   and   Tucker ,  C. E.  ,  Org. React. ,  2001 , 

 58 ,  417 ;    ‘  The Chemistry of Organozinc Compounds  ’ , Ed.   Rappoport ,  Z.   and   Marek ,  I.    John Wiley & Sons ,  2006 .  
62     Sakamoto ,  T.  ,   Kondo ,  Y.  ,   Takazawa ,  N.   and   Yamanaka ,  H.  ,  Tetrahedron Lett. ,  1993 ,  34 ,  5955 ;     Sakamoto ,  T.  ,   Kondo ,  Y.  ,   Murata ,  N.   and   Yamanaka , 

 H.  ,  Tetrahedron ,  1993 ,  49 ,  9713 .  
63     Prasad ,  A. S. B.  ,   Stevenson ,  T. M.  ,   Citineni ,  J. R.  ,   Nyzam ,  V.   and   Knochel ,  P.  ,  Tetrahedron ,  1997 ,  53 ,  7237 .  
64     Gosmini ,  C.  ,   Amatore ,  M.  ,   Claudel ,  S.   and   P é richon ,  J.  ,  Synlett ,  2005 ,  2171 .  
65     Prasad ,  A. S. B.  ,   Stevenson ,  T. M.  ,   Citineni ,  J. R.  ,   Nyzam ,  V.   and   Knochel ,  P.  ,  Tetrahedron ,  1997 ,  53 ,  7237 .  
66     Krasovskiy ,  A.  ,   Malakhov ,  V.  ,   Gavryushin ,  A.   and   Knochel ,  P.  ,  Angew. Chem. Int. Ed. ,  2006 ,  45 ,  6040 .  
67     Chen ,  Y. - H.   and   Knochel ,  P.  ,  Angew. Chem. Int. Ed. ,  2008 ,  47 ,  7648 .  
68     Gong ,  L. - Z.   and   Knochel ,  P.  ,  Synlett ,  2005 ,  267 .  
69     Wunderlich ,  S. H.   and   Knochel ,  P.  ,  Angew. Chem. Int. Ed. ,  2007 ,  46 ,  7685 .  
70     Wunderlich ,  S.   and   Knochel ,  P.  ,  Org. Lett. ,  2008 ,  10 ,  4705 .  
71     Korn ,  T. J.  ,   Schade ,  M. A.  ,   Cheemala ,  M. N.  ,   Wirth ,  S.  ,   Guevara ,  S. A.  ,   Cahiez ,  G.   and   Knochel ,  P.  ,  Synthesis ,  2006 ,  3547 .  
72     Yang ,  X.   and   Knochel ,  P.  ,  Synthesis ,  2006 ,  2618 .  
73    ‘  Boronic Acids  ’ , Ed.   Hall ,  D. G.  ,  Wiley - VCH ,  2005 ;    ‘  The Synthesis and applications of heterocyclic boronic acids  ’ ,   Tyrrell ,  E.   and   Brookes ,  P.  , 

 Synthesis ,  2003 ,  469 .  
74     Cammidge ,  A. N.  ,   Goddard ,  V. H. M.  ,   Gopee ,  H.  ,   Harrison ,  N. L.  ,   Hughes ,  D. L.  ,   Schubert ,  C. J.  ,   Sutton ,  B. M.  ,   Watts ,  G. L.   and   Whitehead ,  A. 

J.  ,  Org. Lett. ,  2006 ,  8 ,  4071 .  
75     Florentin ,  D.  ,   Fourni é  - Zaluski ,  M. C.  ,   Callanquin ,  M.   and   Roques ,  B. P.  ,  J. Heterocycl. Chem. ,  1976 ,  13 ,  1265 .  
76     Fischer ,  F.C.   and   Havinga ,  E.  ,  Recl. Trav. Chim. Pays - Bas ,  1974 ,  93 ,  21 .  
77     Suenaga ,  H.  ,   Nakashima ,  K.   and   Sinkai ,  S.  ,  J. Chem. Soc., Chem. Commun. ,  1995 ,  29 .  
78     Florentin ,  D.  ,   Fourni é  - Zaluski ,  M. C.  ,   Callanquin ,  M.   and   Roques ,  B. P.  ,  J. Heterocycl. Chem. ,  1976 ,  13 ,  1265 ;     Brand ã o ,  M. A.  ,   de   Oliveira ,  A. B.   

and   Snieckus ,  V.  ,  Tetrahedron Lett. ,  1993 ,  34 ,  2437 .  
79     Murata ,  M.  ,   Oyama ,  T.  ,   Watanabe ,  S.   and   Masuda ,  Y.  ,  J. Org. Chem. ,  2000 ,  65 ,  164 .  
80     Ishiyama ,  T.   and   Miyaura ,  N.  ,  Pure Appl. Chem. ,  2006 ,  78 ,  1369 ;     Ishiyama ,  T.  ,   Takagi ,  J.  ,   Nobuta ,  Y.   and   Miyaura ,  N.  ,  Org. Synth. ,  2005 ,  82 ,  126 .  
81     Liversedge ,  I. A.  ,   Higgins ,  S. J.  ,   Giles ,  M.  ,   Heeney ,  M.   and   McCulloch ,  I.  ,  Tetrahedron Lett. ,  2006 ,  47 ,  5143 .  
82     Song ,  Z. Z.  ,   Zhan ,  Z. Y.  ,   Mak ,  T. C. W.   and   Wong ,  H. N. C.  ,  Angew. Chem., Int. Ed. Engl. ,  1993 ,  32 ,  432 ;     Zheng ,  Q.  ,   Yang ,  Y.   and   Martin ,  A. R.  , 

 Tetrahedron Lett. ,  1993 ,  34 ,  2235 .  
83     Chang ,  Y. M.  ,   Lee ,  S. H.  ,   Nam ,  M. H.  ,   Cho ,  M. Y.  ,   Park ,  Y. S.   and   Yoon ,  C. M.  ,  Tetrahedron Lett. ,  2005 ,  46 ,  3053 .  
84     Jiang ,  B.  ,   Yang ,  C. - G.   and   Gu ,  X. - H.  ,  Tetrahedron Lett. ,  2001 ,  42 ,  2545 .  
85     Lee ,  S.   and   MacMillan ,  D. W. C.  ,  J. Am. Chem. Soc. ,  2007 ,  129 ,  15438 .  
86     Medina ,  J. R.  ,   Henry ,  T. A.   and   Axten ,  J. M.  ,  Tetrahedron Lett. ,  2006 ,  47 ,  7363 .  
87     Vazquez ,  E.   and   Payack ,  J.   F.,  Tetrahedron Lett. ,  2004 ,  45 ,  6549 .  
88    ‘  Silicon Reagents in Organic Synthesis  ’ ,   Colvin ,  E.  ,  Academic Press ,  1988 .  
89    ‘  Tin in Organic Synthesis  ’ ,   Pereyre ,  M.  ,   Quintard ,  J. - P.   and   Rahm ,  A.  ,  Butterworths ,  1987 ;    ‘  Organotin Chemistry  ’ ,  2nd Edn. ,   Davies ,  A. G.  ,  Wiley 

InterScience ,  2004 ;    ‘  Tin Chemistry: Fundamentals, Frontiers and Applications  ’ ,   Gielen ,  M.  ,   Davies ,  A. G.  ,   Pannell ,  K.   and   Tiekink ,  E.   (Eds),  Wiley 
InterScience ,  2008 .  

90     Majeed ,  A. J.  ,   Antonsen ,   Ø .  ,   Benneche ,  T.   and   Undheim ,  K.  ,  Tetrahedron ,  1989 ,  45 ,  993 .  
91     Shippey ,  M. A.   and   Dervan ,  P. B.  ,  J. Org. Chem. ,  1977 ,  42 ,  2654 ;     Babin ,  P.  ,   Bennetau ,  B.  ,   Theurig ,  M.   and   Dunogues ,  J.  ,  J. Organometal. Chem. , 

 1993 ,  446 ,  135 .  
92     McNeill ,  E.  ,   Barder ,  T. E.   and   Buchwald ,  S. L.  ,  Org. Lett. ,  2007 ,  9 ,  3785 .  
93     Denmark ,  S. E.   and   Kallemeyn ,  J. M.  ,  Org. Lett. ,  2003 ,  5 ,  3483 .  
94     Murata ,  M.  ,   Ishikura ,  M.  ,   Nagata ,  M.  ,   Watanabe ,  S.   and   Masuda ,  Y.  ,  Org. Lett. ,  2002 ,  4 ,  1843 .  
95     Yamamoto ,  Y.   and   Yanagi ,  A.  ,  Chem. Pharm. Bull. ,  1982 ,  30 ,  1731 .  
96     Frick ,  U.   and   Simchen ,  G.  ,  Synthesis ,  1984 ,  929 .  
97     Fleming ,  I.   and   Taddei ,  M.  ,  Synthesis ,  1985 ,  898 ;     Kondo ,  Y.  ,   Uchiyama ,  D.  ,   Sakamaoto ,  T.   and   Yamanaka ,  H.  ,  Tetrahedron Lett. ,  1989 ,  30 ,  

4249 .  
98    ‘  Non - conventional electrophilic aromatic substitutions and related reactions  ’ ,   Hartshorn ,  S. R.  ,  Chem. Soc. Rev. ,  1974 ,  3 ,  167 ;    ‘  Unusual electrophilic 

substitution in the aromatic series  via  organosilicon intermediates  ’ ,   Bennetau ,  B.   and   Dunogues ,  J.  ,  Synlett ,  1993 ,  171 ;    ‘  Tin for organic synthesis. 
VI. The new role for organotin reagents in organic synthesis  ’ ,   Neumann ,  W. P.  ,  J. Organometal. Chem. ,  1992 ,  437 ,  23 ;     Cooper ,  M. S.  ,   Fairhurst ,  R. 
A.  ,   Heaney ,  H.  ,   Papageorgiou ,  G.   and   Wilkins ,  R. F.  ,  Tetrahedron ,  1989 ,  45 ,  1155 .  



92 Heterocyclic Chemistry

99     Beierle ,  J. M.  ,   Osimboni ,  E. B.  ,   Metallinos ,  C.  ,   Zhao ,  Y.   and   Kelly ,  T. R.  ,  J. Org. Chem. ,  2003 ,  68 ,  4970 .  
100    ‘  Organomercury Compounds in Organic Synthesis  ’ ,   Larock ,  R. C.  ,  Springer :  Berlin ,  1985 .  
101    ‘  The Organic Compounds of Mercury  ’ ,   Makarova ,  L. G.   and   Nesmeyanov ,  A. N.  ,  North - Holland ,  Amsterdam ,  1967 .  
102   Oxazoles:   Shvaika ,  O. P.   and   Klimisha ,  G. P.  ,  Chem. Heterocycl. Compd. ,  1966 ,  2 ,  14 ;   Thiazoles:   Gusinskaya ,  S. L.  ,   Telly ,  V. Y.   and   Makagonova , 

 T. P.  ,  Chem. Heterocycl. Compd. ,  1970 ,  6 ,  322 .  
103    ‘  Lateral lithiation reactions promoted by heteroatomic substitutents  ’ ,   Clark ,  R. D.   and   Jahinger ,  A.  ,  Org. React. ,  1995 ,  47 ,  1 .  
104     Fraser ,  R. R.  ,   Mansour ,  T. S.   and   Savard ,  S.  ,  J. Org. Chem. ,  1985 ,  50 ,  3232 .  
105     Naruse ,  Y.  ,   Ito ,  Y.   and   Inagaki ,  S.  ,  J. Org. Chem. ,  1991 ,  56 ,  2256 .  
106     Katritzky ,  A. R.   and   Akutagawa ,  K.  ,  J. Am. Chem. Soc. ,  1986 ,  108 ,  6808 .  
107     Noyce ,  D. S.  ,   Stowe ,  G. T.   and   Wong ,  W.  ,  J. Org. Chem. ,  1974 ,  39 ,  2301 .  
108    ‘  Recent developments in microwave - assisted transition metal - catalysed C – C and C – N bond - forming reactions  ’ ,   Appukkuttan ,  P.   and   Van der   Eycken , 

 E.  ,  Eur. J. Org. Chem. ,  2008 ,  1133 ;    ‘  Palladium in Heterocyclic Chemistry: A Guide for the Synthetic Chemist  ’ ,  2nd Edn. ,   Li ,  J. J.   and   Gribble ,  G. 
W.  ,  Elsevier Science ,  2006 ;    ‘  Pd - Assisted multicomponent synthesis of heterocycles  ’ ,   Balme ,  G.  ,   Bossharth ,  E.   and   Monteiro ,  N.  ,  Eur. J. Org. Chem. , 
 2003 ,  4101 ;    ‘  Handbook of Organopalladium Chemistry  ’ , Ed.   Negishi ,  E.  ,  Wiley Interscience ,  2002 ;    ‘  Connection between metallation of azines and 
diazines and cross - coupling strategies for the synthesis of natural and biologically active molecules  ’ ,   Godard ,  A.  ,   Marsais ,  F.  ,   Pl é  ,  N.  ,   Tr é court ,  F.  , 
  Turck ,  A.   and   Qu é guiner ,  G.  ,  Heterocycles ,  1995 ,  40 ,  1055 ;    ‘  Carbon – carbon bond formation in heterocycles using Ni -  and Pd - catalysed reactions  ’ , 
  Kalinin ,  V. N.  ,  Synthesis ,  1992 ,  413 ;    ‘  Transition metals in the synthesis and functionalisation of indoles  ’ ,   Hegedus ,  L. S.  ,  Angew. Chem., Int. Ed. 

Engl. ,  1988 ,  27 ,  1113 .  
109     Stock ,  L. M.  ,   Tse ,  K.  ,   Vorvick ,  L. J.   and   Walstrum ,  S. A.  ,  J. Org. Chem. ,  1981 ,  46 ,  1757 .  
110    ‘  Cyclopalladated complexes in organic synthesis  ’ ,   Ryabov ,  A. D.  ,  Synthesis ,  1985 ,  233 ;    ‘  Mechanisms of intramolecular activation of C – H bonds in 

transition metal complexes  ’ ,  idem, Chem. Rev. ,  1990 ,  90 ,  403 .  
111    ‘  Pd - N - Heterocyclic carbene (NHC) catalysts for cross - coupling reactions  ’ ,   Kantchev ,  E. A. B.  ,   O ’ Brian ,  V. J.   and   Organ ,  M. G.  ,  Aldrichimica Acta , 

 2006 ,  39 ,  97 ;    ‘  Development and application of highly active and selective palladium catalysts  ’ ,  Tetrahedron ,  2005 ,  61 , Issue  41  (Ed: Fairlamb, I. J. 
S.);    ‘  Palladium - catalysed coupling reactions of aryl chlorides  ’ ,   Littke ,  A. F.   and   Fu ,  G. C.  ,  Angew. Chem. Int. Ed. ,  2002 ,  41 ,  4176 ;    ‘  Cross Coupling  ’ . 
 Aldrich ,  ChemFiles , Vol.  7 , No.  10 .  

112     Tagata ,  T.   and   Nishida ,  M.  ,  J. Org. Chem. ,  2003 ,  68 ,  9412 ;   see also   Felpin ,  F - X  ,   Ayad ,  T.   and   Mitra ,  S.  ,  Eur. J. Org. Chem. ,  2006 ,  2679 .  
113     Kitamura ,  Y.  ,   Sako ,  S.  ,   Udzu ,  T.  ,   Tsutsui ,  A.  ,   Maegawa ,  T.  ,   Monguchi ,  Y.   and   Sajiki ,  H.  ,  Chem. Commun. ,  2007 ,  5069 .  
114   For a discussion see   Amatore ,  C.   and   Jutand ,  A.  ,  Acc. Chem. Res. ,  2000 ,  33 ,  314 .  
115    ‘  The promise and challenge of iron - catalysed cross coupling  ’ ,   Sherry ,  B. D.   and   F ü rstner ,  A.  ,  Acc. Chem. Res. ,  2008 ,  41 ,  1500 .  
116     F ü rstner ,  A.  ,   Leitner ,  A.  ,   M é ndez ,  M.   and   Krause ,  H.  ,  J. Am. Chem. Soc. ,  2002 ,  124 ,  13856 .  
117     Scheiper ,  B.  ,   Glorius ,  F.  ,   Leitner ,  A.   and   F ü rstner ,  A.  ,  Proc. Natl. Acad. Sci. USA ,  2004 ,  101 ,  11960 .  
118     Kylm ä l ä  ,  T.  ,   Valkonen ,  A.  ,   Rissanen ,  K.  ,   Xu ,  Y.   and   Franz é n ,  R.  ,  Tetrahedron Lett. ,  2008 ,  49 ,  6679 .  
119     Rueping ,  M.   and   Ieawsuwan ,  W.  ,  Synlett ,  2007 ,  247 .  
120     Ohmiya ,  H.  ,   Yorimitsu ,  H.   and   Oshima ,  K.  ,  Chem. Lett. ,  2004 ,  33 ,  1240 .  
121     Kom ,  T.  ,   Schade ,  M.  ,   Schade ,  S.   and   Knochel ,  P.  ,  Org. Lett. ,  2006 ,  8 ,  725 .  
122     Klapars ,  A.   and   Buchwald ,  S.   L.,  J. Am. Chem. Soc. ,  2002 ,  124 ,  14844 .  
123     Rossi ,  E.  ,   Abbiati ,  G.  ,   Canevari ,  V.  ,   Celentano ,  G.   and   Magri ,  E.  ,  Synthesis ,  2006 ,  299 .  
124     Beno î t ,  J.  ,   Malapel ,  B.   and   M é rour ,  J - Y.  ,  Synth. Commun. ,  1996 ,  26 ,  3289 .  
125     Gribble ,  G.   and   Conway   S. C.  ,  Synth. Commun. ,  1992 ,  22 ,  2129 .  
126     Mongin ,  F.  ,   Mojovic ,  L.  ,   Guillamet ,  B.  ,   Tr é court ,  F.   and   Qu é guiner ,  G.  ,  J. Org. Chem. ,  2002 ,  67 ,  8991 .  
127    ‘  Regioselective cross - coupling reactions of multiply halogenated nitrogen - , oxygen -  and sulfur - containing heterocycles  ’ ,   Schr ö ter ,  S.  ,   Stock ,  C.   and 

  Bach ,  T.  ,  Tetrahedron ,  2005 ,  61 ,  224 .  
128     Handy ,  S. T.   and   Zhang ,  Y.  ,  Chem. Commun. ,  2006 ,  299 .  
129     Angioletti ,  M. E.  ,   Casalnuovo ,  A. L.   and   Selby ,  T  ,.  P.  ,  Synlett   2000 ,  905 .  
130     Leconte ,  N.  ,   Keromnes - Wuillaume ,  A.  ,   Suzenet ,  F.   and   Guillaumet ,  G.  ,  Synlett ,  2007 ,  204 .  
131     Alphonse ,  F. - A.  ,   Suzenet ,  F.  ,   Keromnes ,  A.  ,   Lebret ,  B.   and   Guillaumet ,  G.  ,  Synlett ,  2002 ,  447 .  
132     Egi ,  M.   and   Liebeskind ,  L. S.  ,  Org. Lett. ,  2003 ,  5 ,  801 .  
133     Prokopcov á  ,  H.   and   Kappe ,  C. O.  ,  J. Org. Chem. ,  2007 ,  72 ,  4440 .  
134     Silva ,  S.  ,   Sylla ,  B.  ,   Suzenet ,  F.  ,   Tatibou ë t ,  A.  ,   Rauter ,  A. P.   and   Rollin ,  P.  ,  Org. Lett. ,  2008 ,  10 ,  853 .  
135     Zhang ,  S.  ,   Marshall ,  D.   and   Liebeskind ,  L. S.  ,  J. Org. Chem. ,  1999 ,  64 ,  2796 .  
136     Wu ,  J.   and   Yang ,  Z.  ,  J. Org. Chem. ,  2001 ,  66 ,  7875 .  
137     Schwier ,  T.  ,   Sromek ,  A. W.  ,   Yap ,  D. M. L.  ,   Chernyak ,  D.   and   Gevorgyan ,  V.  ,  J. Am. Chem. Soc. ,  2007 ,  129 ,  9868 .  
138     Denmark ,  S. E.   and   Sweis ,  R. F.  ,  Org. Lett. ,  2002 ,  4 ,  3771 .  
139     Legros ,  J. - Y.  ,   Primault ,  G.  ,   Toffano ,  M.  ,   Rivi è re ,  M. - A.   and   Fiaud ,  J. - C.  ,  Org. Lett. ,  2000 ,  2 ,  433 .  
140    ‘  Cross coupling  ’ ,  Acc. Chem. Res.   2008 ,  41 , Special issue ( 11 ),  1439  –  1564 ;    ‘  Metal - Catalyzed Cross - Coupling Reactions  ’ ,  2nd Edn ,   de   Meijere ,  A.   

and   Diederich ,  F.  , Eds.,  Wiley - VCH ,  Weinheim ,  2004 ;    ‘  Catalytic cross - coupling reactions in biaryl synthesis  ’ ,   Stanforth ,  S. P.  ,  Tetrahedron ,  1998 , 
 54 ,  263 ;    ‘  Organometallics in coupling reactions in  π  - defi cient azaheterocycles  ’ ,   Undheim ,  K.   and   Benneche ,  T.  ,  Adv. Heterocycl. Chem. ,  1995 ,  62 , 
 305 .  

141     Lee ,  K.   and   Lee ,  P. H.  ,  Tetrahedron Lett. ,  2008 ,  49 ,  4302 .  
142     Baba ,  S.   and   Negishi ,  E.  ,  J. Am. Chem. Soc. ,  1976 ,  98 ,  6729 .  
143     Negishi ,  E.   and   Van   Horn ,  D. E.  ,  J. Am. Chem. Soc. ,  1977 ,  99 ,  3168 .  
144     Jaber ,  N.  ,   Schumann ,  H.   and   Blum ,  J.  ,  J. Heterocycl. Chem. ,  2003 ,  40 ,  565 .  
145    ‘  Recent advances in organotrifl uoroborates chemistry  ’ ,   Stefani ,  H. A.  ,   Cella ,  R.   and   Vieira ,  A. S  .,  Tetrahedron ,  2007 ,  63 ,  3623 .  
146     Miyaura ,  N.  ,   Yanagi ,  T.   and   Suzuki ,  A.  ,  Synth. Commun. ,  1981 ,  11 ,  513 .  
147     Gronowitz ,  S.   and   Lawitz ,  K.  ,  Chem. Scripta ,  1984 ,  23 ,  120 ;   Gronowitz ,  S.  ,   Bobosik ,  K.   and   Lawitz ,  K.    Chem. Scripta ,  1984 ,  24 ,  5 .  



Organometallic Heterocyclic Chemistry 93

148     Thompson ,  W. J.   and   Gaudino ,  J.  ,  J. Org. Chem. ,  1984 ,  49 ,  5237 .  
149     Billingsley ,  K.   and   Buchwald ,  S.   L.,  J. Am. Chem. Soc. ,  2007 ,  129 ,  3385 .  
150     Molander ,  G. A.   and   Figuero ,  R.  ,  Aldrichim. Acta ,  2005 ,  38 ,  49 .  
151     Molander ,  G. A.   and   Bernardi ,  C. R.  ,  J. Org. Chem.   2002 ,  67 ,  8424 .  
152     Ca ñ eque ,  T.  ,   Cuadro ,  A.. M.  ,   Alvarez - Builla ,  J.   and   Vaquero ,  J. J.  ,  Tetrahedron Lett. ,  2009 ,  50 ,  1419 .  
153     Savall ,  B. M.   and   Fontimayor ,  J. R.  ,  Tetrahedron Lett. ,  2008 ,  49 ,  6667 .  
154     Caron ,  S.  ,   Massett ,  S. S.  ,   Bogle ,  D. E.  ,   Castaldi ,  M. J.   and   Braish ,  T. F.  ,  Org. Proc. Res. Dev. ,  2001 ,  5 ,  254 .  
155     Itoh ,  T.   and   Mase ,  T.  ,  Tetrahedron Lett. ,  2005 ,  46 ,  3573 .  
156    ‘  The mechanism of the Stille reaction  ’ ,   Espinet ,  P.   and   Echavarren ,  A. M.  ,  Angew. Chem. Int. Ed. ,  2004 ,  43 ,  4704 .  
157     Mee ,  S. P.  ,   Lee ,  V.   and   Baldwin ,  J. E.  ,  Angew. Chem. Int. Ed. ,  2004 ,  43 ,  1132 .  
158    A search of the internet will fi nd many references to the toxicity of tin compounds .  
159     Kuhn ,  H.   and   Neumann ,  W. P.  ,  Synlett ,  1994 ,  123 .  
160     Roschin ,  A. I.  ,   Bumagin ,  N. A.   and   Beletskaya ,  I. P.  ,  Tetrahedron Lett. ,  1995 ,  36 ,  125 ;   Rai ,  R.  ,   Aubrecht ,  K. B.   and   Collum ,  D. B.  ,  Tetrahedron 

Lett. ,  1995 ,  36 ,  3111 .  
161     Fouquet ,  E.   and   Rodriguez ,  A. L.  ,  Synlett ,  1998 ,  1323 ;     Fouquet ,  E.  ,   Pereyre ,  M.   and   Rodriguez ,  A. L.  ,  J. Org. Chem. ,  1997 ,  62 ,  5242 .  
162     Huiban ,  M.  ,   Huet ,  A.  ,   Barr é  ,  L.  ,   Sobrio ,  F.  ,   Fouquet ,  E.   and   Perrio ,  C.  ,  Chem. Commun. ,  2006 ,  97 .  
163    ‘  Palladium - catalysed cross - coupling reactions of organosilanols and their salts: practical alternatives to boron -  and tin - based methods  ’ ,   Denmark ,  S. 

E.   and   Regens ,  C. S.  ,  Acc. Chem. Res. ,  2008 ,  41 ,  1486 .  
164     Denmark ,  S. E.  ,   Baird ,  J. D.   and   Regens ,  C. S.  ,  J. Org. Chem. ,  2008 ,  73 ,  1440 .  
165     Denmark ,  S. E.   and   Kallemeyn ,  J. M.  ,  J. Org. Chem. ,  2005 ,  70 ,  2839 .  
166     Napier ,  S.  ,   Marcuccio ,  S. M.  ,   Tye ,  H.   and   Whittaker ,  M.  ,  Tetrahedron Lett. ,  2008 ,  49 ,  3939 .  
167     Mowery ,  M. E.   and   De   Shong ,  P.  ,  J. Org. Chem. ,  1999 ,  64 ,  1684 .  
168     Lam ,  P. Y. S.  ,   Deudon ,  S.  ,   Averill ,  K. M.  ,   Li ,  R.  ,   He ,  M. Y.  ,   DeShong ,  P.   and   Clark ,  C. G.  ,  J. Am. Chem. Soc. ,  2000 ,  122 ,  7600 .  
169     Napier ,  S.  ,   Marcuccio ,  S. M.  ,   Tye ,  H.   and   Whittaker ,  M.  ,  Tetrahedron Lett. ,  2008 ,  49 ,  6314 .  
170     Pierrat ,  P.  ,   Gros ,  P.   and   Fort ,  Y.  ,  Org. Lett. ,  2005 ,  7 ,  697 .  
171     Kumada ,  M.  ,   Tamao ,  K.   and   Sumitani ,  K.  ,  Org. Synth. ,  1988 ,  Coll. Vol.   6 ,  407 .  
172     Bonnet ,  V.  ,   Mongin ,  F.  ,   Tr é court ,  F.  ,   Qu é guiner ,  G.   and   Knochel ,  P.  ,  Tetrahedron ,  2002 ,  58 ,  4429 .  
173     Dumouchel ,  S.  ,   Mongin ,  F. Tr é court  ,   F.  and  Qu é guiner  ,   G.  ,  Tetrahedron Lett. ,  2003 ,  44 ,  3877 .  
174    ‘  Palladium - catalyzed alkenylation by the Negishi coupling  ’ ,   Negishi ,  E.  ,   Hu ,  Q.  ,   Huang ,  Z.  ,   Qian ,  M.   and   Wang ,  G.  ,  Aldrichimica Acta ,  2005 ,  38 , 

 71 .  
175     Jackson ,  R. F. W.   and   Perez - Gonzalez ,  M.  ,  Org. Synth. ,  2005 ,  81 ,  77 .  
176     Sakamoto ,  T.  ,   Kondo ,  Y.  ,   Watanabe ,  R.   and   Yamanaka ,  H.  ,  Chem. Pharm. Bull. ,  1986 ,  34 ,  2719 .  
177    ‘  Palladium - catalysed alkynylation  ’ ,   Negishi ,  E.   and   Anastasia ,  L.  ,  Chem. Rev. ,  2003 ,  103 ,  1979 .  
178     Molander ,  G. A.  ,   Katona ,  B. W.   and   Machrouhi ,  F.  ,  J. Org. Chem. ,  2002 ,  67 ,  8416 .  
179     Yang ,  X.  ,   Zhu ,  L.  ,   Zhou ,  Y.  ,   Li ,  Z.   and   Zhai ,  H.  ,  Synthesis ,  2008 ,  1729 .  
180    ‘  Suzuki - Miyaura cross - coupling reactions of alkylboronic acid derivatives or alkyltrifl uoroborates with aryl, alkenyl or alkyl halides and trifl ates  ’ , 

  Doucet ,  H.  ,  Eur. J. Org. Chem. ,  2008 ,  2013 .  
181     Iglesias ,  B.  ,   Alvarez ,  R.   and   de   Lera ,  A. R.  ,  Tetrahedron ,  2001 ,  57 ,  3125 .  
182     Molander ,  G. A.   and   Ludivine ,  J. - G.  ,  J. Org. Chem. ,  2007 ,  72 ,  8422 .  
183     Martin ,  M. T.  ,   Liu ,  B.  ,   Cooley ,  B. E.   and   Eaddy ,  J. F.  ,  Tetrahedron Lett. ,  2007 ,  48 ,  2555 .  
184     Schareina ,  T.  ,   Zapf ,  A.   and   Beller ,  M.  ,  J. Organomet. Chem. ,  2004 ,  689 ,  4576 .  
185     Schareina ,  T.  ,   Zapf ,  A.   and   Beller ,  M.   J.,  Tetrahedron Lett. ,  2005 ,  46 ,  2585 .  
186     Yang ,  C.   and   Williams ,  J. M.  ,  Org. Lett. ,  2004 ,  6 ,  2837 .  
187     Sakamoto ,  T.  ,   Katoh ,  E.  ,   Kondo ,  Y.   and   Yamanaka ,  H.  ,  Heterocycles ,  1988 ,  27 ,  1353 .  
188     Navarro ,  O.  ,   Marlon ,  N.  ,   Scott ,  N. M.  ,   Gonz á lez ,  J.  ,   Amoroso ,  D.  ,   Bell ,  A.   and   Nolan ,  S. P.  ,  Tetrahedron ,  2005 ,  61 ,  9716 .  
189     Kawatsura ,  M.   and   Hartwig ,  J. F.  ,  J. Am. Chem. Soc. ,  1999 ,  121 ,  1473 .  
190     Bessmertnykh ,  A.  ,   Douaihy ,  C. M.  ,   Muniappan ,  S.   and   Guilard ,  R.  ,  Synthesis ,  2008 ,  1575  and references therein.  
191    ‘  Palladium - catalysed cross - coupling reactions involving pyrroles  ’    Banwell ,  M. G.  ,   Goodwin ,  T. E.  ,   Ng ,  S.  ,   Smith ,  J. A.   and   Wong ,  D. J  .,  Eur. J. 

Org. Chem. ,  2006 ,  3043 .  
192     Johnson ,  C. N.  ,   Stemp ,  G.  ,   Anand ,  N.  ,   Stephen ,  S. C.   and   Gallagher ,  T.  ,  Synlett ,  1998 ,  1025 .  
193     Gronowitz ,  S.   and   Peters ,  D.  ,  Heterocycles ,  1990 ,  30 ,  645 .  
194     Allred ,  G. D.   and   Liebskind ,  L. S.  ,  J. Am. Chem. Soc. ,  1996 ,  118 ,  2748 .  
195     Li ,  G.  ,   Wang ,  X.  ,   Li ,  J.  ,   Zhao ,  X.   and   Wang ,  F.  ,  Tetrahedron ,  2006 ,  62 ,  2576 .  
196     Dandu ,  R.  ,   Tao ,  M.  ,   Josef ,  K. A.  ,   Bacon ,  E. R.   and   Hudkins ,  R. L.  ,  J. Heterocycl. Chem. ,  2007 ,  44 ,  437 .  
197     Hudkins ,  R. L.  ,   Diebold ,  J. L.   and   Marsh ,  F. D.  ,  J. Org. Chem. ,  1995 ,  60 ,  6218 .  
198     Nishida ,  A.  ,   Miyashita ,  N.  ,   Fuwa ,  M.   and   Nakagawa ,  M.  ,  Heterocycles ,  2003 ,  59 ,  473 .  
199     Jiang ,  B.   and   Yang ,  C.  ,  Heterocycles ,  2000 ,  53 ,  1489 .  
200     Ciattini ,  P. G.  ,   Morera ,  E.   and   Ortar ,  G.  ,  Tetrahedron Lett. ,  1994 ,  35 ,  2405 .  
201     Herz ,  H. G.  ,  Synthesis ,  1999 ,  1013 .  
202     Cherry ,  K.  ,   Lebegue ,  N.  ,   Leclerc ,  V.  ,   Carato ,  P.  ,   Yous ,  S.   and   Berthelot ,  P.  ,  Tetrahedron Lett. ,  2007 ,  48 ,  5751 .  
203     Baron ,  O.   and   Knochel ,  P.  ,  Angew. Chem. Int. Ed. ,  2005 ,  44 ,  3133 .  
204     Thompson ,  W.J.  ,   Jones ,  J.H.  ,   Lyle ,  P.A.   and   Thies ,  J.E.    J. Org. Chem.   1988 ,  53 ,  2052 .  
205     Ishiyama ,  T.  ,   Murata ,  M.   and   Miyaura ,  N.  ,  J. Org. Chem. ,  1995 ,  60 ,  7508 .  
206    ‘  Cross - coupling reactions on azoles with two or more heteroatoms  ’ ,   Schn ü rch ,  M.     Flasik ,  R.  ,   Khan ,  A. F.  ,   Spina ,  M.  ,   Mihovilovic ,  M. D.   and   Stanetty , 

 P.  ,  Eur. J. Org. Chem.   2006 ,  3283 .  



94 Heterocyclic Chemistry

207     Jones ,  N. A.  ,   Antoon ,  J. W.  ,   Bowie ,  A. L.  ,   Borak ,  J. B.   and   Stevens ,  E. P  ,.  J. Heterocycl. Chem. ,  2007 ,  44 ,  363 .  
208     Dondoni ,  A.  ,   Fantin ,  G.  ,   Fogagnolo ,  M.  ,   Medici ,  A.   and   Pedrini ,  P.  ,  Synthesis ,  1987 ,  693 .  
209     Bailey ,  T. R.  ,  Tetrahedron Lett. ,  1986 ,  27 ,  4407 .  
210     Cliff ,  M. D.   and   Pyne ,  S. G.  ,  Tetrahedron ,  1996 ,  52 ,  13703 .  
211     Cliff ,  M. D.   and   Pyne ,  S. G.  ,  Synthesis ,  1994 ,  681   
212     Primas ,  N.  ,   Mahatsekake ,  C.  ,   Bouillon ,  A.  ,   Lancelot ,  J - C.  ,   Sopkov à  - de Oliveira Santos ,  J.  ,   Lohier ,  J. - F.   and   Rault ,  S.  ,  Tetrahedron ,  2008 ,  64 ,  4596 .  
213     H ä mmerle ,  J.  ,   Schn ü rch ,  M.   and   Stanetty ,  P.  ,  Synlett ,  2007 ,  2975 .  
214     Araki ,  H.  ,   Katoh ,  T.   and   Inoue ,  M.  ,  Synlett ,  2006 ,  555 .  
215     Bellina ,  F.  ,   Cauteruccio ,  S.   and   Rossi ,  R.  ,  J. Org. Chem. ,  2007 ,  72 ,  8543 .  
216     Flegeau ,  E. F.  ,   Popkin ,  M. E.   and   Greaney ,  M. F.  ,  Org. Lett. ,  2006 ,  8 ,  2495 .  
217     Kelly ,  T. R.   and   Lang ,  F.  ,  J. Org. Chem. ,  1996 ,  61 ,  4623 .  
218     Bach ,  T.   and   Heuser ,  S.  ,  J. Org. Chem. ,  2002 ,  67 ,  5789 .  
219     Kawasaki ,  I.  ,   Katsuma ,  H.  ,   Nakayama ,  Y.  ,   Yamashita ,  M.   and   Ohto ,  S.  ,  Heterocycles ,  1998 ,  48 ,  1887 .  
220     G é rard ,  A - L  ,   Bouillon ,  A.  ,   Mahatsekake ,  C.  ,   Collot ,  V.   and   Rault ,  S.  ,  Tetrahedron Lett. ,  2006 ,  47 ,  4665 .  
221     Hanamoto ,  T.  ,   Koga ,  Y.  ,   Kido ,  E.  ,   Kawanami ,  T.  ,   Furuno ,  H.   and   Inanaga ,  J.  ,  Chem. Commun. ,  2005 ,  2041 .  
222     Moore ,  J. E.  ,   Davies ,  M. W.  ,   Goodenough ,  K. M.  ,   Wybrow ,  R. A. J.  ,   York ,  M.  ,   Johnson ,  C. N.   and   Harrity ,  J. P. A.  ,  Tetrahedron ,  2005 ,  61 ,  6707 .  
223     Arnautu ,  A.  ,   Collot ,  V.  ,   Ros ,  J. C.  ,   Alayrac ,  C.  ,   Witulski ,  B.   and   Rault ,  S.  ,  Tetrahedron Lett. ,  2002 ,  43 ,  2695 .  
224     Crestey ,  F.  ,   Collot ,  V.  ,   Stiebing ,  S.   and   Rault ,  S.  ,  Synthesis ,  2006 ,  3506 .  
225     Christoforou ,  I. C.   and   Koutentis ,  P. A.  ,  Org. Biomol. Chem. ,  2006 ,  4 ,  3681 .  
226     Bookser ,  B. C.  ,  Tetrahedron Lett. ,  2000 ,  41 ,  2805 .  
227     Felding ,  J.  ,   Uhlmann ,  P.  ,   Kristensen ,  J.  ,   Vedso ,  P.   and   Begtrup ,  M.  ,  Synthesis ,  1998 ,  1181 .  
228     Yi ,  K.Y.   and   Yoo ,  S.  ,  Tetrahedron Lett. ,  1995 ,  36 ,  1679 .  
229     Hodgson ,  P. B.   and   Salingue ,  F. H.  ,  Tetrahedron Lett. ,  2004 ,  45 ,  685 ;   Jones ,  N. A.  ,   Antoon ,  J. W.  ,   Bowie ,  A. L.  ,   Borak ,  J. B.  ,and   Stevens ,  E. P  .,  J. 

Heterocycl. Chem. ,  2007 ,  44 ,  363 .  
230     Benaglia ,  M.  ,   Toyota ,  S.  ,   Woods ,  C. R.   and   Siegel ,  J. S.  ,  Tetrahedron Lett. ,  1997 ,  38 ,  4737 .  
231     Zoltewicz ,  J. A.   and   Cruskie ,  M. P.  ,  J. Org. Chem. ,  1995 ,  60 ,  3487 .  
232     Simkovsky ,  N. M.  ,   Ermann ,  M.  ,   Roberts ,  S. M.  ,   Parry ,  D. M.   and   Baxter ,  A. D.  ,  J. Chem. Soc., Perkin Trans. 1 ,  2002 ,  1847 .  
233     Reddy ,  E. A.  ,   Barange ,  D. K.  ,   Islam ,  A.  ,   Mukkanti ,  K.   and   Pal ,  M.  ,  Tetrahedron ,  2008 ,  64 ,  7143 .  
234     Ford ,  A.  ,   Sinn ,  E.   and   Woodward ,  S.  ,  J. Chem. Soc., Perkin Trans. 1 ,  1997 ,  927 .  
235     Yang ,  W.  ,   Wang ,  Y.   and   Corte ,  J. R.  ,  Org. Lett. ,  2003 ,  5 ,  3131 .  
236     Sicre ,  C.  ,   Alonso - G ó mez ,  J. - L.   and   Cid ,  M. M.  ,  Tetrahedron ,  2006 ,  62 ,  11063 .  
237    ‘  Palladium - catalysed cross - coupling reactions on pyridazine moieties  ’ ,   Nara ,  S.  ,   Martinez ,  J.  ,   Wermuth ,  C. - G.   and   Parrot ,  I.    Synlett ,  2006 ,  3185 .  
238     Helm .  M. D.  ,   Moore ,  J. E.  ,   Plant ,  A.   and   Harrity ,  J. P. A.  ,  Angew. Chem. Int. Ed. ,  2005 ,  44 ,  3889 .  
239     Sauer ,  J.  ,   Heldmann ,  D. K.   and   Pabst ,  G  ,.  R.  ,  Eur. J. Org. Chem. ,  1999 ,  313 .  
240     Sauer ,  J.   and   Heldmann ,  D.   K.,  Tetrahedron ,  1998 ,  54 ,  4297 .  
241     Heldmann ,  D. K.   and   Sauer ,  J.  ,  Tetrahedron Lett. ,  1997 ,  38 ,  5791 .  
242     Darabantu ,  M.  ,   Boully ,  L.  ,   Turck ,  A.   and   Pl é  ,  N.  ,  Tetrahedron ,  2005 ,  61 ,  2897 .  
243     Peters ,  D.  ,   Hornfeldt ,  A. - B.   and   Gronowitz ,  S.  ,  J. Heterocycl. Chem. ,  1990 ,  27 ,  2165 .  
244     Peters ,  D.  ,   Hornfeldt ,  A. - B.  ,   Gronowitz ,  S.   and   Johansson ,  N. G.  ,  J. Heterocycl. Chem.   1991 ,  28 ,  529 .  
245     Deng ,  X.   and   Mani ,  N. S.  ,  Org. Lett. ,  2006 ,  8 ,  269 .  
246     Delia ,  T. J.  ,   Schomaker ,  J. M.   and   Kalinda ,  A. S.  ,  J. Heterocycl. Chem. ,  2006 ,  43 ,  127 .  
247     Pal ,  M.  ,   Batchu ,  V. R.  ,   Swamy ,  N. K.   and   Padakanti ,  S.  ,  Tetrahedron Lett. ,  2006 ,  47 ,  3923 .  
248     Turck ,  A.  ,   Pl é  ,  N.  ,   Lepr ê tre - Gaqu è re ,  A.   and   Qu é guiner ,  G.  ,  Heterocycles ,  1998 ,  49 ,  205 .  
249     Nyffenegger ,  C.  ,   Fournet ,  G.   and   Joseph ,  B.  ,  Tetrahedron Lett. ,  2007 ,  48 ,  5069 .  
250     Wu ,  J.  ,   Liao ,  Y.   and   Yang ,  Z.  ,  J. Org. Chem. ,  2001 ,  66 ,  3642 .  
251     Zhang ,  L.  ,   Meng ,  T.  ,   Fan ,  R.   and   Wu ,  J.  ,  J. Org. Chem. ,  2007 ,  72 ,  7279 .  
252     Lopez ,  O. D.  ,   Goodrich ,  J. T.  ,   Yang ,  F.   and   Snyder ,  L. B.  ,  Tetrahedron Lett. ,  2007 ,  48 ,  2063 .  
253     Ryu ,  K. - M.  ,   Gupta ,  A. K.  ,   Han ,  J. W.  ,   Oh ,  C. H.   and   Cho ,  C. - G.  ,  Synlett ,  2004 ,  2197 .  
254     Kim ,  W. - S.  ,   Kim ,  H. - J.   and   Cho ,  C. - G.  ,  Tetrahedron Lett. , 2002 ,  43 ,  9015 .  
255     Fairlamb ,  I. J. S.  ,   O ’ Brien ,  C. T.  ,   Lin ,  Z.   and   Lam ,  K. C.  ,  Org. Biomol. Chem. ,  2006 ,  4 ,  1213 .  
256    ‘  Purines bearing carbon substituents in positions 2, 6, or 8 by metal or organometal - mediated C - C bond - forming reactions  ’ ,   Hocek ,  M.  ,  Eur. J. Org. 

Chem. ,  2003 ,  245 .  
257     Lakshman ,  M. K.  ,   Gunda ,  P.   and   Pradhan ,  P.  ,  J. Org. Chem. ,  2005 ,  70 ,  10329 .  
258     Nols ø e ,  J.  ,   Gundersen ,  L. - L.   and   Rise ,  F.  ,  Acta. Chem. Scand. ,  1999 ,  53 ,  366 .  
259     Kuznetsov ,  A. G.  ,   Bush ,  A. A.   and   Babaev ,  E. V.  ,  Tetrahedron ,  2008 ,  64 ,  749 .  
260     Bouillon ,  A.  ,   Voisin ,  A. S.  ,   Robic ,  A.  ,   Lancelot ,  J. - C.  ,   Collot ,  V.   and   Rault ,  S.  ,  J. Org. Chem. ,  2003 ,  68 ,  10178 .  
261     Yamamoto ,  Y.  ,   Seko ,  T.   and   Nemoto ,  H.  ,  J. Org. Chem. ,  1989 ,  54 ,  4734 .  
262     Getmanenko ,  Y. A.   and   Twieg ,  R. J.  ,  J. Org Chem. ,  2008 ,  73 ,  830 .  
263     Parry ,  P. R.  ,   Wang ,  C.  ,   Batsanov ,  A. S.  ,   Bryce ,  M. R.   and   Tarbit ,  B.  ,  J. Org. Chem. ,  2002 ,  67 ,  7541 .  
264     Gillis ,  E. P.   and   Burke ,  M. D.  ,  J. Am. Chem. Soc. ,  2007 ,  129 ,  6716 .  
265     Lee ,  S. J.  ,   Gray ,  K. C.  ,   Paek ,  J. S.   and   Burke ,  M. D.  ,  J. Am. Chem. Soc. ,  2008 ,  130 ,  466 ;     Gillis ,  E. P.   and   Burke ,  M. D.  ,  J. Am. Chem. Soc. ,  2008 , 

 130 ,  14084 .  
266     Stanetty ,  P.  ,   Schn ü rch ,  M.   and   Mihovilovic ,  M. D.  ,  J. Org. Chem. ,  2006 ,  71 ,  3754 .  
267     Akita ,  Y.  ,   Itagaki ,  Y.  ,   Takizawa ,  S.   and   Ohta ,  A.  ,  Chem. Pharm. Bull. ,  1989 ,  37 ,  1477 .  
268    ‘  Recent advances in intermolecular direct arylation reactions  ’ ,   Campeau ,  L. - C.  ,   Stuart ,  D. R.   and   Fagnou ,  K.  ,  Aldrichimica Acta ,  2007 ,  40 ,  35 .  



Organometallic Heterocyclic Chemistry 95

269    ‘  Palladium - catalysed direct arylation of simple arenes in the synthesis of biaryl molecules  ’ ,   Campeau ,  L. - C.   and   Fagnou ,  K.  ,  Chem. Commun. ,  2006 , 
 1253 .  

270     Seregin ,  I. V.  ,   Ryabova ,  V.   and   Gevorgyan ,  V.  ,  J. Am. Chem. Soc. ,  2007 ,  129 ,  7742 .  
271     Ohnmacht ,  S. A.  ,   Mamone ,  P.  ,   Culshaw ,  A. J.   and   Greaney ,  M. F.  ,  Chem. Commun. ,  2008 ,  1241 .  
272     Besseli è vre ,  F.  ,   Mahuteau - Betzer ,  F.  ,   Grierson ,  D. S.   and   Piguel ,  S.  ,  J. Org. Chem. ,  2008 ,  73 ,  3278 .  
273     Martin ,  T.  ,   Verrier ,  C.  ,   Hoarau ,  C.   and   Marsais ,  F.  ,  Org. Lett. ,  2008 ,  10 ,  2909 .  
274     Borghese ,  A.  ,   Geldhof ,  G.   and   Antoine ,  L.  ,  Tetrahedron Lett. ,  2006 ,  47 ,  9249 .  
275     Kobayashi ,  K.  ,   Sugie ,  A.  ,   Takahashi ,  M.  ,   Masui ,  K.   and   Mori ,  A.  ,  Org. Lett. ,  2005 ,  7 ,  5083 .  
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 Methods in Heterocyclic Chemistry     

     The traditional methods of organic synthesis have been supplemented, and often supplanted, by 
several newer techniques, all of which are relevant to heterocyclic chemistry, and are discussed in this 
chapter. 

 One important approach is to carry out reactions with tethered substrates, to simplify manipulation, 
purifi cation and isolation, avoiding the often tedious and wasteful standard techniques such as liquid – liquid 
extractions and chromatography. The original way of doing this was by carrying out the reactions on solid 
phase  –  that is, where the substrate is attached (tethered) to an insoluble polymeric solid support  –  and this 
remains the most popular method. Soluble polymeric supports can also be used, but are not so convenient. 
A more recent approach is the use of (non - polymeric)  ‘ phase tags ’ , which are auxiliary groups that have 
high affi nities for particular solvents or adsorbents, allowing selective capture of the tagged components. 
These methods have also been extended to the use of tethered reagents, and scavengers for removal of 
by - products, rather than immobilisation of the substrate. 

 This chapter also includes a discussion of the use of microwave heating which can greatly accelerate 
reactions, cutting down on reaction times and often allowing transformations that would otherwise not be 
practicable. The use of fl ow reactors is a burgeoning area, with advantages at all scales and is discussed in 
the heterocyclic context.  

  5.1   Solid - Phase Reactions   1    and Related Methods 
  5.1.1   Solid - Phase Reactions 

 This method was originally developed by Merrifi eld for peptide synthesis, with the link (tether) being 
achieved by alkylation of the carboxyl oxygen of protected amino acids with chloromethylated polystyrene 
resins. It is now very widely used in general and heterocyclic chemistry, but modifi ed resins are much 
more common, although still normally based on the polystyrene backbone, but with various intermediate 
chains and functional linking groups, which allow easier control over conditions for cleavage of the 
product. Popular variants are based on Wang resins, containing an intermediate alkoxybenzyl group 
and the related Rink resins. Solid - supported reactions are particularly amenable to combinatorial, high 
throughput and automated synthesis.  2   ( NOTE : In schemes, the resin backbone, including any spacer group, 
may be indicated generically as  ‘  PS  ’  in reagent listings, but in structural diagrams it is shown as shaded 
circles.)        

5
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 The process of solid - phase synthesis (SPS) involves linking the substrate to the resin, carrying out 
various reactions, washing away by - products, and fi nally cleaving the product from the support with 
minimal impurities. The polymer - bound intermediates may simply be fi ltered off and washed after each 
stage or, more conveniently, by using a special fl ask containing a sinter, controlled by a stopcock, at 
the base. 

 Individual reactions may be slower on solid phase, due to congestion at the reacting site, and it is common 
to use substantial excesses of reagents to ensure complete reaction. However, overall processes are gener-
ally faster because only one isolation step is needed. Modifi ed polymers, for example with polyethylene 
glycol spacers between the polymeric benzyl and the reacting group, are said to give reactions that are 
more similar to solution reactions. 

 Practically all types of reaction can be carried out, although some may limit the choice of linking group, 
including those that may include aggressive or sensitive reagents, such as lithiation, halogenation or metal -
 catalysed couplings. Solid - phase synthesis can be adapted to most standard heterocyclic reactions and 
syntheses. 

 A major question is how to attach the substrate to the polymer in such a way that it can be selectively 
and easily removed at the end of the sequence. In carboaromatic and aliphatic chemistry this is often 
done through a functional group such as a carboxylic acid or an amine. However, this can restrict choice 
of substrate; an alternative method is through a  ‘ traceless link ’  such as a silane, which can be removed, for 
example by protonolysis, to leave a hydrogen at the point of attachment, but this may not be particularly 
convenient. Here, heterocycles have the advantage! Attachment to the support can be by methods similar 
to those described above, but also  via  the ring nitrogen, or other potential ring heteroatoms. 

 Some illustrative and self - explanatory examples are shown below.  3,4,5   For a discussion of the 
heterocyclic reactivity involved in the examples shown, the reader should consult the relevant ring - system 
chapter.               
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 An alternative attachment is through a heteroatom when the heterocyclic ring formation is the fi nal step 
 –  it is often easy to incorporate a fi nal cyclisation (heterocycle formation) step in such a way that it results 
in cleavage of the product from the support at the same time.  6          

 Sulfur is a useful link for heterocycles because its use as a leaving group (or better, after conversion to 
sulfoxide  7   or sulfone) can bring about cleavage from the support combined with addition of a nucleophile. 
This method has been used for both azoles  8   and azines,  9   as shown below.        

 An interesting (traceless) example combines the linking with a fi rst - stage reaction by use of a resin acid 
chloride in a Reissert - reaction – alkylation sequence from isoquinolines, the normal Reissert fi nal - stage 
hydrolysis being the means of cleavage from the resin.  10           

  5.1.2   Solid - Supported Reagents and Scavengers 

 Another application of solid - phase chemistry is the use of polymer - bound reagents for reactions with 
substrates in solution, which offers similar advantages in requiring minimal purifi cation: the thiazole syn-
thesis shown below, which involved the use of a polymer - bound brominating agent and secondly a polymer -
 bound base, gave the intermediate and product in greater than 95% purity, without the need for any 
chromatography.  11          



100 Heterocyclic Chemistry

 Other examples include reactions, such as the Mitsunobu condensation, where polystyrene - diphenylphos-
phine can be used instead of triphenylphosphine, avoiding production of the diffi cult - to - remove by - product, 
triphenylphosphine oxide. 

 Solid - phase  ‘ scavengers ’  can also be used both for removal of excess reagents and trace impurities, such 
as metal residues, for example palladium from cross - coupling reactions. A range of resins is available to 
remove a variety of metal residues, usually involving binding to a thiol or amino group. 

 Instead of simply fi ltering off the resin between stages, an alternative approach is to carry out reactions 
in fl ow systems with sequential chambers containing catalysts and/or reagents and/or scavengers. An illus-
trative example is the triazole synthesis shown below,  via  a copper - catalysed azide – acetylene cycloaddition, 
where excess azide was used to ensure complete reaction of the acetylene substrate. The mixture of azide 
and acetylene was fi rst passed through a chamber containing the reaction catalyst  –  CuI.Me 2 NCH 2  PS   –  then 
though a polystyrene - thiourea resin to remove a small amount of copper that had leached from the catalyst. 
Finally, passage though a polystyrene - phosphine resin to eliminate the excess azide, and removal of the 
solvent, gave essentially pure product.  12          

 While all the above methods have been used very successfully on standard laboratory scale, they also 
have signifi cant potential for rapid synthesis on medium scale (up to several kg) and possibly even larger. 
High - loading resins can bind an equal weight of substrate and so are effi cient in terms of volume.  13   

 At the other end of the scale, products can be isolated on single beads of resin produced by combinatorial 
chemistry, involving sequential splitting and mixing batches of beads between reaction steps such that 
single beads contain only one product. Spectroscopic methods have been developed for the non - destructive 
characterisation of products while still on the bead.  14    

  5.1.3   Solid - Phase Extraction ( SPE ) 

 Rather than carry out liquid – liquid extractions, which are time - consuming and lead to large quantities of 
waste, solid supports can be constructed that have high affi nity for selected types of molecules. Simple 
fi ltration of a solution through a column of the solid - phase medium results in effi cient extraction 
of the product. This method is quite widely used and is of particular interest for fl uorous chemistry 
(see below).  

  5.1.4   Soluble Polymer - Supported Reactions   15    

 Soluble polymers, such as polyethylene glycol (PEG), can be used in similar ways to the insoluble supports, 
but they generally require a more elaborate work - up, often involving precipitation of the polymeric 
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complex. They have not been widely used for heterocyclic synthesis, however in one example, thiophenes 
were made from PEG cyanoacetic ester, ketones and sulfur.  16    

  5.1.5   Phase Tags 

 A phase tag can be as simple as incorporation of a protecting group containing a carboxyl or amino 
group, allowing selective extraction into base or acid respectively. However, general methods using 
non - reactive tags are more versatile, of which the most important and best - developed group are fl uorous 
compounds, with a signifi cant number of protecting groups, reagents and scavengers being commercially 
available. 

  5.1.5.1   Fluorous Tags   17    

 A fl uorous compound is one that contains one or more perfl uoroalkyl groups that confer special physical 
properties on the molecule, particularly selective affi nity for solvents and adsorbants, without changing the 
chemical properties to a great degree. They can be differentiated into  ‘ light fl uorous ’ , which generally have 
a single perfl uoroalkyl group (usually C 6  to C 10 ) and  ‘ heavy fl uorous ’ , which may contain multiple perfl uo-
roalkyl groups. Light fl uorous compounds are generally much more useful in the current context. The 
perfl uoroalkyl group is usually  ‘ insulated ’  from a functional group by a number of methylenes to avoid 
altering its reactivity too much, for example where it is a nucleophile or where formation of a cation is 
involved in cleavage, as for the Boc analogue shown below. However, in certain cases, for example sul-
fonate leaving groups, it may be benefi cial to have the stronger electron withdrawal of a fully fl uorinated 
group.        

 Fluorous chemistry can be applied in many ways that are similar to solid - phase methodology, including 
the use of traceless and reactive attachment points for substrates, or as reagents or scavengers. Notable 
examples of reagents where the by - products are diffi cult to separate in the  ‘ normal ’  form, but easy in the 
fl uorous form, are azodicarboxylates and phosphines, for Mitsunobu reactions, and  ‘ heavy ’  fl uorous tin 
reagents, for various purposes, including Stille couplings.  18          

 Fluorous tagging can facilitate separation by standard purifi cation methods, but more specifi c methods 
are available. A particularly useful technique is SPE onto fl uorous silica gel, which contains a fl uorinated 
chain bonded to the silica. The non - fl uorous components are washed off with a fl uorophobic solvent then 
the fl uorous component is eluted with a fl uorophilic solvent. Note that ordinary organic solvents are used; 
fl uorinated solvents are seldom required. Many organic solvents are fl uorophilic, but can be switched dra-
matically, in the case of water - miscible solvents, by the addition of relatively small amounts of water, into 
fl uorophobes. The selectivity is such that the fl uorophobic solvent can be 20% water in methanol, followed, 
as the fl uorophilic solvent, by pure methanol. 
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 The exact size of the perfl uoroalkyl group can be critical. In the example shown below, fl uorous versions 
of the Mukaiyama 2 - chloropyridinium reagent were used to couple acids and amines in DMF, the fl uorous 
pyridone by - product being removed by precipitation on addition of 20% water. Some of the pyridone was 
retained in the solution when R f  was C 8 F 17 , but none when it was C 10 F 21 .  19          

 The scheme shown below illustrates a typical fl uorous sequence, including the use of a fl uorous tagged 
intermediate where the tag can be converted into a leaving group, in analogy with solid - phase sulfur links.  20           

  5.1.5.2   Ionic - Liquid Tags 

 Some syntheses using intermediates with ionic - liquid tags have been reported, but they are not as versatile 
as solid or fl uorous supports. The tagged intermediates and products are often isolated by precipitation and 
an advantage of ionic liquids is that the affi nity and solubility of the tagged compounds can be altered by 
exchange of the associated anion. 

 An example of an effi cient ionic liquid - phase tag is for Biginelli reactions, where a potentially very 
versatile tagged acetoacetate was used. This ester was prepared straightforwardly from a pre - formed ionic -
 liquid - tagged alcohol.  21          

 In other cases, a less convenient approach to the preparation of the tagged intermediate has been used, 
involving quaternisation, followed by anion exchange, of complex haloalkyl substrates, for example a 
C - 6 – linked glycoside.  22      
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  5.2   Microwave Heating   23    
 Microwave heating (commonly designated  ‘ MW ’  or  ‘  µ W ’  in reaction schemes) is very widely used 
in heterocyclic chemistry, and organic chemistry generally, as it is much quicker and more convenient 
than conventional heating. It is also much easier to control  –  heat input can be cut off at the fl ick of a 
switch  –  and is very suitable for automated systems, for example in combinatorial chemistry and high -
 throughput synthesis. It can also improve the outcome of many reactions, when compared to conventional 
heating.  24   

 In contrast to conventional heating, which involves a slow and ineffi cient heat transfer through the vessel 
walls from an external heat source, heating by microwaves occurs directly within the reaction mixture by 
interaction of the radiation with dipoles. Therefore, one of the reaction components, or the solvent, must 
have polar bonds  25   (there may be subtle variations in the reaction depending on differential heating of the 
solvent and reactants). Alternatively, passive heating elements, such as graphite or silicon carbide can 
be added, which absorb the radiation, generating heat, and thus allowing reactions of weakly absorbing 
substrates in low - polarity solvents.  26   Addition of these passive heating elements to standard microwave 
reactions can also be used to generate higher temperatures. 

 There are two basic types of microwave equipment  –  multimode and monomode. Multimode is the type 
found in domestic microwave ovens, where refl ections inside a metal casing may produce a non - homoge-
nous fi eld, leading to uneven heating with hot spots. However, with proper design, a completely random 
fi eld can be generated, which will give even heating. Monomode uses a waveguide to generate a standing 
wave with a homogenous fi eld, at least when not perturbed by a reaction, and the waveguide can also be 
designed to focus the radiation, giving a more intense local fi eld. Monomode reaction chambers are limited 
to a relatively small volume (about 100 ml or so) due to the precise positional requirements for the reaction 
vessel. Consequently, it is necessary to use multimode for large equipment, such as multi - reaction plates 
and arrays, and for scale - up. 

 The use of domestic microwave ovens is to be greatly discouraged  –  although cheap, they allow for very 
little control and give no information about precise conditions and therefore fall short of proper scientifi c 
requirements. They are also dangerous, with the possibility of fi res and explosions! Purpose - made com-
mercial equipment is much more versatile and, with feedback control from sensors for temperature and 
pressure, is much safer, and provides proper control and output data. 

 Reaction methodology usually needs to be modifi ed for microwave reactions. Solvent - free reactions are 
popular and eliminate the risk from fl ammable solvents. Reactions can also be carried out on pastes or with 
the reactants adsorbed onto solid supports, such as alumina or bentonite. 

 The apparently perverse method of microwave heating with concomitant cooling (either by blowing air 
onto the vessel or using more sophisticated jacket systems) has been shown to be benefi cial, reducing side 
reactions, and such cooling systems are now common on commercial microwave equipment designed for 
synthesis. A demonstration of this principle is a study of Suzuki couplings using an encapsulated palladium 
catalyst. Here, the catalyst absorbs most of the microwave radiation (an ideal situation, as it is the only 
place where the reaction occurs!), but much of the heat produced is transferred to the solvent causing 
unwanted and unproductive heating of the reactants and products, leading to decomposition of sensitive 
components, for example some thiophene and benzofuran boronic acids. When the reaction is carried out 
with cooling, reducing the bulk temperature during irradiation, the yields from problematic substrates are 
considerably improved.  27   

 The existence, or not, of non - heating effects of microwave radiation on reactions is somewhat contro-
versial, as the energy of microwaves is too low to break chemical bonds directly. However, microwave 
irradiation certainly can produce different results to conventional heating, for example isomer ratios in 
 N  - alkylation of azoles. It can be argued that this is just due to the different rates of heating, but it can be 
a useful feature.  28   

 Batch scale - up of microwave reactions can be carried out to a certain extent (1 kg or so  29  ), but for larger 
reactions it is diffi cult, due to the limited depth of penetration of the radiation. However, combination of 
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microwave heating with fl ow reactors is very promising, due to the relatively small volume of the reaction 
zone.  

  5.3   Flow Reactors 
 Flow reactors are currently under intense investigation and development. They can be used in several dif-
ferent ways, but the most important application here is for carrying out  ‘ normal ’  chemistry in a continuous 
(rather than batch) mode, and can be applied at all scales from microsynthesis up to process development 
and production. 

 Classically, a reaction is carried out as a batch process, i.e. a batch of starting material is placed in a 
vessel, the reaction is carried out, worked up and the product isolated. If necessary, the vessel is then 
reloaded and the sequence repeated, and so on. There are advantages and disadvantages in this approach. 
The main advantage is that it is fairly straightforward to do and may use relatively simple equipment. The 
disadvantages include ineffi cient use of time, limited throughput and, particularly as the scale increases, 
increasing diffi culty of heating and cooling effi ciently, with longer reagent addition times, the worst 
outcome being a runaway reaction. Batch scale - up synthesis is notorious for not following on from the 
conditions used for the small - scale work. At the other extreme, library and analogue synthesis on a small -
 scale is also very time consuming and tedious. Flow reactors can provide solutions for both these 
disadvantages. 

 In a fl ow reactor, the reaction occurs in relatively small diameter glass, plastic or metal tubes or channels 
up to a few mm in diameter, with the reaction zone confi ned to a small heating/cooling chamber. Input of 
starting materials and output of product is continuous, being fed simply by combining streams of reactants 
in a T - junction or in a more sophisticated mixing chamber. Control valves can be added for operations 
under pressure. The reactors can also be miniaturised, with channels down to a few tens of microns in 
diameter, formed by etching onto small glass, ceramic or metal plates, similar to silicon chips  –  hence the 
phrase  ‘ lab - on - a - chip ’ . These chip reactors are sometimes referred to as microreactors  30   and the technique 
as microfl uidics (differentiation into microfl uidics for sub - millimetre and mesofl uidics for mm – cm diam-
eters of fl ow reactors is useful). 

 Due to the small volumes of the reaction zone, high rates of heat transfer, both in and out, are possible. 
Microwave heating is particularly suitable, provided metal tubing is not used, and low - temperature reactions 
are easy to carry out  –  the exceptional effi ciency of cooling may allow reactions to be carried out at a 
higher temperature than in a batch reactor. It is also relatively easy to devise safe high - pressure systems. 
Overall, fl ow reactors allow a much higher degree of control than classical methods. Highly sophisticated 
integrated bench - top fl ow systems are available commercially that have the capacities to work up to 350  ° C 
and 2900 psi.  31   

 There are many ingenious sophisticated variations on the reactor cells,  32   but a simple, though not very 
versatile, fl ow cell has been described for use in a microwave heater, where the reaction solution was 
percolated through sand in a test tube as the equivalent of multiple microchannels. This set - up was used 
to carry out a Bohlmann – Rahtz pyridine synthesis and a Fischer indolisation.  33   

 Flow reactors have another major asset  –  safety. Although capable of producing substantial aggregate 
quantities of product, the amount in the reaction zone at any one time is very small, therefore any  reaction  
hazard, that is where the hazard arises during the reaction rather than hazardous starting materials or prod-
ucts, is minimised. 

 In theory and usually in practice, the scale - up of fl ow reactions is relatively straightforward  –  just carry 
on for longer and/or add more reactors of the same size in parallel. As the individual reaction scale doesn ’ t 
change, neither do reaction conditions. 

 A scale - up preparation of ionic liquids is illustrative. Here the reaction of 1 - methylimidazole with  n  - butyl 
bromide under solvent - free conditions is highly exothermic and prone to runaway in a batch reaction of 
any signifi cant scale. However, using a fl ow reactor with reaction tubes between 2 mm and 6 mm diameter, 
fed by a micromixer with 0.45 mm channels, a continuous fl ow reaction at 85  ° C was able to produce over 
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9 kg of product per day.  34   A fl ow reactor has also been used to tame the very dangerous diazotisation of 
aminotetrazole (see  29.1.1.3 ).  35   

 Small - scale combinatorial chemistry for library and analogue generation is easily automated with micro-
reactors, using similar technology to that used for automated hplc, where sequential syntheses can be carried 
out on the same  ‘ chip ’ , for example in the preparation of analogues of ciprofl oxacin.  36   

 A signifi cant limitation of fl ow reactors is that solids, either as suspensions of starting materials or pre-
cipitated products, easily block the channels, although solid - supported reagents and catalysts can be used 
by immobilisation onto the walls or as packing.  

  5.4   Hazards: Explosions 
 Many compounds used or prepared by the chemist are hazardous, but most of the hazards can be controlled 
by proper working practice. However, explosive hazards are the exception, as explosions are very diffi cult 
to contain in the normal laboratory. 

 Physical explosions, such as those due to excessive pressure build - up in a closed vessel or ignition of 
fl ammable gas mixtures, should not occur if procedures are followed. The main hazard is from intrinsically 
explosive compounds detonation of which can be initiated by shock, heat or friction; the main substances 
of concern in heterocyclic chemistry are azides, perchlorate salts and some high - nitrogen compounds. These 
last are discussed in the appropriate ring chapters and simple inorganic and organic azides are discussed 
in Section  29.1.1.3 . A widely used reagent  –  tosyl azide  –  presents a signifi cant explosive hazard and 
although we describe reactions using such reagents, as they appear in the literature, safer substitutes, for 
example 4 - acetamidobenzenesulfonyl azide,  37   which is commercially available, should be used whenever 
possible. Dodecyl -  and naphthylsulfonyl azides are other possible alternatives.  38   

 The iminium perchlorate shown below is a useful reagent for the preparation of heterocycles, but is shock 
sensitive and has the explosive power of TNT! Fortunately, the much safer tetrafl uoroborate salt is a suit-
able substitute.  39          

 Where an explosive  reaction  hazard (as opposed to an explosive product) is present, the use of fl ow 
reactors can be particularly useful for mitigating risk.  
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 Ring Synthesis of Aromatic Heterocycles     

     The preparation of benzenoid compounds nearly always begins with an appropriately substituted, and often 
readily available, benzene derivative. The preparation of heteroaromatic compounds presents a very dif-
ferent picture, for it often involves ring synthesis.  1   Of course, when fi rst considering a suitable route to a 
desired target, it is always important to give thought to the possibility of utilising a commercially available 
compound that contains the heterocyclic nucleus and which could be modifi ed by manipulation, introduc-
tion and/or elimination of substituents  2    –  a synthesis of tryptophan, for example, would start from indole 
 –  however if there is no obvious starting material, a ring synthesis has to be designed that leads to a het-
erocylic intermediate appropriately substituted for further elaboration into the desired target. 

 This chapter shows how just a few general principles allow one to understand the methods which are 
used in the construction of the heterocyclic ring of an aromatic heterocyclic compound from precursors 
that do not have that ring. It discusses the principles, and analyses the types of reaction frequently used in 
constructing an aromatic heterocycle, and also the way in which appropriate functional groups are placed 
in the reactants, in order to achieve the desired ring synthesis.  

  6.1   Reaction Types Most Frequently Used in Heterocyclic Ring Synthesis 
 By far the most frequently used process is the addition of a nucleophile to a carbonyl carbon (or the more 
reactive carbon of an  O  - protonated carbonyl). When the reaction leads to C – C bond formation, then the 
nucleophile is the  β  - carbon of an enol or an enolate anion, or of an enamine.    

6

 When the process leads to C – heteroatom bond formation, then the nucleophile is an appropriate hetero-
atom, either anionic ( - X  −  ) or neutral ( - XH):  

     Typical C – C bonding processes in heteroaromatic ring synthesis  

      Typical C – Heteroatom bonding processes in heteroaromatic ring synthesis   
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 In all cases, subsequent loss of water produces a double bond, either a C – C or a C – heteroatom double 
bond, i.e. formation of an aldol condensation product, or the formation of an imine or enamine.           

     Dehydrations produce alkenes, imines, or enamines or enol/thioenol ethers  

 These two basic processes, with minor variants, cover the majority of the steps involved in classical 
heteroaromatic ring synthesis. We shall show below how a sequence of such simple steps leads,  via  a set 
of equilibria, to the fi nal product, driven to completion by the formation of an aromatic stabilised system. 
In a few instances, displacements of halide, or other leaving groups, from saturated carbon are also involved. 

 In completely separate categories are heterocyclic ring syntheses that involve electrocyclic processes 
(see  6.4 ) and in some transition metal - catalysed ring - forming steps.  

  6.2   Typical Reactant Combinations 
 Although there are some examples of nearly all possible retrosynthetic dissections and synthetic recombina-
tions of fi ve -  and six - membered aromatic heterocycles, yet by far the majority of ring syntheses fall into 
two categories; in the fi rst, for each ring size, only C – heteroatom bonding is needed, i.e. the rest of the 
skeleton is present, intact, in one starting component; in the second, for each ring size, one C – C bond and 
one C – heteroatom linkage are required.  

     Typical disconnections for the synthesis of fi ve -  and six - membered aromatic heterocycles  

    6.2.1   Typical Ring Synthesis of a Pyrrole Involving Only  C  – Heteroatom Bond Formation 

 We can now look at specifi c examples, and see how the principles above can lead to the aromatic hetero-
cycles. In the fi rst of the two broad categories, where only C – heteroatom bonds need to be formed, and for 
the synthesis of fi ve - membered heterocycles, precursors with two carbonyl groups related 1,4 are required, 
thus 1,4 - diketones react with ammonia or primary amines to give 2,5 - disubstituted pyrroles; two successive 
heteroatom - to - carbonyl carbon additions and loss of two molecules of water produce the aromatic ring, 
though the exact order of these several steps is never certain.     
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     Typical sequence for the synthesis of a pyrrole from a 1,4 - dicarbonyl compound  

  6.2.2   Typical Ring Synthesis of a Pyridine Involving Only  C  – Heteroatom Bond Formation 

 For six - membered rings, the 1,5 - dicarbonyl precursor has to contain a C – C double bond in order to lead 
directly to the aromatic system.    

     Typical sequence for the synthesis of a pyridine from an unsaturated 1,5 - dicarbonyl compound  

 The use of an otherwise saturated 1,5 - dicarbonyl compound does not lead directly to an aromatic pyri-
dine, though it is easy to dehydrogenate the dihydro - heterocycle.     

     Typical sequence for the synthesis of a pyridine from a saturated 1,5 - dicarbonyl compound  

  6.2.3   Typical Ring Syntheses Involving  C  – Heteroatom  C  –  C  Bond Formations 

 In the second broad category, needing both C – C and C – heteroatom links to be made, one component must 
contain an enol/enolate/enamine, or the equivalent thereof, while the second obviously must have electro-
philic centres to match. The following general schemes show how this works out for the two ring sizes.       

     Typical sequence for the synthesis of a fi ve - membered heterocycle from an enol and a C 2 XH compound
  (note: R 4  must be an acidifying group: ketone, ester, nitrile, or nitro)  



110 Heterocyclic Chemistry

 Where a carbonyl component at the oxidation level of an acid is used then the resultant product carries 
an oxygen substituent at that carbon. Similarly, if a nitrile group is used instead of a carbonyl group, as an 
electrophilic centre, then the resulting heterocycle carries an amino group at that carbon, thus:    

     Typical sequence for the synthesis of a pyridine from a 1,3 - dicarbonyl compound and an enamine  

     Cyclisation onto a carbonyl group at the carboxylic acid oxidation level gives 2 - pyridones  

      •      The exact sequence of nucleophilic additions, deprotonations/protonations, and dehydrations is never 
known with certainty, but the sequences shown here, and indeed in the rest of the book, are reasonable 
ones; the exact order of steps almost certainly varies with conditions,  3   particularly pH.  

   •      Some of the components shown in the examples above have two electrophilic centres and some have a 
nucleophilic and an electrophilic centre; in other situations components with two nucleophilic centres 
are required. In general, components in which the two reacting centres are either 1,2 -  or 1,3 - related are 
utilised most often in heterocyclic synthesis, but 1,4 -  (e.g. HX – C – C – YH) (X and Y are heteroatoms) 
and 1,5 - related (e.g. O = C – (C) 3  – C = O) bifunctional components, and reactants that provide one - carbon 
units (formate, or a synthon for carbonic acid  –  phosgene, Cl 2 C = O, or a safer equivalent) are also 
important.  

   •      Amongst many examples of 1,2 - difunctionalised compounds are 1,2 - dicarbonyl compounds, enols (which 
fi rst react in a nucleophilic sense at carbon and then provide an electrophilic centre (the carbonyl carbon), 
Hal – C – C = O, and systems with HX – YH units.  

   •      Amongst often used 1,3 - difunctionalised compounds are the doubly electrophilic 1,3 - dicarbonyl 
compounds and  α , β  - unsaturated carbonyl compounds (C = C – C = O), doubly nucleophilic HX – C – YH 
(amidines and ureas are examples), and  α  - amino -  or  α  - hydroxycarbonyl compounds (HX – C – C = O), 
which have an electrophilic and a nucleophilic centre.    

 The two nucleophilic centres can both be heteroatoms, as in syntheses of pyrimidines and pyrazoles.    

     Cyclisation onto a cyano group gives  α  - amino - pyridines  
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 In syntheses of benzanellated systems, phenols can take the part of enols, and anilines react in the same 
way as enamines.  4        

     Typical reactant combinations for the synthesis of pyrimidines and pyrazoles  

     In quinoline syntheses, anilines are like the enamines in pyridine syntheses  

  6.3   Summary 
 The chemical steps involved in heteroaromatic synthesis are mostly simple and straightforward, even 
though a fi rst look at the structures of starting materials and product might make the overall effect seem 
very mysterious. In devising a sequence of sensible steps it is important to avoid obvious pitfalls, like sug-
gesting that an electrophile react with electrophilic centre, or a nucleophile with a source of electrons.        

 As an illustration, a complete step - by - step analysis of the reaction of 1,3 - diphenylpropane - 1,3 - dione with 
acetophenone giving 2,4,6 - triphenylpyrylium is presented below. Note that although many separate steps 
are involved, each of them is very simple when considered individually. Note also, that the dicarbonyl 
tautomer of the diketone is shown, which is in equilibrium with an appreciable percentage of mono - enol 
tautomer.    

     The ring synthesis of 2,4,6 - triphenylpyrylium cation, step by step  
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 The sequence shows an initiating step as nucleophilic attack by acetophenone enolate on the protonated 
diketone, however an equally plausible sequence, shown below, starts with the nucleophilic addition of the 
enolic hydroxyl of the diketone to protonated acetophenone. We show this alternative to emphasise the 
uncertainty of the detailed order of events in such multi - step syntheses.    

     Alternative interpretation for the ring synthesis of 2,4,6 - triphenylpyrylium cation, step by step  

 A fi nal important point to be made is that most of the steps in such sequences are reversible; the overall 
sequence proceeds to product nearly always because the product is the thermodynamically most stable 
molecule in the sequence, or because the product is removed from the equilibria by a step which is irrevers-
ible under the conditions used. A nice example is the inter - relationship between 1,4 - diketones and furans; 
the latter can be synthesised by heating the former, in acid, under conditions which lead to the distillation 
of the furan ( 18.13.1.1   ), but in the reverse sense, furans are hydrolysed to 1,4 - diketones by aqueous acid 
( 18.1.1.1 ).  

  6.4   Electrocyclic Processes in Heterocyclic Ring Synthesis 
 There is a type of electrocyclic process that is of considerable value for heterocyclic ring synthesis: 1,3 -
 dipolar cycloadditions producing fi ve - membered heterocycles. 

 1,3 - Dipoles always contain a heteroatom as the central atom of the trio, either sp or sp 2  hybridised. 
Amongst other examples, cycloadditions have been demonstrated with azides (N ≡ N +  – N  −   – R), nitrile oxides 
(R – C ≡ N +  – O  −  ) and nitrile ylides (R – C ≡ N +  – C  −  R 2 ), where the central atom is sp - hybridised nitrogen, and 
with nitrones (R 2 C = N + (R) – O  −  ), carbonyl ylides (R 2 C = O +  – C  −  R 2 ) and azomethine ylides (R 2 C = N + (R) – C  −  R 2 ), 
where the central atom is sp 2  hybridised.    

 Dipolar cycloadditions  5   can, of course, only produce fi ve - membered rings. Addition of dipolarophiles 
can generate tetrahydro, dihydro or aromatic oxidation level heterocycles, as illustrated above. Alkene 
dipolarophiles, with a group that can be eliminated following cycloaddition, give the same result as equiva-
lent alkyne dipolarophiles, for example enamines as the dipolarophile, interact with azides, as the 1,3 -
 dipole, with subsequent elimination of the amine, affording 1,2,3 - triazoles.  6          

     General combinations to produce fi ve - membered heterocycles  via  1,3 - dipolar cycloadditions  
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 Many mesoionic substances ( 2.6 ) can act as 1,3 - dipoles, and, after elimination of a small molecule  –  
carbon dioxide in the example shown  –  produce aromatic heterocycles.  7           

  6.5   Nitrenes in Heterocyclic Ring Synthesis   8    
 The insertion of a nitrene into a C – H bond has been made the key step in several synthetic routes to both 
fi ve -  and six - membered aromatic systems. A nitrene is a monovalent, six - electron, neutral nitrogen, most 
often generated by thermolysis or photolysis of an azide (RN 3   →  RN   +   N 2 ), or by deoxygenation of a nitro 
group. The insertion process can be written in a general way:  

      Nitrene insertion can form a ring   

 The preparation of an indole  9   (nitrene generated from an azide  –  the Hemetsberger – Knittel synthesis) 
and of carbazole  10   (nitrene generated by deoxygenation of a nitro group) illustrate the power of the method.                

  6.6   Palladium Catalysis in the Synthesis of Benzo - Fused Heterocycles 
 Nucleophilic cyclisations onto palladium - complexed alkenes have been used to prepare indoles, benzofu-
rans and other fused systems. The process can be made catalytic in some cases by the use of reoxidants 
such as  p  - benzoquinone or copper(II) salts.  
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 The detailed descriptions of the chemistry of the heterocyclic systems covered in this book are preceded 
at intervals, by six highly condensed and simplifi ed discussions (Chapters  07 ,  10 ,  13 ,  15 ,  19  and  23 ) of the 
types of reaction, ease of such reactions and regiochemistry of such reactions for groups of related heter-
ocycles. In this chapter the group comprises pyridine, as the prototype electron - poor six - membered 
heterocycle, and its benzo - fused analogues, quinoline and isoquinoline. As in each of these summary 
chapters, reactions are shown in brief and either as the simplest possible example, or in general terms.    

     Typical reactions of pyridine  

 The formal replacement of a CH in benzene by N leads to far - reaching changes in typical reactivity: 
pyridines are much less susceptible to electrophilic substitution than benzene and much more susceptible 
to nucleophilic attack. However, pyridine undergoes a range of simple electrophilic additions, some revers-
ible, some forming isolable products, each involving donation of the nitrogen lone pair to an electrophile, 
and thence the formation of  ‘ pyridinium ’  salts which, of course, do not have a counterpart in benzene 
chemistry at all. The ready donation of the pyridine lone pair in this way does not destroy the aromatic 
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sextet (compare with pyrrole, Chapters  15  and  16 )  –  pyridinium salts are still aromatic, though much more 
polarised than neutral pyridines.    

     Pyridines react with electrophiles by donation of the nitrogen lone pair  

 Electrophilic substitution of aromatic compounds proceeds  via  a two - step sequence  –  addition (of X + ) 
then elimination (of H + ), of which the former is usually the slower (rate - determining) step. Qualitative 
predictions of relative rates of substitution at different ring positions can be made by inspecting the struc-
tures of the  σ  - complexes (Wheland intermediates) formed in the fi rst step, on the assumption that their 
relative stabilities refl ect the relative energies of the transition states that lead to them.    

     Aromatic electrophilic substitution  via  an addition/elimination sequence  

 Electrophilic substitution at carbon, in simple pyridines at least, is very diffi cult, in contrast to the reac-
tions of benzene  –  Friedel – Crafts acylations, for example, do not occur at all with pyridines. This unreac-
tivity can be traced to two factors: 

          •      Exposure of a pyridine to a medium containing electrophilic species immediately converts the heterocycle 
into a pyridinium cation, with the electrophile (or a proton from the medium) attached to the nitrogen. 
The extent of conversion depends on the nature and concentration of the electrophile (or protons) and 
the basicity of the particular pyridine, and is usually nearly complete. Obviously, the positively charged 
pyridinium cation is many orders of magnitude less easily attacked by the would - be electrophile, at 
carbon, than the original neutral heterocycle. The electrophile, therefore, has Hobson ’ s choice  –  it must 
either attack an already positively charged species, or seek out a neutral pyridine from the very low 
concentration of uncharged pyridine molecules.  

   •      The carbons of a pyridine are, in any case, electron - poor, particularly at the  α  -  and  γ  - positions: formation 
of a  σ  - complex between a pyridine and an electrophile is intrinsically disfavoured. The least disfavoured, 
i.e. best option, is attack at a  β  - position  –  resonance contributors to the cation thus produced do not 
include one with the particularly unfavourable sextet, positively - charged nitrogen situation (shown in 
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parentheses for the  α  -  and  γ  - intermediates). The situation has a direct counterpart in benzene chemistry, 
where a consideration of possible intermediates for electrophilic substitution of nitrobenzene provides a 
rationalisation of the observed  meta  - selectivity.           

 Substituents can exert a signifi cant infl uence on the ease of electrophilic attack, just as in benzene chem-
istry. Strongly electron - withdrawing substituents simply render the pyridine even more inert, however 
activating groups  –  amino and oxy, and even alkyl  –  allow substitution to take place, even though by way 
of the protonated heterocycle i.e.  via  a dicationic intermediate. The presence of halogen substituents, 
which have a base - weakening effect and are only weakly deactivating, can allow substitution to take place 
in a different way  –  by allowing an appreciably larger concentration of the free, neutral pyridine to be 
present. 

 Pyridine rings are resistant to oxidative destruction, as are benzene rings. In terms of reduction, however, 
the heterocyclic system is much more easily catalytically reduced, especially in acidic solution. Similarly, 
pyridinium salts can be easily reduced both with hydrogen over a catalyst, and by nucleophilic chemical 
reducing agents. 

 Nucleophilic substitution of aromatic compounds proceeds  via  an addition (of Nu  −  ) then elimination (of 
a negatively charged entity, most often Hal  −  ) two - step sequence, of which the former is usually rate -
 determining. Rates of substitution at different ring positions can be assessed by inspecting the structures 
of the negatively charged intermediates (Meisenheimer complexes) thus formed, on the assumption 
that their relative stabilities (degree of delocalisation of negative charge) refl ect the relative energies 
of the transition states that lead to them. For example, 2 -  and 4 - halonitro - benzenes are substituted by 
nucleophiles because the anionic adduct derives stabilisation by delocalisation of the charge onto the nitro 
group(s).    

     Aromatic nucleophilic substitution  via  an addition/elimination sequence  

 The electron - defi ciency of the carbons in pyridines, particularly  α  -  and  γ  - carbons, makes nucleophilic 
addition and, especially nucleophilic displacement of halide (and other good leaving groups), a very impor-
tant feature of pyridine chemistry.    
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 Such substitutions follow the same mechanistic route as the displacement of halide from 2 -  and 4 -
 halo - nitrobenzenes, i.e. the nucleophile fi rst adds and then the halide departs. By analogy with the 
benzenoid situation, the addition is facilitated by: (i) the electron - defi ciency at  α  -  and  γ  - carbons, further 
increased by the halogen substituent, and (ii) the ability of the heteroatom to accommodate negative charge 
in the intermediate thus produced. A comparison of the three possible intermediates makes it immediately 
plain that this latter is not available for attack at a  β  - position, and thus  β  nucleophilic displacements are 
very much slower  –  for practical purposes they do not occur (see, however, reactions with palladium 
catalysis,  4.2 )    

     Nucleophilic displacement of pyridine  α  -  and  γ  - leaving groups, e.g. halide, is easy  

     Intermediates explain selectivity of nucleophilic attack on halopyridines  

 It is useful to compare the reactivity of  α  -  and  γ  - halopyridines with the reaction of acid halides and  β  -
 halo -  α , β  - unsaturated ketones, respectively, both of which also interact easily with nucleophiles and also 
by an addition/elimination sequence resulting in overall displacement of the halide by the nucleophile.    

     Comparison of the reactivity of an  α  - halopyridine with an acid chloride  



Typical Reactivity of Pyridines, Quinolines and Isoquinolines 119

 In the absence of an  α  -  or  γ  - halogen, pyridines are less reactive and, of course, do not have a substituent 
suitable for leaving as an anion to complete a nucleophilic substitution. Nucleophilic additions do however 
take place, but the resultant dihydropyridine adduct requires removal of  ‘ hydride ’  in some way, to complete 
an overall substitution. Such reactions, for example with sodium amide or with organometallic reagents, 
are selective for an  α  - position, possibly because the nucleophile is delivered  via  a complex involving 
interaction of the ring nitrogen with the metal cation associated with the nucleophile. The addition of 
organometallic or hydride reagents to  N  +  - acylpyridinium salts is an extremely useful process: the products, 
1,2 -  or 1,4 - dihydropyridines, are stable because the nitrogen electron pair is involved with resonance in 
the carbamate unit.        

 The generation and use of metallated aromatics has become extremely important for the introduction of 
substituents, especially carbon substituents, by subsequent reaction with an electrophile. Despite the ease 
of nucleophilic addition and substitution discussed above, iodine and bromine at all positions of a pyridine 
undergo metal/halogen exchange, at low temperature,  without  nucleophilic displacement or addition, thus 
forming the corresponding pyridyllithiums. Low - temperature direct lithiation of pyridines at an  α  - position, 
or elsewhere  via  directed  ortho  - metallation, is also possible. Similarly, useful pyridyl Grignard reagents 
are available by reaction of bromopyridines with  iso  - propylmagnesium chloride  at room temperature .    

     Formation of pyridyllithiums and pyridyl Grignard reagents  

 Radical substitution of pyridines, in acid solution, is a preparatively useful process. For effi cient reaction, 
the radicals must be  ‘ nucleophilic ’ , like   •  CH 2 OH, alkyl  •  , and acyl  •  . A hydroxymethylation provides the 
example shown.        

 Pyridines carrying oxygen at an  α  -  or  γ  - position exist as tautomers having carbonyl groups  –  pyridones. 
Nonetheless, there is considerable parallelism between their reactions and those of phenols: pyridones are 
activated towards electrophilic substitution, attack taking place  ortho  and  para  to the oxygen. They readily 
form anions, by loss of the  N  - hydrogen, which are analogous in structure and reactivity to phenolates, 
though in the heterocyclic system, the anion can react with an electrophile at either oxygen or nitrogen, 
depending on conditions.    
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 Where pyridones differ from phenols is in their interaction with reagents such as POCl 3 , where transfor-
mation of the oxygen substituent into halide occurs. Here, the pyridones react in an amide - like fashion, the 
inorganic reagent reacting fi rst at the oxygen.    

     Typical reactions of pyridones, illustrated for 4 - pyridone  

     Mechanism of reaction of pyridones with phosphoryl chloride, illustrated for 2 - pyridone  

 The special properties associated with pyridine  α  -  and  γ  - positions are evident again in the reactions of 
alkyl - pyridines: protons on alkyl groups at those positions are particularly acidifi ed because the  ‘ enaminate ’  
anions formed by side - chain deprotonation are delocalised. The ability to form side - chain anions provides 
a useful means for the manipulation of  α  -  and  γ  - side - chains.    

     Deprotonation of  α  -  and  γ  - alkyl groups is relatively easy  

 Pyridinium salts show the properties that have been discussed above, but in extreme, thus they are highly 
resistant to electrophilic substitution but, conversely, nucleophiles add very easily. Especially useful are 
the adducts formed from  N  +  - CO 2 R salts with alkyl -  or aryllithiums (see above). The hydrogens of pyridinum 
 α  -  and  γ  - alkyl side - chains are further acidifi ed compared with an uncharged alkyl pyridine. 

  N  - oxide chemistry, which self - evidently has no parallel in benzenoid chemistry, is an extremely impor-
tant and useful aspect of the chemistry of azines. The structure of  N  - oxide s  means that they are both more 
susceptible to electrophilic substitution  and  react more easily with nucleophiles  –  an extraordinary concept 
when fi rst encountered. On the one hand, the formally negatively charged oxygen can release electrons to 
stabilise an intermediate for electrophilic attack and, on the other, the positively charged ring nitrogen can 
act as an electron sink to encourage nucleophilic addition.    



Typical Reactivity of Pyridines, Quinolines and Isoquinolines 121

 There are a number of very useful processes in which the  N  - oxide function allows the introduction of 
substituents, usually at an  α  position, and in the process the oxide function is removed; reaction with 
phosphoryl chloride is an example.    

     The  N  - oxide group facilitates both electrophilic  and  nucleophilic substitutions  

     Conversion of pyridine  N  - oxide into halopyridines (mechanism shown for  α -substitution)  

 Quinoline and isoquinoline, the two possible structures in which a benzene ring is annelated to a pyridine 
ring, represent an opportunity to examine the effect of fusing one aromatic ring to another. Clearly, both 
the effect that the benzene ring has on the reactivity of the pyridine ring, and  vice versa , as well as 
comparison with the chemistry of naphthalene must be considered. Firstly, it will be clear from the discus-
sion of pyridine with electrophiles that, of the two rings, electrophilic substitution favours the benzenoid 
ring, rather than the pyridine ring. Regioselectivity, which in naphthalene favours an  α  - position, is mirrored 
in quinoline/isoquinoline chemistry by preferred substitution at the 5 -  and 8 - positions. It should be noted 
that such substitutions usually involve attack on the species formed by electrophilic addition (often 
protonation) at the nitrogen, which has the effect of further discouraging (preventing) attack on the hetero-
cyclic ring.    

     Typical reactions of quinoline (isoquinoline is very similar)  
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 Just as for naphthalene, the regiochemistry of attack is readily interpreted by looking at the possible 
intermediates: those for attack at C - 5/8 allow delocalisation of charge, while an intermediate for attack at 
C - 6/7 would have a localised charge.    

     Electrophilic substitution of quinoline is selective for the benzene ring at 5 -  (shown) and 8 - positions  

 Just as quinoline and isoquinoline are reactive towards electrophiles in their benzene rings, so they are 
reactive to nucleophiles in the pyridine ring, especially (see above) at the positions  α  and  γ  to the nitrogen 
and, further, are more reactive in this sense than pyridines. This is consistent with the structures of the 
intermediates for, in these, a full and complete aromatic benzene ring is retained. Since the resonance 
stabilisation of the bicyclic aromatic is considerably less than twice that of either benzene or pyridine, the 
loss in resonance stabilisation in proceeding from the bicyclic system to the intermediate is considerably 
less than in going from pyridine to an intermediate adduct. There is an obvious analogy: the rate of elec-
trophilic substitution of naphthalene is greater than that of benzene for, in forming a  σ  - complex from the 
former, less resonance energy is sacrifi ced.    

     Intermediate for nucleophilic substitution of 2 -  and 4 - halo - quinolines retains a complete benzene ring  

 A signifi cant difference in this typical behaviour applies to the isoquinoline 3 - position  –  the special 
reactivity that the discussion above has developed for positions  α  to pyridine nitrogen, and that also applies 
to the isoquinoline 1 - position, does not apply at C - 3. In the context of nucleophilic displacements, for 
example, an intermediate for reaction of a 3 - halo - isoquinoline cannot achieve delocalisation of negative 
charge onto the nitrogen unless the aromaticity of the benzene ring is disrupted. Therefore, such intermedi-
ates are considerably less stabilised and reactivity considerably tempered.    

     3 - Haloisoquinolines do not undergo easy nucleophilic substitution  

 The displacement of halogen at all positions of the pyridine and quinoline/isoquinoline nucleus is achiev-
able using palladium(0) catalysis (see  4.2  for a detailed discussion). Couplings with alkenes (Heck reac-
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tions), with alkynes, with alkenyl -  or aryltin or  - boron species are complemented by couplings in the 
opposite sense using pyridinyl/quinolinyl/isoquinolinyl metal reagents, with alkenyl or aryl halides or tri-
fl ates. The application of this extremely useful methodology allows transformations in one step that would 
otherwise require extensive sequences of steps. Two examples, chosen at random, are shown below.    

     Transition - metal - catalysed processes are very important in pyridine/quinoline/isoquinoline chemistry  

 A great variety of methods is available for the ring synthesis of pyridines: the most obvious approach is 
to construct a 1,5 - dicarbonyl compound, preferably also having further unsaturation, and allow it to react 
with ammonia, when loss of two mole equivalents of water produces the pyridine. 1,4 - Dihydropyridines, 
which can easily be dehydrogenated to the fully aromatic system, result from the interaction of saturated 
1,5 - dicarbonyl compounds and ammonia.    

     Typical pyridine ring synthesis  

 Nearly all quinoline syntheses begin from an arylamine; that shown generally below  –  the acid - catalysed 
interaction with a 1,3 - diketone  –  involves addition of the amine nitrogen to one of the carbonyl groups and 
a ring closure onto the aromatic ring having the character of an aromatic electrophilic substitution. Another 
much - used route utilises the interaction of an  ortho  - aminoaraldehyde (or  - ketone) with a ketone having an 
 α  methylene.    

     Typical quinoline ring syntheses  

 Amides of 2 - (aryl)ethanamines can be made to ring close producing 3,4 - dihydroisoquinolines (which 
can be easily dehydrogenated to the aromatic systems) using reagents such as phosphoryl chloride; again, 
the ring - closure step is an intramolecular electrophilic substitution of the aromatic ring.            

     A typical isoquinoline ring synthesis  
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 Pyridine and its simple derivatives are stable and relatively unreactive liquids, with strong penetrating 
odours that are unpleasant to some people. They are much used as solvents and bases, especially pyridine 
itself, in reactions such as  N  -  and  O  - acylation and  - tosylation. Pyridine and the three monomethyl pyridines 
(picolines) are completely miscible with water. 

 Pyridine was fi rst isolated, like pyrrole, from bone pyrolysates: the name is constructed from the Greek 
for fi re,  ‘ pyr ’ , and the suffi x  ‘ idine ’ , which was at the time being used for all aromatic bases  –  phenetidine, 
toluidine, etc. Pyridine and its simple alkyl derivatives were for a long time produced by isolation from 
coal tar, in which they occur in quantity. In recent years this source has been displaced by synthetic pro-
cesses: pyridine itself, for example, can be produced on a commercial scale in 60 – 70% yields by the gas -
 phase high - temperature interaction of crotonaldehyde, formaldehyde, steam, air and ammonia over a 
silica – alumina catalyst. Processes for the manufacture of alkyl - pyridines involve reaction of acetylenes and 
nitriles over a cobalt catalyst.  

  8.1   Reactions with Electrophilic Reagents 
  8.1.1   Addition to Nitrogen 

 In reactions that involve bond formation using the lone pair of electrons on the ring nitrogen, such as 
protonation and quaternisation, pyridines behave just like tertiary aliphatic or aromatic amines. When a 
pyridine reacts as a base or a nucleophile it forms a  ‘ pyridinium ’ , cation in which the aromatic sextet is 
retained and the nitrogen acquires a formal positive charge. 

  8.1.1.1   Protonation of Nitrogen 

 Pyridines form crystalline, frequently hygroscopic, salts with most protic acids. Pyridine itself, with p K  aH  
5.2 in water, is a much weaker base than saturated aliphatic amines which have p K  aH  values mostly between 
9 and 11. Since the gas - phase proton affi nity of pyridine is actually very similar to those of aliphatic amines, 
the observed solution values refl ect relatively strong solvation of aliphatic ammonium cations;  1   this differ-
ence may in turn be related to the mesomerically delocalised charge in pyridinium ions and the consequent 
reduced requirement for external stabilisation  via  solvation. 

 Electron - releasing substituents generally increase the basic strength; 2 - methyl -  (p K  aH  5.97), 3 - methyl 
(5.68) and 4 - methylpyridine (6.02) illustrate this. The basicities of pyridines carrying groups that can 
interact mesomerically as well as inductively vary in more complex ways, for example 2 - methoxypyridine 
(3.3) is a weaker, but 4 - methoxypyridine (6.6) a stronger base than pyridine; the effect of inductive with-
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drawal of electrons by the electronegative oxygen is felt more strongly when it is closer to the nitrogen, 
i.e. at C - 2. 

 Large  α  - substituents impede solvation of the protonated form: 2,6 - di -  t  - butylpyridine is less basic than 
pyridine by one p K  aH  unit and 2,6 - bis(tri -  iso  - propylsilyl)pyridine will not dissolve even in 6M hydrochloric 
acid.  2    

  8.1.1.2   Nitration at Nitrogen  (see also  8.1.2.2 )  

 This occurs readily by reaction of pyridines with nitronium salts, such as nitronium tetrafl uoroborate.  3   Protic 
nitrating agents such as nitric acid of course lead exclusively to  N  - protonation. 

 1 - Nitro - 2,6 - dimethylpyridinium tetrafl uoroborate is one of several  N  - nitro - pyridinium salts that can be 
used as non - acidic nitrating agents with good substrate and positional selectivity. The 2,6 - disubstitution 
serves to sterically inhibit resonance overlap between nitro group and ring and consequently increase reac-
tivity as a nitronium ion donor, however the balance between this advantageous effect and hindering 
approach of the aromatic substrate is illustrated by the lack of transfer nitration reactivity in 
2,6 - dihalo - analogues.  4           

  8.1.1.3   Amination of Nitrogen 

 The introduction of nitrogen at a different oxidation level can be achieved with hydroxylamine  O  - sulfonic 
acid  5   or using [ N  -  para  - tolylsulfonylimino]phenyliodinane with copper(II) trifl ate;  6   the attacking species is 
a nitrene.         

  8.1.1.4   Oxidation of Nitrogen 

 In common with other tertiary amines, pyridines react smoothly with percarboxylic acids to give  N  - oxides, 
which have their own rich chemistry ( 8.13 ). There are many other ways to  N  - oxidise pyridines: oxygen 
with ruthenium trichloride as catalyst is one example;  7   hydrogen - peroxide – urea with trifl uoroacetic anhy-
dride  N  - oxidises pyridines carrying electron - withdrawing groups.  8   Similarly, there are many ways to 
deoxygenate pyridine  N  - oxides: samarium iodide, chromous chloride, stannous chloride with low - valent 
titanium, ammonium formate with palladium and catalytic hydrogenation all do the job at room tempera-
ture,  9   molybdenum hexacarbonyl in hot ethanol is another alternative.  10   The most frequently used methods 
have involved oxygen transfer to trivalent phosphorus  11   or divalent sulfur.  12   Ammonium formate with a 
palladium - on - carbon catalyst removes the oxygen  and  reduces the ring, smoothly giving piperidines.  13           
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 When pyridine is treated with thionyl chloride, a synthetically useful dichloride salt is formed, which 
can, for example, be transformed into pyridine - 4 - sulfonic acid. The reaction is believed to involve initial 
attack by sulfur at nitrogen, followed by nucleophilic addition of a second pyridine at C - 4 (cf.  8.12.2 ).  15           

  8.1.1.6   Halogenation at Nitrogen 

 Pyridines react easily with halogens and inter - halogens  16   to give crystalline compounds, largely undissoci-
ated when dissolved in solvents such as carbon tetrachloride. Structurally they are best formulated as reso-
nance hybrids related to trihalide anions. 1 - Fluoropyridinium trifl ate is also crystalline and serves as an 
electrophilic fl uorinating agent ( 31.1 ).  17          

 These salts must be distinguished from pyridinium tribromide, obtained by treating pyridine hydrobro-
mide with bromine, which does not contain an  N  - halogen bond, but does have a trihalide anion. The stable, 
crystalline, commercially available salt can be used as a source of molecular bromine, especially where 
small accurately known quantities are required.         

  8.1.1.5   Sulfonation at Nitrogen 

 Pyridine reacts  14   with sulfur trioxide to give the crystalline, zwitterionic pyridinium - 1 - sulfonate, usually 
known as the pyridine sulfur trioxide complex. This compound is hydrolysed in hot water to sulfuric acid 
and pyridine (for its reaction with hydroxide see  8.12.3 ), but more usefully it can serve as a mild sulfonat-
ing agent (for examples see  16.1.1.3    and  18.1.1.3   ) and as an activating agent for dimethylsulfoxide in 
Moffat oxidations.        
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  8.1.1.7   Acylation at Nitrogen 

 Carboxylic, and arylsulfonic acid halides react rapidly with pyridines generating 1 - acyl -  and 1 - arylsulfonyl -
 pyridinium salts in solution, and in suitable cases some of these can even be isolated as crystalline, 
non - hygroscopic solids.  18   Solutions of these salts, generally in excess pyridine, are commonly used 
for the preparation of esters and sulfonates from alcohols, and of amides and sulfonamides from amines. 
4 - Dimethylaminopyridine  19   (DMAP) is widely used (in catalytic quantities) to activate anhydrides in a 
similar manner. The salt derived from DMAP and  t  - butyl chloroformate is stable even in aqueous solution 
at room temperature.  20   The more stable these salts are, the higher their catalytic activity in acylation 
reactions.  21           

  8.1.1.8   Alkylation at Nitrogen 

 Alkyl halides and sulfates react readily with pyridines at room temperature, giving quaternary  N  -
 substituted pyridinium salts. As with aliphatic tertiary amines, increasing substitution around the nitrogen, 
or around the halogen - bearing carbon, causes an increase in the alternative, competing, elimination process, 
which gives alkene and  N  - proto - pyridinium salt, thus 2,4,6 - trimethylpyridine (collidine) is used as a base 
in dehydrohalogenation reactions. A process which is useful when an alcohol, but not the halide, is avail-
able is to use the protonic borofl uoride of the pyridine (this also works with imidazoles) and react this with 
the alcohol in a Mitsunobu reaction.  22     

  8.1.2   Substitution at Carbon 

 In most cases, electrophilic substitution of pyridines occurs very much less readily than for the correspond-
ingly substituted benzene. The main reason is that the electrophilic reagent, or a proton in the reaction 
medium, adds fi rst to the pyridine nitrogen, generating a pyridinium cation, which is naturally very resistant 
to attack by an electrophile. When it does occur, electrophilic substitution at carbon must involve  either  
highly unfavoured attack on a pyridinium cation  or  a relatively easier attack, but on a very low equilibrium 
concentration of uncharged free pyridine base. 

 Some of the typical benzene electrophilic substitution reactions do not occur at all: Friedel – Crafts alkyla-
tion and acylation fail because pyridines form complexes with the Lewis - acid catalyst required, involving 
donation of the nitrogen lone pair to the metal centre. Milder electrophilic species, such as Mannich cations, 
diazonium ions or nitrous acid, which in any case require activated benzenes for success, naturally fail with 
pyridines. 

 Electrophilic  C  - substitution in pyridines carrying strongly activating substituents (nitrogen and oxygen) 
is discussed in Sections  8.9.3.1  and  8.9.2.1 . 

  8.1.2.1   Proton Exchange 

 H – D exchange  via  an electrophilic substitution process, such as will operate for benzene, does not take 
place with pyridine. A special mechanism allows selective exchange at the two  α  - positions in DCl – D 2 O, 
or even in water at 200  ° C, the key species being an ylide formed by 2/6 - deprotonation of the 1 H  - pyridinium 
cation (see also  8.11 ).  23   Effi cient exchange at all positions can be achieved at 110  ° C in D 2 O in the pres-
ence of hydrogen and palladium - on - carbon (a method which also works for other heterocycles, including 
indoles).  24    
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  8.1.2.2   Nitration 

 Pyridine itself can be converted into 3 - nitropyridine only ineffi ciently by direct nitration, even with 
extremely vigorous conditions,  25   however a couple of ring methyl groups facilitate electrophilic substitution 
suffi ciently to allow nitration;  26   both collidine (2,4,6 - trimethylpyridine) and its  N  - methyl quaternary salt 
are nitrated at similar rates under the same conditions, showing that the former reacts  via  its  N  - protonic 
salt.  27   Steric or/and inductive inhibition of  N  - nitration allows  C  - 3 - substitution using nitronium tetrafl uo-
roborate; an example is the nitration of 2,6 - dichloropyridine  4   or of 2,6 - difl uoropyridine using tetramethyl-
ammonium nitrate with trifl uoromethansulfonic anhydride.  28          

 3 - Nitropyridine itself, and substituted derivatives,  can , however, be prepared effi ciently from  N  -
 nitropyridinium salts. Initial reaction with dinitrogen pentoxide at nitrogen is followed by sulfur 
dioxide, when this is used as solvent or co - solvent, or hydrogensulfi te, addition at C - 2 forming a 1,2 - 
dihydropyridine. Transfer of the nitro group to a  β  - position,  via  a [1,5] - sigmatropic migration, is then 
followed by elimination of the nucleophile, regenerating the aromatic system.  29          

 The same effect can be achieved more conveniently using a mixture of nitric acid and trifl uoro-
acetic anhydride (NO 2 OCOCF 3  adds   NO2

+ to the nitrogen) then the addition of sodium metabisulfi te.  30   
Incidentally, if cyanide is added instead of metabisulfi te, elimination of nitrous acid produces 
2 - cyanopyridines.  31           

  8.1.2.3   Sulfonation 

 Pyridine is very resistant to sulfonation using concentrated sulfuric acid or oleum, only very low yields 
of the 3 - sulfonic acid being produced after prolonged reaction periods at 320  ° C. However, addition 
of mercuric sulfate in catalytic quantities allows smooth sulfonation at a somewhat lower temperature. 
The role of the catalyst is not established; one possibility is that  C  - mercuration is the fi rst step 
(cf.  8.1.2.5 ).  32          
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 The  C  - sulfonation of 2,6 - di -  t  - butylpyridine with sulfur trioxide  33   is a good guide to the intrinsic reactivity 
of a pyridine ring, for in this situation the bulky alkyl groups effectively prevent addition of sulfur trioxide 
to the ring nitrogen, allowing progress to a  ‘ normal ’  electrophilic  C  - substitution intermediate, at about the 
same rate as for sulfonation of nitrobenzene. A maximum conversion of 50% is all that is achieved, because 
for every  C  - substitution a proton is produced, which deactivates a molecule of starting material by 
 N  - protonation.         

  8.1.2.4   Halogenation 

 3 - Bromopyridine is produced in good yield by the action of bromine in oleum.  34   The process is thought to 
involve pyridinium - 1 - sulfonate as the reactive species, since no bromination occurs in 95% sulfuric acid. 
3 - Chloropyridine can be produced by chlorination at 200  ° C, or at 100  ° C in the presence of aluminium 
chloride.  35          

 2 - Bromo -  and 2 - chloro - pyridines can be made effi ciently by reaction of pyridine with the halogen, at 
0 – 5  ° C in the presence of palladium(II) chloride.  36    

  8.1.2.5   Acetoxymercuration 

 The salt formed by the interaction of pyridine with mercuric acetate at room temperature can be rearranged 
to 3 - acetoxymercuripyridine by heating to only 180  ° C.  37   This process, where again there is  C  - attack by a 
relatively weakly electrophilic reagent, like that described for mercuric - sulfate - catalysed sulfonation, may 
involve attack on an equilibrium concentration of free pyridine.           

  8.2   Reactions with Oxidising Agents 
 The pyridine ring is generally resistant to oxidising agents, vigorous conditions being required for its 
breakdown, thus pyridine itself is oxidised by neutral aqueous potassium permanganate at about the same 
rate as benzene (sealed tube, 100  ° C), to give carbon dioxide. In acidic solution, pyridine is more resistant, 
but in alkaline media more rapidly oxidised, than benzene.        
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 In most situations, carbon substituents can be oxidised with survival of the ring, thus alkyl - pyridines can 
be converted into pyridine carboxylic acids with a variety of reagents.  38   Some selectivity can be achieved: 
only  α  -  and  γ  - groups are attacked by selenium dioxide; the oxidation can be halted at the aldehyde oxida-
tion level.  39    

  8.3   Reactions with Nucleophilic Reagents 
 Just as electrophilic substitution is the characteristic reaction of benzene and electron - rich heteroaromatic 
compounds (pyrrole, furan etc.), so substitution reactions with nucleophiles can be looked on as character-
istic of pyridines. 

 Nucleophilic substitution of hydrogen differs in an important way from electrophilic substitution: 
whereas the last step in electrophilic substitution is loss of proton, an easy process, the last step in 
nucleophilic substitution of hydrogen has to be a hydride transfer, which is less straightforward and gener-
ally needs the presence of an oxidising agent as hydride acceptor. Nucleophilic substitution of an atom or 
group at an  α  -  or  γ  - position, that is a good leaving group, is, however, usually an easy and straightforward 
process. 

  8.3.1   Nucleophilic Substitution with  ‘ Hydride ’  Transfer   40    

  8.3.1.1   Alkylation and Arylation 

 Reaction with alkyl -  or aryl - lithiums proceeds in two discrete steps: addition to give a dihydro - pyridine 
 N  - lithio - salt which can then be converted into the substituted aromatic pyridine by oxidation (e.g. by air), 
disproportionation or elimination of lithium hydride.  41   The  N  - lithio - salts can be observed spectroscopically 
and in some cases isolated as solids.  42   Attack is nearly always at an  α  - position; reaction with 3 - substituted -
 pyridines usually takes place at both available  α  - positions, but predominantly at C - 2;  43   this regioselectivity 
may be associated with relief of strain when C - 2 rehybridises to sp 3  during addition.               

 It is possible to trap the 2 - substituted lithium derivatives produced by organometallic addition with 
electrophiles: for example the use of di -  t  - butyl azodicarboxylate leads, after a simple aerial oxidative re -
 aromatisation, to 2,5 - disubstituted pyridines.  44          
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 From the preparative viewpoint, nucleophilic alkylations can be  greatly  facilitated by the device of prior 
quaternisation of the pyridine in such a way that the  N  - substituent can be subsequently removed  –  these 
processes are dealt with in  8.12.2 .  

  8.3.1.2   Amination 

 Amination of pyridines and related heterocycles, generally at a position  α  to the nitrogen, is called 
the Chichibabin reaction,  45   the pyridine reacting with sodamide with the evolution of hydrogen. The 
 ‘ hydride ’  transfer and production of hydrogen probably involve interaction of amino - pyridine product, 
acting as an acid, with the anionic intermediate. The preference for  α  - substitution may be associated with 
an intramolecular delivery of the nucleophile, perhaps guided by complexation of ring nitrogen with metal 
cation.        

 More vigorous conditions are required for the amination of 2 -  or 4 - alkyl - pyridines, since proton abstrac-
tion from the side - chain (cf.  8.10 ) by the amide occurs fi rst, and ring attack must therefore involve a 
dianionic intermediate.  46   Amination of 3 - alkyl - pyridines is regioselective for the 2 - position.  47   

 Vicarious nucleophilic substitution ( 3.3.3 ) permits the introduction of amino groups  para  (or  ortho  if 
 para  blocked) to nitro groups by reaction with methoxyamine  48   or 1 - amino - 1,2,4 - triazole.  49   In contrast, 
VNS substitution of 3 - nitropyridine with benzyl chloroacetate proceeds at C - 4.  50           

  8.3.1.3   Silylation 

 In an exceptionally effi cient process, pyridine is converted into 4 - trimethylsilylpyridine on reaction with 
trimethylsiliconide anion. This process probably proceeds  via  a 1,4 - dihydro - adduct (which can be trapped 
as its  N  - CO 2 Et derivative by addition of ethyl chloroformate), the fully aromatic product arising  via  hydride 
shift to silicon.  51           

  8.3.1.4   Hydroxylation 

 Hydroxide ion, being a much weaker nucleophile than amide, attacks pyridine only at very high 
temperatures to produce a low yield of 2 - pyridone,  52   which can be usefully contrasted with the much 
more effi cient reaction of hydroxide with quinoline and isoquinoline ( 9.3.1.3 ) and with pyridinium salts 
( 8.12.3 ).   
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  8.3.2   Nucleophilic Substitution with Displacement of Good Leaving Groups 

 Halogen, and also, though with fewer examples, nitro,  53   alkoxysulfonyloxy  54   and methoxy  55   substituents at 
 α  -  or  γ  - positions, but not at  β  - positions, are relatively easily displaced by a wide range of nucleophiles  via  
an addition – elimination mechanism facilitated by: (i) electron withdrawal by the substituent and (ii) the 
good leaving ability of the substituent.  γ  - Halo - pyridines are more reactive than the  α  - isomers;  β  - 
halo - pyridines are  very  much less reactive, being much closer to, but still somewhat more reactive than 
halo - benzenes, but even 3 - halogen can be displaced with heteroatom nucleophiles under microwave 
irradiation.  56          

 Fluorides are more reactive than the other halides,  57   (cf.  3.3.2   ) for example 2 - fl uoropyridine can be 
converted into 2 - dialkylamino - pyridines using lithium amides at room temperature.  58   This could be com-
pared with the 130  ° C required to displace  α  - bromine using the potassium salt of pyrazole.  59   Displacement 
of nitro can be made the means for the synthesis of  α  -  and  γ  - fl uoro - pyridines.  53   Of the fi ve fl uorines in 
pentafl uoropyridine, the  γ  - fl uorine is displaced most rapidly.  60                        

 Replacements of halide by reaction with ammonia can be achieved at considerably lower temperatures 
than those illustrated, under 6 – 8 kbar pressure.  61   

 The sulfonic acid substituent in 5 - nitropyridine - 2 - sulfonic acid  62   can be displaced by alcohols, amines 
or chloride.  63          

 In some displacements, an alternative mechanism operates. For example the reaction of either 3 -  or 
4 - bromopyridine with secondary amines in the presence of sodamide/sodium  t  - butoxide, produces the same 
mixture of 3 -  and 4 - dialkylamino - pyridines; this proceeds  via  an elimination process (S N (EA)  –   S ubstitution 
 N ucleophilic  E limination  A ddition) and the intermediacy of 3,4 - didehydropyridine (3,4 - pyridyne).  64   That 
no 2 - aminated pyridine is produced shows a greater diffi culty in generating 2,3 - pyridyne; it can, however, 
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be formed by reaction of 3 - bromo - 2 - chloro - pyridines with  n  - butyllithium  65   or  via  the reaction of 3 - 
trimethylsilyl - 2 - trifl uoromethanesulfonyloxypyridine with fl uoride.  66   Signifi cantly, a 4 - aryloxy or 4 - 
phenylthio - substituent stabilises a 2,3 - pyridyne.  67          

 It is possible to replace  α  - chlorine with bromine or iodine by reaction with the halotrimethylsilane; no 
doubt this involves an intermediate pyridinium salt, as shown (see also  8.12.2 ).  68          

 Carbon nucleophiles can also be used: deprotonated nitriles will displace a halogen;   69,70   electron - rich 
aromatic compounds will displace  α  - halogen  ortho  or  para  to nitro or cyano, using aluminium chloride 
catalysis.  71                   

  8.4   Metallation and Reactions of  C  - Metallated - Pyridines 
  8.4.1   Direct Ring  C  –  H  Metallation   72    

 When pyridine is heated to 165  ° C in MeONa – MeOD, H – D exchange occurs at all positions  via  small 
concentrations of deprotonated species, at the relative rates  α    :    β    :    γ , 1   :   9.3   :   12.  73   Some pyridines have been 
selectively lithiated at C - 2  via  complexes with hexafl uoroacetone  74   or boron trifl uoride;  75   complexation 
removes the lone pair and additionally provides inductive (and in the former case also chelation) effects 
to assist the regioselective  α  - metallation. The selective 2 - lithiation of pyridine  N  - oxides can also be 
achieved in favourable circumstances: one instructive example is the regioselective 6 - lithiation of 2 - 
pivaloylaminopyridine  N  - oxide, i.e. adjacent to the  N  - oxide group, and not at C - 3,  ortho  to the directing 
2 - substitutent. The regioselective C - 2 - lithiation of 3,4 - dimethoxypyridine  N  - oxide also shows the infl uence 
of the  N  - oxide functionality.  76   

 Regioselective metallation at an  α  - position of a pyridine can be achieved with the mixed base produced 
from two mole equivalents of  n  - butyllithium with one of dimethylaminoethanol i.e. it is a 1   :   1 mixture of 
 n  - BuLi and Me 2 N(CH 2 ) 2 OLi (BuLi - LiDMAE).  77   The regioselectivity is ascribed to intramolecular delivery 
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of the butyllithium, as shown. With this complex base, the regioselectivity is maintained despite the pres-
ence of other groups which, with bases such as LDA, would direct an  ortho  - lithiation process: 2 - chloro, 
2 - methoxy - , 2 - methylthio -  and 2 - dimethylamino - pyridines all lithiate effi ciently at C - 6; 3 - chloro -  and 
3 - methoxypyridines are lithiated at C - 2; 4 - chloro - , 4 - dimethylamino -  and 4 - methoxypyridines, again lithi-
ate at an  α  - carbon;  78   2 - , 3 -  or 4 - phenylpyridines are metallated only at an  α  position;  79   it is even possible 
to lithiate 4 - picoline at C - 2,  80   despite potential loss of a side - chain proton (cf.  8.10 ). An extrapolation of 
this idea is the use of Me 3 SiCH 2 Li - LiDMAE, which is less nuclophilic and so is a lesser problem with 
respect to a subsequently added electrophile.  81          

 A nice example of the use of  α  - lithiated pyridines is their nucleophilic addition to azines, oxidation 
during work - up then producing bihetaryls.  82          

 There are many example of direct lithiation with the assistance of  ortho  - directing groups. Halo - , parti-
cularly chloro - , or better, fl uoro - pyridines, but even bromo - pyridines undergo lithiation  ortho  to the 
halogen, using lithium di -  iso  - propylamide. 3 - Halopyridines react mainly at C - 4, and 2 -  and 4 - halo - 
pyridines necessarily lithiate at a  β  - position. In the lithiation of methoxy - pyridines, using mesityllithium 
the 3 - isomer metallates at C - 2,  83   whereas 3 - methoxymethoxypyridine,  84   3 - di -  iso  - propylaminocarbonyl -   85   
3 - tetrahydropyranyloxy -   86   and 3 -  t  - butylcarbonylamino -   87    - pyridines all lithiate at C - 4. Each of the three 
pyridine carboxylic acids undergoes  ortho  - lithiation, without protection, using lithium tetramethylpiperi-
dide,  88   which can also be used for the three isomeric cyanopyridines, trapped to give the corresponding 
boronic acids.  89   Metallation using lithium magnesates (Bu 3 MgLi) can be conducted at a somewhat higher 
temperature,  − 10  ° C.  90          

 Lithiation of 2 -  and 4 -  t  - butoxycarbonylaminopyridines can only take place at C - 3; a neat sequence 
involving, fi rst, ring lithiation to allow introduction of a methyl group and, second, side - chain methyl 
lithiation ( 8.10 ), provides one route to azaindoles ( 20.16 ), as illustrated below for the synthesis of 5 - 
azaindole (pyrrolo[3,2 -  c ]pyridine).  91          
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 An electrophile that can be used to introduce an aminomethyl unit is a formimine generated  in situ  from 
 N  - (cyanomethyl) -  para  - methoxybenzylamine; subsequent ring - closure can produce pyrrolopyridinones.  92          

 Lithiated pyridines can be converted into boronic acids, or esters, one example being shown below.  93          

 The use of halogen to direct lithiation  94   can be combined with the ability to subsequently displace the 
halogen with a nucleophile.  95          

 Two directing groups, 1,3 - related, cause lithiation to occur between the two groups.  96   A nice example 
in which two directing groups do not direct to the same carbon is that of 2,5 - dimethoxypyridine: lithiation 
takes place 11   :   3 at C - 4  versus  C - 3, by changing the protecting group on the 5 - oxygen to methoxymethyl, 
exclusive 4 - lithiation is achieved and on changing to tri -  iso  - propylsilyl, exclusive 3 - lithation results.  97          

 Bromine and iodine also direct lithiations, but isomerisation  –   ‘ halogen dance ’  (see discussion in  17.4.2 ) 
 –  can be a problem, however advantage can be taken of the isomerisation (to the more stable lithio -
 derivative) in suitable cases. In the example below, the more stable lithio compound is that in which the 
formally negatively charged ring carbon is located between two halogen - bearing carbon atoms.  98           



Pyridines: Reactions and Synthesis 137

  8.4.2   Metal – Halogen Exchange 

 Lithium derivatives are easily prepared by standard procedures and behave as typical organometallic 
nucleophiles, thus, for example, 3 - bromopyridine undergoes effi cient exchange with  n  - butyllithium in ether 
at  − 78  ° C. With the more basic tetrahydrofuran as solvent, and at this temperature, the alkyllithium becomes 
more nucleophilic and only addition to the ring occurs, although the exchange  can  be carried out in tetra-
hydrofuran at lower temperatures.  99          

 Lithio - pyridines can also be prepared from bromo - pyridines at 0  ° C  via  exchange using trimeth-
ylsilylmethyllithium (TMSCH 2 Li) and lithium dimethylaminoethoxide (LiDMAE) in toluene (2,5 - 
dibromopyridine  100   and 2,3 - dibromopyridine  101   react selectively at C - 2) and from  chloro -  pyridines,  via  
naphthalene - catalysed reductive metallation.  102   Metal – halogen exchange with 2,5 - dibromopyridine can also 
lead effi ciently to 2 - bromo - 5 - lithiopyridine;  103   the example below illustrates its trapping with the  ‘ Weinreb 
amide ’  of formic acid as a formyl - transfer reagent,  104   however the regioselectivity can be reversed by reac-
tion in toluene.  105   Monolithiation of 2,6 - dibromopyridine is best achieved by  ‘ inverse addition ’   –  dibromide 
to  n  - butyllithium, or by using dichloromethane as solvent.  106   Reaction in toluene is also favourable for 
exchange at a  β  - position and 3 - bromopyridine can be converted into the 3 - boronic acid in toluene;  107   3 -  and 
4 - stannanes can be made from the bromides using ether as solvent.  108                 

 The combination of metal – halogen exchange with the presence of a directing substituent can lead to 
regioselective metallation.  109          
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 Pyridyl Grignard reagents are readily prepared by exchange of bromine or iodine using  iso  - propyl Gri-
gnard reagents.  110   In 2,5 - dibromopyridine, the exchange is selective at C - 5; other dibromo - pyridines, 
including 2,6 - dibromopyridine, also give clean mono - exchange.  111   Formation of pyridyl Grignard species 
in this way will even tolerate functional groups such as esters and nitriles, provided the temperature is 
kept low.        

 The regioselectivity noted above for 2,5 - dibromopyridine in both lithiations and Grignard formation, can 
be contrasted with the regioselectivity observed with 5 - bromo - 2 - iodopyridine with  iso  - propylmagnesium 
chloride, where the greater reactivity of iodine overcomes the tendency for  β  -  over  α  - exchange.  112   The use 
of  iso  - PrMgCl.LiCl gives very fast exchange with bromopyridines,  113   and pyridine Grignard reagents can 
also be obtained using  ‘ active magnesium ’ .  114     

  8.5   Reactions with Radicals; Reactions of Pyridyl Radicals 
  8.5.1   Halogenation 

 At temperatures where bromine (500  ° C) and chlorine (270  ° C) are appreciably dissociated into atoms, 
2 -  and 2,6 - dihalo - pyridines are obtained  via  radical substitution.  115    

  8.5.2   Carbon Radicals   116    

 This same preference for  α  - attack is demonstrated by phenyl - radical attack, but the exact proportions of 
products depend on the method of generation of the radicals.  117   Greater selectivity for phenylation at the 
2 -  and 4 - positions is found in pyridinium salts.  118   Aryl radicals will add intramolecularly, to a neutral pyri-
dine, at any of the pyridine ring positions.  119   

 Of more preparative value are the reactions of nucleophilic radicals, such as HOCH 2  •  and R 2 NCO • , 
which can be easily generated under mild conditions, for example HOCH 2  •  from ethylene glycol by per-
sulfate oxidation with silver nitrate as catalyst.  120   These substitutions are carried out on the pyridine protonic 
salt, which provides both increased reactivity and selectivity for an  α  - position; the process is known as the 
Minisci reaction (cf.  3.4.1   ).  121   It is accelerated by electron - withdrawing substituents on the ring.         

  8.5.3   Dimerisation 

 Both sodium and nickel bring about  ‘ oxidative ’  dimerisations,  122   despite the apparently reducing conditions, 
the former giving 4,4 ′  - bipyridine and the latter 2,2 ′  - bipyridine.  123   Each reaction is considered to involve 
the same anion - radical resulting from transfer of an electron from metal to heterocycle, and the species has 
been observed by ESR spectroscopy, when generated by single electron transfer (SET) from lithium diiso-
propylamide.  124   In the case of nickel, the 2,2 ′  - mode of dimerisation may be favoured by chelation to the 
metal surface. Bipyridyls are important for the preparation of Paraquat - type weedkillers.        
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 Intermediate, reduced dimers can be trapped under milder conditions,  125   and reduced monomers when 
the pyridine carries a 4 - substituent.  126           

  8.5.4   Pyridinyl Radicals 

 Irradiation of iodopyridines generates pyridinyl radicals, which will effect radical substitution of 
aromatic compounds.  127   Pyridinyl radicals can be generated from halo - pyridines, using tin hydrides, and 
participate in typical radical cyclisation reactions.  128,129   Each of the three bromo - pyridines is converted, by 
tris(trimethylsilyl)silane and azobis(isobutyronitrile), into a radical which substitutes benzene.  130     

  8.6   Reactions with Reducing Agents 
 Pyridines are much more easily reduced than benzenes, for example catalytic reduction proceeds easily at 
atmospheric temperature and pressure, usually in weakly acidic solution, but also in dilute alkali over 
nickel.  131   Reduction in neutral solution is accelerated by microwave heating.  132   

 Of the hydride reagents, sodium borohydride is without effect on pyridines, though it does reduce pyri-
dinium salts ( 8.12.1 ), lithium aluminium hydride effects the addition of one hydride equivalent to pyri-
dine,  133   but lithium triethylborohydride reduces it to piperidine effi ciently.  134          

 The combination lithium/chlorotrimethylsilane produces a 1,4 - dihydro doubly silylated product, the 
enamine character in which can be utilised for the introduction of 3 - alkyl groups  via  reaction with 
aldehydes.  135   

 Metal/acid combinations, which in other contexts do bring about reduction of iminium groups, are 
without effect on pyridines. Samarium(II) iodide in the presence of water smoothly reduces pyridine to 
piperidine.  136   Sodium in liquid ammonia, in the presence of ethanol, affords the 1,4 - dihydropyridine  137   
and 4 - pyridones are reduced to 2,3 - dihydro derivatives.  138   Birch reduction of pyridines carrying esters, 
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followed by trapping with alkyl halides, produces dihydro - pyridines, and methyl 4 - methoxypicolinate 
quaternary salts are comparably reduced and trapped giving 1,2 - dihydro - derivatives, which can be smoothly 
hydrolysed to enones.  139           

  8.7   Electrocyclic Reactions (Ground State) 
 There are no reports of thermal electrocyclic reactions involving simple pyridines. 2 - Pyridones, however, 
participate as 4 π  components in Diels – Alder additions, especially under high pressure.  140          

  N  - Tosyl - 2 - pyridones with a 3 - alkoxy or 3 - arylthio substituent, undergo cycloaddition with electron -
 defi cient alkenes under milder conditions, as illustrated below,  141   and the cycloaddition of the corresponding 
3 - hydroxypyridone is promoted by  O  - deprotonation.  142          

 The quaternary salts of 3 - hydroxy - pyridines are converted by mild base into zwitterionic, organic - 
solvent - soluble species, for which no neutral resonance form can be drawn. These pyridinium - 3 - olates 
undergo a number of dipolar cycloaddition reactions, especially across the 2,6 - positions.  143           

  8.8   Photochemical Reactions        
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 Ultraviolet irradiation of pyridines can produce highly strained species that can lead to isomerised pyri-
dines or can be trapped. The three picolines and the three cyano - substituted pyridines constitute  ‘ photo-
chemical triads ’ : irradiation of any isomer, in the vapour phase at 254 nm, results in the formation of all 
three isomers.  144   From pyridines  145   and from 2 - pyridones  146   2 - azabicyclo[2.2.0] - hexadienes and  - hexenones 
can be obtained; in the case of pyridines these are usually unstable and revert thermally to the aromatic 
heterocycle. Pyridone - derived bicycles are relatively stable, 4 - alkoxy -  and  - acyloxy - pyridones are con-
verted in particularly good yields. Irradiation of  N  - methyl - 2 - pyridone in aqueous solution produces a 
mixture of regio -  and stereoisomeric 4 π  plus 4 π  photo - dimers.  147          

 Photocatalysed 2 π  plus 2 π  cycloadditions between a pair of tethered 4 - pyridones  148   can generate spec-
tacularly complex rings systems easily, as shown.        

 The photoreactions of pyridinium salts in water give 6 - azabicyclo[3.1.0]hex - 3 - en - 2 - ols or the corre-
sponding ethers, which can undergo regio -  and stereoselective ring - openings of the aziridine by attack of 
nucleophiles under acidic conditions. These products are useful starting materials for synthesis.  149          

 Photolysis of pyridine  N  - oxides in alkaline solution induces ring opening to cyano - dienolates.  150           

  8.9   Oxy -  and Amino - Pyridines 
  8.9.1   Structure 

 The three oxy - pyridines are subject to tautomerism involving hydrogen interchange between oxygen and 
nitrogen, but with a signifi cant difference between  α  -  and  γ  -  on the one hand and  β  - isomers on the other. 

 Under all normal conditions,  α  -  and  γ  - isomers exist almost entirely in the carbonyl tautomeric form, and 
are accordingly known as  ‘ pyridones ’ ; the hydroxy - tautomers are detected in signifi cant amounts only in 
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very dilute solutions in non - polar solvents like petrol, or in the gas phase, where, for the  α  - isomer, 
2 - hydroxypyridine is actually the dominant tautomer by 2.5:1.  151   The polarised pyridone form is favoured 
by solvation.  152   3 - Hydroxypyridine exists in equilibrium with a corresponding zwitterionic tautomer, the 
exact ratio depending on solvent. 

 In this chapter we utilise the generally accepted terms  ‘ 2 - pyridone ’ ,  ‘ 4 - pyridone ’  rather than the strictly 
correct  ‘ 2(1 H ) - pyridinone ’ , etc.        

 All three amino - pyridines exist in the amino form; the  α  -  and  γ  - isomers are polarised in a sense opposite 
to that in the pyridones.         

  8.9.2   Reactions of Pyridones 

  8.9.2.1   Electrophilic Addition and Substitution 

 3 - Hydroxypyridine protonates on nitrogen, with a typical pyridine p K  aH  of 5.2; the pyridones are much less 
basic and, like amides, protonate on oxygen.  153   However, the reaction of 4 - pyridone with acid chlorides 
produces  N  - acyl derivatives. 1 - Acetyl - 4 - pyridone subsequently equilibrates in solution affording a mixture 
with 4 - acetoxypyridine.  154          

 Electrophilic substitution at carbon can be effected much more readily with the three oxy - pyridines than 
with pyridine itself, and it occurs  ortho  and  para  to the oxygen function, as indicated below. Acid catalysed 
exchange of 4 - pyridone in deuterium oxide, for example, gives 3,5 - dideuterio - 4 - pyridone,  via C  - 
protonation of the neutral pyridone.  155      

     Positions of electrophilic substitution of oxy - pyridines  
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 Substitutions usually proceed  via  attack on the neutral pyridone,  156   but in very strong acid, where there 
is almost complete  O -  protonation, 4 - pyridone undergoes a slower nitration,  via  attack on the salt, but with 
the same regioselectivity.  157          

 Electrophilic substitutions of 3 - hydroxypyridine take place at C - 2, for example nitration,  158   
Mannich substitution  159   and iodination.  160   Its phenol - like character is nicely illustrated by effi cient 2,4,6 -
 tribromination with  N  - bromosuccinimide.  161   2 - Methoxypyridine brominates at C - 5  162   and 4 - 
methoxypyridine at C - 3.  161                  

  8.9.2.2   Deprotonation and Reaction of Salts 

  N  - Unsubstituted pyridones are acidic, with p K  a  values of about 11 for  N  - deprotonation giving mesomeric 
anions. These ambident anions can be alkylated on either oxygen or nitrogen, producing alkoxy - pyridines 
or  N  - alkyl - pyridones, respectively, the relative proportions depending on the reaction conditions;  163    N  -
 alkylation is usually predominant for primary halides;  O  - alkylation for secondary halides.  164   The reagent 
combination sodium hydride with lithium bromide in dimethylformamide and dimethoxyethane gives 
mainly  N  - alkylation.  165   A clean method for the synthesis of  N  - alkylated 4 - pyridones is to convert the pyri-
done fi rst into the  O  - trimethylsilyl ether  166   which can then be reacted selectively at nitrogen, subsequent 
removal of the silicon giving the  N  - alkylpyridone.  138   Alternatively, 2 - alkoxy - pyridines, generated by alk-
oxide displacement on a 2 - halo - pyridine, can be isomerised: for example 2 - benzyloxypyridine is converted 
into 1 - benzyl - 2 - pyridone on heating with lithium iodide at 100  ° C.  167   2 - Pyridone is suffi ciently acidic to 
take part in Mitsunobu reactions with alcohols, though, again, mixtures of  O  -  and  N  - alkylation products 
result.  168           

  8.9.2.3   Replacement of Oxygen 

 The conversion of the carbonyl group in pyridones into a leaving group has a very important place in the 
chemistry of pyridones, the most frequently encountered examples involving reaction with phosphoryl 
chloride and/or phosphorus pentachloride leading to the chloro - pyridine,  via  an assumed dichlorophosphate 
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intermediate as indicated below. Conversion into bromo derivatives is possible with phosphorus oxybro-
mide but can be more conveniently achieved with  N  - bromosuccinimide and triphenylphosphine in refl uxing 
dioxane  169   or with phosphorus pentoxide with tetra -  n  - butylammonium bromide in hot toluene.  170   Similarly, 
treatment with phosphorus pentoxide and a secondary amine, or of 2 -  or 4 - trimethylsilyloxypyridines 
(prepared  in situ ) with secondary amines,  166   produces dialkylamino - pyridines. Pyridones are converted into 
trifl ates by reaction with trifl uoromethanesulfonic anhydride and a base;  171   these derivatives are of particular 
interest in the context of palladium(0) - catalysed cross - couplings (4.2).               

 The usual way to remove oxygen completely from a pyridone is by conversion, as described, into halogen 
followed by catalytic hydrogenolysis.  172   Alternatively, reaction of the pyridone salt with 5 - chloro - 1 - phen-
yltetrazole then hydrogenolysis of the resulting ether can be used.  173     

  8.9.3   Reactions of Amino - Pyridines 

  8.9.3.1   Electrophilic Addition and Substitution 

 The three amino - pyridines are all more basic than pyridine itself and form crystalline salts by protonation 
at the ring nitrogen. The  α  -  and  γ  - isomers are monobasic only, because charge delocalisation over both 
nitrogen atoms, in the manner of an amidinium cation, prevents the addition of a second proton. The effect 
of the delocalisation is strongest in 4 - aminopyridine (p K  aH  9.1) and much weaker in 2 - aminopyridine 
(p K  aH  7.2). Delocalisation is not possible for the  β  - isomer, which thus  can  form a di - cation in strong acid 
(p K  aH s 6.6 and  − 1.5).  174          

 Whereas alkylation of amino - pyridines, irreversible at room temperature, gives the product of kinetically 
controlled attack at the most nucleophilic nitrogen, the ring nitrogen,  175   acetylation gives the product of 
reaction at a side - chain amino group. The acetylamino - pyridine which is isolated probably results from 
 N  - deprotonation of an  N  - acyl - pyridinium salt followed by side - chain  N  - acylation, with loss of the ring  N  -
 acetyl during aqueous work - up, as suggested below.        
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 As in benzene chemistry, electron - releasing amino groups facilitate electrophilic substitution, so that, 
for example, 2 - aminopyridine undergoes 5 - bromination in acetic acid even at room temperature; this 
product can then be nitrated, at room temperature, forming 2 - amino - 5 - bromo - 3 - nitropyridine.  176   Bromina-
tion of all three amino - pyridines is best achieved with  N  - bromosuccinimide at room temperature, products 
being 2 - amino - 5 - bromo - , 3 - amino - 2 - bromo -  and 4 - amino - 3 - bromopyridines.  161   Similarly, chlorination of 
3 - amino - pyridines affords 3 - amino - 2 - chloro - pyridines.  177   Nitration of amino - pyridines in acid solution 
is also relatively easy, with selective attack of 2 -  and 4 - isomers at  β  - positions. A mechanistic study of 
dialkylamino - pyridines showed nitration to involve attack on the salts.  178          

 A limited number of examples of  C  - alkylations of aminopyridines have been reported. With 1 - 
hydroxymethylbenzotriazole ( 29.3 ) in the presence of acid, 2 - aminopyridine reacts at C - 5.  179   4 - 
Dimethylaminopyridine is trifl uoroacetylated at C - 3 with trifl uoroacetic anhydride; the example shows the 
subsequent intramolecular nucleophilic displacement of the dimethylamino group and thence formation of 
a pyrazolo[4,3 -  c ]pyridine.  180                  

  8.9.3.2   Reactions of the Amino Group 

  β  - Amino - pyridines give normal diazonium salts on reaction with nitrous acid, but with  α  -  and  γ  - isomers, 
unless precautions are taken, the corresponding pyridones are then produced  via  easy hydrolysis,  171,181   water 
addition at the diazonium - bearing carbon being rapid.  182   With care, however, this same susceptibility to 
nucleophilic displacement can be harnessed in effecting Sandmeyer - type reactions, without the use of 
copper, of diazonium salts from either 2 -  or 4 - aminopyridines.  181,183,184                    
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  8.10   Alkyl - Pyridines 
 The main feature of the reactivity of alkyl - pyridines is deprotonation of the alkyl group at the carbon 
adjacent to the ring.  185   Measurements of side - chain exchange in methanolic sodium methoxide, 4   :   2   :   3, 
1800   :   130   :   1,  186   and of p K  a  values in tetrahydrofuran  187   each have the  γ  - isomer more acidic than the  α  -
 isomer, both being much more acidic than the  β  - isomer, though the actual carbanion produced in competi-
tive situations can depend on both the counter ion and the solvent. Alkyllithiums selectively deprotonate 
an  α  - methyl whereas amide bases produce the more stable  γ  - anion.  188   The much greater ease of deproton-
ation  189   of the  α  -  and  γ  - isomers is related to mesomeric stabilisation of the anion involving the ring nitrogen, 
not available to the  β  - isomer, for which there is only inductive facilitation, but deprotonation can be effected 
at a  β  - methyl under suitable conditions;  190   the difference in acidity between 2 -  and 3 - methyl groups allows 
selective reaction at the former.  191      

 The  ‘ enaminate ’  anions produced by deprotonating  α  -  and  γ  - alkyl - pyridines can participate in a wide 
range of reactions,  192   being closely analogous to enolate anions; some examples are given below. Note 
that dimethyl - pyridines are often referred to as  ‘ lutidines ’   –  thus the example below is 2,4 - lutidine 
(2,4 - dimethylpyridine).                      

     Resonance stabilisation of  ‘ enaminate ’  anions formed by deprotonating the methyl groups 

of 4 -  and 2 - picolines  
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 An important aspect is the oxidation of side - chain methyl to hydroxymethyl or aldehyde oxidation levels. 
The former can be achieved by reaction of the lithiated species with molecular oxygen, then quenching 
with dimethyl sulfi de in acetic acid.  193   Conversion of methyl to the aldehyde oxidation level (see also  8.2 ) 
can be achieved by dibromination, then hydrolysis.  194          

 It is even possible to lithiate a methyl in the presence of a free amino group and this can be made the 
means to synthesise 6 - azaindoles (pyrrolo[2,3 -  c ]pyridines).  195          

 In the quaternary salts of alkyl - pyridines, the side - chain hydrogens are considerably more acidic and 
condensations can be brought about under quite mild conditions, the reactive species being a dienamine.  196   
Dienamides are the reacting nucleophiles in aldol - type condensations brought about with acetic anhydride 
or in side - chain trifl uoroacetylation of 2 - picoline.  197                 

 A further consequence of the stabilisation of carbanionic centres at pyridine  α  -  and  γ  - positions is the 
facility with which vinyl - pyridines,  198   and alkynyl - pyridines, add nucleophiles, in Michael - like processes 
(mercury - catalysed hydration of alkynyl - pyridines goes in the opposite sense  199  ).                
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  8.11   Pyridine Aldehydes, Ketones, Carboxylic Acids and Esters 
 These compounds all closely resemble the corresponding benzene compounds in their reactivity because 
the carbonyl group cannot interact mesomerically with the ring nitrogen. The pyridine 2 -  (picolinic), 3 -  
(nicotinic), and 4 -  (isonicotinic) acids exist almost entirely in their zwitterionic forms in aqueous solution; 
they are slightly stronger acids than benzoic acid. Decarboxylation of picolinic acids is relatively easy and 
results in the transient formation of the same type of ylide that is responsible for specifi c proton  α  - exchange 
of pyridine in acid solution (see  8.1.2.1 ).  200   This transient ylide can be trapped by aromatic or aliphatic 
aldehydes in a reaction known as the Hammick reaction.  201   As implied by this mechanism, quaternary salts 
of picolinic acids also undergo easy decarboxylation.  202   The Hammick reaction can also be carried out by 
heating a silyl ester of picolinic acid in the presence of a carbonyl electrophile.  203           

  8.12   Quaternary Pyridinium Salts 
 The main features of the reactivity of pyridinium salts are: (i) the greatly enhanced susceptibility to nucleo-
philic addition and displacement at the  α  -  and  γ  - positions, sometimes followed by ring opening  236   and 
(ii) the easy deprotonation of  α  -  and  γ  - alkyl groups (see also  8.10 ). 

  8.12.1   Reduction and Oxidation 

 The oxidation of pyridinium salts  204   to pyridones by alkaline ferricyanide is presumed to involve a very 
small concentration of hydroxide adduct. 3 - Substituted pyridinium ions are transformed into mixtures 
of 2 -  and 6 - pyridones; for example oxidation of 1,3 - dimethylpyridinium iodide gives a 9:1 ratio of 
1,3 - dimethyl - 2 -  and  - 6 - pyridones.        

 Catalytic reduction of pyridinium salts to piperidines is particularly easy in ethanol at room temperature 
and pressure; they are also susceptible to hydride addition by complex metal hydrides  205   or formate,  206   and 
lithium/ammonia reduction.  207   In the reduction with sodium borohydride in protic media, the main product 
is a tetrahydro derivative with the double bond at the allylic, 3,4 - position, formed by initial hydride addi-
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tion at C - 2, followed by enamine  β  - protonation and a second hydride addition. Some fully reduced material 
is always produced and its relative percentage increases with increasing  N  - substituent bulk, consistent with 
a competing sequence having initial attack at C - 4, generating a dienamine, which can then undergo two 
successive proton - then - hydride addition steps. When 3 - substituted pyridinium salts are reduced with 
sodium borohydride, 3 - substituted - 1,2,5,6 - tetrahydropyridines result.        

  N  - Alkoxy -  or  N  - aryloxycarbonyl - pyridiniums can be reductively trapped as dihydro derivatives by 
borohydride;  208   no further reduction occurs because the immediate product is an enamide and not an 
enamine and therefore does not protonate under the conditions of the reduction.  209   The 1,2 - dihydro - isomers, 
which can be produced essentially exclusively by reduction at  − 70  ° C in methanol, can serve as dienes in 
Diels – Alder reactions. Irradiation causes conversion into 2 - azabicyclo[2.2.0]hexenes; removal of the car-
bamate and  N  - alkylation gives derivatives that are synthons for unstable  N  - alkyl - dihydropyridines, and 
convertible into the latter thermally.  210          

 The easy specifi c reduction of 3 - acyl - pyridinium salts giving stable 3 - acyl - 1,4 - dihydropyridines using 
sodium dithionite (Na 2 S 2 O 4 ) is often quoted, because of its perceived relevance to nicotinamide coenzyme 
activity ( 32.2.1 ). The mechanism involves addition of oxygen at C - 4 as its fi rst step; the fi rst intermediate 
protonates on sulfur and the subsequent  C  - 4 - protonation may involve intramolecular hydrogen transfer 
from the sulfur, with sulfur dioxide loss.  211   1,4 - Dihydropyridines are normally air - sensitive, easily re -
 aromatised molecules; the stability of 3 - acyl - 1,4 - dihydropyridines is related to the conjugation between 
ring nitrogen and side - chain carbonyl group (see also Hantzsch synthesis,  8.14.1.2 ). However, even simple 
pyridinium salts, provided the  N  - substituent is larger than propyl, or for example benzyl, can be reduced 
to 1,4 - dihydropyridines with sodium dithionite.  212           
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  8.12.2   Organometallic and Other Nucleophilic Additions 

 Organometallic reagents add very readily to  N  - alkyl - ,  N  - aryl -  and, with important synthetic signifi cance, 
 N  - alkoxy -  or  N  - aryloxycarbonyl - pyridinium salts. In  N  - alkyl -  or  N  - aryl - pyridinium cations, addition is to 
an  α  - carbon; the resulting 2 - substituted - 1,2 - dihydropyridines are unstable, but can be handled and spec-
troscopically identifi ed, with care, and more importantly can be easily oxidised to a 2 - substituted pyridinium 
salt.  213          

 The great signifi cance of the later discovery, that exactly comparable additions to  N  - alkoxycarbonyl -  or 
 N  - aryloxycarbonyl - pyridinium cations, generated and reacted  in situ , is that the dihydro - pyridines that 
result are stable, and can be further manipulated. If re - aromatisation  214   is required, the  N  - substituent 
can be easily removed to give a substituted pyridine. It is worth noting the contrast to the use of  N  - acyl -
 pyridinium salts for reaction with alcohol, amine nucleophiles ( 8.1.1.7 ), when attack is at the carbonyl 
carbon; the use of an  N  - alkoxy/aryloxycarbonyl - pyridinium salt in the present context diverts attack to a 
ring carbon. 

 Generally, organometallic addition to  N  - alkoxycarbonyl -  or  N  - aryloxycarbonyl - pyridinium salts  192   takes 
place at either the 2 -  or 4 - positions,  215   however higher selectivity for the 4 - position can be achieved using 
copper reagents.  216   High selectivity for the 2 - position is found in the addition of phenyl,  217   alkenyl and 
alkynyl organometallics,  218   including ethoxycarbonylmethyl  219   and alkynyl  220   tin reagents.        

 The dihydropyridines produced by the methods described above are multifunctional and can be manipu-
lated, for example the enamide character in these products can be utilised by interaction with an electrophile 
(iodine in the example) which brings about intramolecular attack and formation of a lactone.  221          

 Silylation at nitrogen with  t  - butyldimethylsilyl trifl ate, generates pyridinium salts which, because of the 
size of the  N  - substitutent, react with Grignard reagents exclusively at C - 4.  222   Similarly, 4 - substituted  N  - tri -
  iso  - propylsilyl - pyridinium salts react with hindered dialkylmagnesiums at C - 4, providing a route through 
to 4,4 - dialkyl - piperidines, as shown.  223                 
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 4 - Substituents tend to direct attack to an  α  - carbon;  224,225   the use of a removable 4 - blocking group  –  
trimethyltin in the example below  –  can be made the means for the production of 2 - substituted 
isomers.  226          

 The use of chiral chloroformates, such as that derived from  trans  - 2 - ( α  - cumyl)cyclohexanol, allows 
diastereoselective additions to 4 - methoxypyridine. The introduction of a tri -  iso  - propylsilyl group at C - 3 
greatly enhances the diastereoselectivity. The products of these reactions are multifunctional chiral piperi-
dines which have found use in the asymmetric synthesis of natural products.  227          

 Some nucleophiles add to  N  - fl uoro - pyridinium salts to give dihydropyridines in which elimination of 
fl uoride occurs  in situ  to give the 2 - substituted pyridine.  228   However, the preparation of the pyridinium salts 
requires the use of elemental fl uorine ( 31.1 ) and also, some carbanions are subject to competitive reactions 
such as C - fl uorination. However, silyl enol ethers do react effi ciently; stabilised heteronucleophiles 
(phenolate, azide) can also be used, and isonitriles produce picolinamides.  229          
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 In a similar way, pyridine phosphonium salts and phosphonates can be prepared by reaction of trivalent 
phosphorus compounds with the more accessible  N  - trifl uoromethanesulfonyl - pyridinium salts, when tri-
fl uoromethanesulfone is the leaving group from nitrogen (as sulfi nate anion); attack is normally at C - 4, as 
illustrated below.  230   The  N  - trifl uoromethanesulfonyl - pyridinium salts also react with ketones  231   or with 
electron - rich aromatic compounds  232   to give 1,4 - dihydropyridine adducts. Subsequent treatment with potas-
sium  t  - butoxide brings about elimination of trifl uoromethanesulfi nic acid, and thus aromatisation. It is also 
possible to utilise phosphonates in reaction with aldehydes, leading fi nally to 4 - substituted pyridines.  233                  

  8.12.3   Nucleophilic Addition Followed by Ring Opening   234    

 There are many examples of pyridinium salts, particularly, but not exclusively, those with powerful elec-
tron - withdrawing  N  - substituents, adding a nucleophile at C - 2 and then undergoing a ring opening. The 
classic example is addition of hydroxide to the pyridine sulfur trioxide complex, which produces the sodium 
salt of glutaconaldehyde, as shown below.  235          

 Another intriguing example is a synthesis of azulene that utilises the bis(dimethylamine) derivative of 
glutaconaldehyde produced with loss of 2,4 - dinitroaniline from 1 - (2,4 - dinitrophenyl)pyridinium chloride 
(Zincke ’ s salt).  236,237          
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 The reaction of Zincke ’ s salt with primary amines, including  α  - amino acid esters, is a useful synthesis 
of variously  N  - substituted pyridinium salts; the nitrogen of the fi nal product is the nitrogen of the primary 
amine reactant.  238,239           

  8.12.4   Cyclisations Involving an  α  - Position or an  α  - Substituent 

 It is often possible to convert pyridinium salts into bicyclic, neutral products, with nitrogen at a ring 
junction, in which the ring closure involves an  α  - substituent or the electrophilic nature of the  α  - position 
 –  Sections  28.1.2  and  28.2.3  give examples.  

  8.12.5     N   - Dealkylation 

 The conversion of  N  - alkyl -  or  - aryl - pyridinium salts into the corresponding pyridine, i.e. the removal of 
the  N  - substitutent, is generally not an easy process; however triphenylphosphine  240   or simply heating the 
iodide salt  241   can work for metho - salts. 1 - Triphenylmethyl - 4 - dimethylaminopyridinium chloride  242   and 
1 - trialkylsilyl - pyridinium trifl ates  243   are isolable and relatively stable salts;  O  - tritylations and  O  - silylations 
involving transfer of trityl or trialkylsilyl from the positively charged nitrogen in such salts are usually 
carried out without isolation, using mixtures of 4 - dimethylaminopyridine (DMAP) with chlorotriphenyl-
methane or, for example, chloro -  t  - butyldimethylsilane.  244     

  8.13   Pyridine   N   - oxides   245    
 The reactions of pyridine  N  - oxides are of great interest,  246   differing signifi cantly from those of both neutral 
pyridines and pyridinium salts.        

 A striking difference between pyridines and their  N  - oxides is the susceptibility of the latter to electro-
philic nitration. This can be understood in terms of mesomeric release from the oxide oxygen, and is parallel 
to electron release by oxygen and hence increased reactivity towards electrophilic substitution in phenols 
and phenoxides. One can fi nd support for this rationalisation by a comparison of the dipole moments of 
trimethylamine and its  N  - oxide, on the one hand, and pyridine and its  N  - oxide, on the other: the difference 
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of 2.03 D for the latter pair is much smaller than the 4.37 D found for the former. The smaller difference 
signals signifi cant contributions from those canonical forms in which the oxygen is neutral and the ring 
negatively charged. Clearly, however, the situation is subtle, as those contributors carrying formal positive 
charges on  α  -  and  γ  - carbons suggest a polarisation in the opposite sense and thus an increased susceptibility 
to nucleophilic attack too, compared with the neutral pyridine, and this is indeed found to be the case. 
Summarising: the  N  - oxide function in pyridine  N  - oxides serves to facilitate, on demand, both electrophilic 
and nucleophilic addition to the  α  -  and  γ  - positions. 

         8.13.1   Electrophilic Addition and Substitution 

 Pyridine  N  - oxides protonate and are alkylated at oxygen; stable salts can be isolated in some cases.  247    O  -
 Alkylation with benzylic and allylic halides in the presence of silver oxide produces the corresponding 
aldehydes, the oxygen being derived from the  N  - oxide.  248                 

 Electrophilic nitration and bromination of pyridine  N  - oxides can be controlled to give 4 - substituted 
products  249   by way of attack on the free  N  - oxide.  250   Under conditions where the  N  - oxide is  O  - protonated, 
substitution follows the typical pyridine/pyridinium reactivity pattern thus, in fuming sulfuric acid, bromi-
nation shows  β  - regioselectivity.  251   Mercuration takes place at the  α  - position,  252   however mercuric - catalysed 
sulfonation produces the 3 - sulfonic acid.  253           
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  8.13.2   Nucleophilic Addition and Substitution 

 The  N  - oxide function enhances the rate of nucleophilic displacement of halogen from  α  -  and  γ  - positions. 
The relative rates 4    >    2    >    3 found for pyridines are echoed for the  N  - oxides (but signifi cantly are 2    >    4    >    3 
in pyridinium salts).  254   

 Grignard reagents add to pyridine  N  - oxide, forming adducts, which can be characterised from a low -
 temperature reaction, but which at room temperature undergo disrotatory ring opening, the isolated product 
being an acyclic, unsaturated oxime. Heating with acetic anhydride brings about re - aromatisation,  via  
electrocyclic ring closure rendered irreversible by the loss of acetic acid.  255   Comparable additions/ring 
openings are observed with 1 - alkoxy - pyridiniums.  256,257          

 The direct introduction of an acetylide moiety, using pyridine  N  - oxide (or quinoline, diazine and triazine 
 N  - oxides) can be achieved in a comparable way, by reaction with potassium phenylacetylide; reaction with 
the lithium salt requires addition of acetyl chloride at the end of the reaction to aromatise.  258   At low tem-
perature, and using  i  - PrMgCl, 2 - metallation of pyridine  N  - oxides can be achieved, and thus, the introduction 
of electrophiles at the 2 - position.  259           

  8.13.3   Addition of Nucleophiles then Loss of Oxide 

 A range of synthetically useful rearrangements convert pyridine  N  - oxides into variously substituted pyri-
dines in which an  α  - ( γ  - )position, or an  α  - substituent has been modifi ed. 

 Reaction with phosphorus oxychloride  260   or with acetic anhydride leads to the formation of 2 - chloro -  or 
2 - acetoxy - pyridines, respectively. Mechanistically, electrophilic addition to oxide is followed by nucleo-
philic addition to an  α  -  or  γ  - position, the process being completed by an elimination. Similarly, conversions 
of pyridine  N  - oxides into 2 - cyanopyridines depend on prior conversion of oxide into silyloxy or 
carbamate.  261          

 It is also possible to introduce a nitrogen function using these types of process:  O  - tosylation then  t  -
 butylamine as a synthon for ammonia leads to 2 - aminopyridines  262   and oxalyl chloride, together with a 
secondary amide, produces 2 - amino - pyridine amides.  263          
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 2 - Methyl - pyridine  N  - oxides react with hot acetic anhydride and produce 2 - acetoxymethyl - pyridines; 
trifl uoroacetic anhydride reacts at room temperature, with fewer by - products.  264   Repetition of the sequence 
affords 2 - aldehydes after hydrolysis.  265   The course  266   of the rearrangement would seem to be most simply 
explained by invoking an electrocyclic sequence, as shown below.        

 The following sequence illustrates several aspects of  N  - oxide chemistry, including easy nucleophilic 
substitution (of nitro) at a  γ  - position.  267            

  8.14   Synthesis of Pyridines 
  8.14.1   Ring Synthesis   268    

 There are very many ways of achieving the synthesis of a pyridine ring; in this section, the main general 
methods and some less general sequences are described and exemplifi ed. 

  8.14.1.1   From 1,5 - Dicarbonyl Compounds and Ammonia 

 Ammonia reacts with 1,5 - dicarbonyl compounds to give 1,4 - dihydropyridines, which are easily dehydro-
genated to pyridines. With unsaturated 1,5 - dicarbonyl compounds, or their equivalents (e.g. pyrylium ions), 
ammonia reacts to give pyridines directly.               
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 1,5 - Diketones are accessible  via  a number routes, for example by Michael addition of enolate to 
enone (or precursor Mannich base  269  ) or by ozonolysis of a cyclopentene precursor. They react with 
ammonia, with loss of two mole equivalents of water to produce cyclic bis - enamines, i.e. 1,4 - dihydro -
 pyridines, which are generally unstable, but can be easily and effi ciently dehydrogenated to the aromatic 
heterocycle.        

 The oxidative fi nal step can be neatly avoided by the use of hydroxylamine  270   instead of ammonia, when 
a fi nal 1,4 - loss of water produces the aromatic heterocycle. In an extension of this concept, the construction 
of a 1,5 - diketone equivalent by tandem Michael addition of an  N,N  - dimethylhydrazone anion to an enone, 
then acylation, has loss of dimethylamine from nitrogen as the fi nal aromatisation step.  271          

 The use of an unsaturated 1,5 - dicarbonyl compound will afford an aromatic pyridine directly; a 
number of methods are available for the assembly of the unsaturated diketone, including the use of 
pyrylium ions or pyrones  272   (see Chapter  11 ) as synthons, or the alkylation of an enolate with a 
3,3 - bis(methylthio) - enone.  273   2,2 ′ :6 ′ ,2 ′  ′  - Terpyridine can be synthesised in one pot from 2 - acetylpyridine, 
dimethylformamide dimethylacetal (DMFDMA) and ammonia; the fi rst step is presumed to be dimethyl-
aminomethylenation of the ketone methyl group, followed then by addition/elimination by the enolate of 
the starting ketone.  274          
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 When one of the carbonyl carbons is at the oxidation level of acid (as in a 2 - pyrone), then the product, 
refl ecting this oxidation level, is a 2 - pyridone.  275   Similarly, 4 - pyrones react with ammonia or 
primary amines to give 4 - pyridones  276   and the bis - enamines which can be obtained directly from ketones 
by condensation on both sides of the carbonyl group with DMFDMA, produce 4 - pyridones on reaction 
with primary amines.  277   When one of the  ‘ carbonyl ’  units is actually a nitrile, then an amino - pyridine 
results.  278           

  8.14.1.2   From an Aldehyde, Two Equivalents of a 1,3 - Dicarbonyl Compound and Ammonia 

 Symmetrical 1,4 - dihydropyridines, which can be easily dehydrogenated, are produced from the interaction 
of ammonia, an aldehyde and two equivalents of a 1,3 - dicarbonyl compound, which must have a central 
methylene.  

        The Hantzsch Synthesis   279    

 The product from the classical Hantzsch synthesis is necessarily a symmetrically substituted 1,4 - dihydro -
 pyridine, since two mole equivalents of one dicarbonyl component are utilised, the aldehyde carbonyl 
carbon becoming the pyridine C - 4. The precise sequence of intermediate steps is not known for certain, 
and may indeed vary from case to case, for example the ammonia may become involved early or late, but 
a reasonable sequence would be: aldol condensation followed by Michael addition generating,  in situ , a 
1,5 - dicarbonyl compound. 

 The 1,4 - dihydropyridines produced in this approach, carrying conjugating substituents at each  β  - 
position, are stable, and can be easily isolated before dehydrogenation; classically the oxidation has been 
achieved with nitric acid, or nitrous acid, but other oxidants such as ceric ammonium nitrate, cupric nitrate 
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or manganese dioxide on Montmorillonite, amongst many, also achieve this objective smoothly.  280   Iodine 
with potassium hydroxide at 0  ° C is amongst the mildest.  281          

 Hantzsch reactions to produce 5,6,7,8 - tetrahydroquinolines, i.e. unsymmetrically substituted pyridines, 
work well using ceric ammonium nitrate (CAN) as a catalyst.  282          

 More often, unsymmetrical 1,4 - dihydropyridines are produced by conducting the Hantzsch synthesis in 
two stages, i.e. by making the (presumed) aldol condensation product separately, then reacting with 
ammonia and a different 1,3 - dicarbonyl component, or an enamino - ketone, in a second step.  283          

 This strategy can also be applied for the synthesis of 2,2 ′    :   6 ′ ,2 ′  ′  - terpyridines with  in situ  aromatisation, 
there being no  β  - carbonyl groups to stabilise the dihydro - pyridine.  284            
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  8.14.1.3   From 1,3 - Dicarbonyl Compounds (or Synthons) and 3 - Amino - Enones or  - Nitriles 

 Pyridines are formed from the interaction between a 1,3 - dicarbonyl compound and a 3 - amino - enone or 
3 - amino - acrylate; 3 - cyano - 2 - pyridones result if cyanoacetamide is used instead of an amino - enone.        

 This approach, in its various forms, is one of the most versatile and useful, since it allows the construc-
tion of unsymmetrically substituted pyridines from relatively simple precursors. Again, in this pyridine - ring 
construction, intermediates are not isolated and it is usually diffi cult to be sure of the exact sequence of 
events.  285          

 3 - Amino - enones or 3 - amino - acrylates can be prepared by the straightforward reaction of ammonia with 
a 1,3 - diketone or a 1,3 - keto - ester. The simplest 1,3 - dicarbonyl compound, malondialdehyde, is too unstable 
to be useful, but its acetal enol ether can be used instead, as shown below.  286          

 Vinamidinium (R 2 NCH = CR 5 CH = N + R 2 ) salts (best as non - hygroscopic hexafl uorophosphates) will serve 
as synthons for substituted malondialdehydes in these syntheses; this is one case in which the intermediate 
is known.  287   Using hydroxylamine instead of ammonia leads to  N  - oxides.  288   The vinamidinium salts are 
available by reaction of the relevant substituted acetic acid (R 5 CH 2 CO 2 H) with phosphorus oxychloride 
and dimethylformamide.  289   

         The Guareschi Synthesis 

 This variation makes use of cyanoacetamide as the nitrogen - containing component and thus leads to 
3 - cyano - 2 - pyridones. 
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 Providing the two carbonyl groups are suffi ciently different in reactivity, only one of the two possible 
isomeric pyridine/pyridone products is formed  via  reaction of the more electrophilic carbonyl group with 
the central carbon of the 3 - amino - enone, 3 - amino - acrylate, or cyanoacetamide.  290,291          

 Variations include the use of 3 - alkoxy - enones (i.e. the enol ethers of 1,3 - diketones) when the initial 
Michael - type interaction dictates the regiochemistry.  292   Using nitroacetamide instead of cyanoacetamide 
produces 3 - nitro - 2 - pyridones  293   and using H 2 NCOCH 2 C(NH 2 ) = N + H 2  Cl  −   gives 2 - aminopyridine -
 3 - carboxamides.  294   

 Ring closures to produce pyridines and pyridones can also be carried out with starting materials at a 
lower oxidation level, with  in situ  dehydrogenation by air or added oxygen, i.e. instead of using a 1,3 - 
dicarbonyl component, an  α , β  - unsaturated ketone/aldehyde is employed, as illustrated below.  295   If 
such condensations are carried out in the  absence  of oxygen, loss of hydrogen cyanide brings about aro-
matisation giving 2 - pyridones with no substituent at C - 3, particularly when the pyridone - 4 - substituent is 
aryl.  296          

 The reaction of yne - ones (also synthons for 1,3 - dicarbonyl compounds) with 3 - amino - enones or 3 - amino -
 acrylates (the  Bohlmann – Rahtz reaction ) is regioselective, since conjugate addition of the ketone enamine 
is the fi rst step; the intermediates thus produced can be isolated from reactions in ethanol and converted 
on to the aromatic pyridine.  297,298   Acetic acid or ytterbium trifl ate  299   give good results.        
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 As a fi nal example, malonate anions will add to yne - imines to produce pyridones directly.  300            

  8.14.1.4    Via  Cycloadditions 

 A number of 6 π  cycloadditions, some with inverse electron - demand, some with subsequent extrusion of a 
small molecule to achieve aromaticity, have been used to construct pyridines. 

  From Oxazoles        

 Historically, the fi rst of these was the addition of a dienophile to an oxazole; using acrylonitrile, hydrogen 
cyanide is lost to aromatise and the oxazole oxygen is retained (giving 3 - hydroxypyridines) and using 
acrylic acid, the oxygen is lost as water, as illustrated below.  301   

          From Triazines 

 1,2,3 -   302   and 1,2,4 - Triazines, acting as inverse electron - demand azadienes, add to enamines (sometimes 
prepared  in situ   303  ) and thus, following extrusion of nitrogen and loss of amine, a pyridine is produced (see 
 29.2.1 ).  304   1,2,4 - Triazines will also react with other dienophiles: reaction with ethynyltributyltin, for 
example, gives 4 - stannyl - pyridines;  305   norbornadiene is useful as an acetylene equivalent, cyclopentadiene 
being lost fi nally.  306   Oxazinones can also be used as the  ‘ diene ’  component, with carbon dioxide as a fi nal 
loss.  307          
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          From Acyclic Azadienes 

 The  O , O  ′  - bis -  t  - butyldimethylsilyl derivative of an imide serves as an azadiene in reaction with dienophiles; 
2 - pyridones are the result, following desilylation.  308          

 Unsaturated  O  - silylated oximes or unsaturated hydrazones, in particular those with a silylated oxygen 
at C - 3 as well, take part in cycloadditions, with loss of the  N  - substituent (see also  8.14.1.1 ) giving 
3 - hydroxypyridines.  309,310   The starting 1 - azadienes are easily available  via   α  - nitrosation of a ketone, then 
oxime and enol  O  - silylations.        

 A three - component, one - pot process involving formation of a vinyl imine from a palladium(0) - catalysed 
coupling followed by the cycloaddition and then aromatisation  via  toluenesulfi nate elimination gives bicy-
clic 2 - amino - pyridines.  311   

          By Thermal Electrocyclisation of Aza - 1,3,5 - Trienes 

 Electrocyclisation of 1 - aza - 1,3,5 - trienes generates dihydropyridines, which can be oxidised to pyridines; 
however, if an oxime or hydrazine derivative is used, elimination of water or an amine  in situ  gives the 
pyridine directly. This method is particularly useful for fusion of pyridines to other ring systems and is 
illustrated by the example below.  312    
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 Cobalt has been used most often, in some cases on solid support,  315   but the ring construction can be 
brought about using a titanium(II) alkoxide,  316   or with a nickel(0) catalyst.  317   Isocyanates with a ruthenium 
catalyst generate 2 - pyridones.  318            

  8.14.1.5   Miscellaneous Methods 

 This section includes a selection of examples that are of interest both mechanistically and preparatively. 

  From Furans 

 Ring - opening and reclosure processes using furans include several signifi cant methods for the construction 
of pyridines. 2,5 - Dihydro - 2,5 - dimethoxy - furans (see  18.1.1.4   ) carrying as a C - 2 side - chain an aminoalkyl 
group, give rise to 3 - hydroxy - pyridines.  319    

         From Propargylamine 

 Following the interaction of propargylamine amino group with a ketone, producing an enamine, ring closure 
can be effected with a gold catalyst, the whole process being conducted in one pot.  320    

         By Metal - Mediated [2   +   2   +   2] Cycloadditions   313    

 The cobalt - catalysed interaction of a nitrile and two equivalents of an acetylene (or one equivalent of each 
of two different acetylenes) brings three components together to form an aromatic pyridine ring.  314          
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         From Enamides 

 Enamides, easily available by  N  - acylation of imines, can be converted into 2 - chloronicotinaldehydes by 
exposure to the Vilsmeier reagent: the example shows the putative intermediate.  321            

  8.14.1.6   Industrial Syntheses 

 Many alkyl - pyridines are manufactured commercially by chemically complex processes that often produce 
them as mixtures. A good example is the extraordinary  Chichibabin synthesis , in which paraldehyde and 
ammonium hydroxide react together at 230  ° C under pressure to afford 52% of 5 - ethyl - 2 - methylpyridine; 
so here, four mole equivalents of acetaldehyde and one of ammonia combine.  322     

  8.14.2   Examples of Notable Syntheses of Pyridine Compounds 

  8.14.2.1   Fusarinic Acid 

 Fusarinic acid is a mould metabolite with antibiotic and antihypertensive activity. Two syntheses of 
this substance employ cycloadditions, one  323   to produce a 1,5 - diketone and the other  324   to generate a 
1 - dimethylamino - 1,4 - dihydropyridine.         

  8.14.2.2   Pyridoxine 

 Pyridoxine, vitamin B 6 , has been synthesised by several routes, including one that utilises a Guareschi ring 
synthesis, as shown below.  325   Another utilises a cycloaddition to an oxazole ( 8.14.1.4 ).  326           
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  8.14.2.3   Nemertelline 

 The total synthesis of nemertelline, a hoploemertin worm toxin, illustrates the use of metallation and 
palladium - catalysed couplings.  327           

  8.14.2.4   Louisanin  A  

 Louisianin A is one of a family of  Streptomyces  - derived inhibitors of the growth of testosterone - responsive 
Shionogi carcinoma cells.  328              

 Exercises    
  Straightforward revision exercises (consult Chapters  7  and  8 ):  

   (a)   In what way does pyridine react with electrophilic reagents such as acids and alkyl halides?   
   (b)   What factors make it much more diffi cult to bring about electrophilic substitution of pyridine than 

benzene?   
   (c)   How do pyridines compare with benzenes with regard to: (i) oxidative destruction of the ring and (ii) 

reduction of the ring?   
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   (d)   Give two examples of pyridines reacting with nucleophilic reagents with substitution of a 
hydrogen.   

   (e)   What are the relative reactivities of bromobenzene, 2 - bromopyridine, 3 - bromopyridine towards replace-
ment of the halide with ethoxide on treatment with NaOEt?   

   (f)   How could one generate 2 - lithiopyridine?   
   (g)   What would result from treatment of 3 - chloropyridine with LDA at low temperature?   
   (h)   Draw the main tautomeric forms of 2 - hydroxypyridine (2 - pyridone), 3 - hydroxypyridine and 

2 - aminopyridine.   
   (i)   How could one convert 4 - pyridone cleanly into 1 - ethyl - 4 - pyridone?   
   (j)   What would be the result of treating a 1   :   1 mixture of 2 -  and 3 - methylpyridines with 0.5 equivalents 

of LDA and then 0.5 equivalents of MeI?   
   (k)   Draw the structure of the product(s) you would expect to be formed if pyridine were reacted succes-

sively with methyl chloroformate and then phenyllithium.   
   (l)   In pyridine  N  - oxides, both electrophilic substitution and nucleophilic displacement of halide from C - 4 

go more rapidly than in pyridine  –  explain.   
   (m)   Describe two important methods for the synthesis of pyridines from precursors that do not contain the 

ring.   
   (n)   What compounds would result from the following reagent combinations: (i) H 2 NCOCH 2 CN 

(cyanoacetamide) with MeCOCH 2 COMe; (ii) MeC(NH 2 ) = CHCO 2 Et (ethyl 3 - aminocrotonate) with 
MeCOCH 2 COMe; (iii) PhCH = O, MeCOCH 2 COMe and NH 3 ?   

  More advanced exercises:  

   1.   Suggest a structure for the products: (i) C 7 H 8 N 2 O 3  produced by treating 3 - ethoxypyridine with f. 
HNO 3 /c. H 2 SO 4  at 100  ° C, (ii) C 6 H 4 BrNO 2  produced by reaction of 4 - methylpyridine fi rst with Br 2 /
H 2 SO 4 /oleum then with hot KMnO 4 .   

   2.   Deduce a structure for the product C 9 H 15 N 3  produced by reacting pyridine with the potassium salt of 
Me 2 N(CH 2 ) 2 NH 2 .   

   3.   Deduce structures for the product formed by: (i) reacting 2 - chloropyridine with (a) hydrazine    →    C 5 H 7 N 3 , 
(b) water    →    C 5 H 5 NO; (ii) 4 - nitropyridine heated with water at 60  ° C    →    C 5 H 5 NO.   

   4.   Deduce structures for the products formed in turn by reacting 4 - chloropyridine with: (i) sodium methox-
ide    →    C 6 H 7 NO, A, this with iodomethane    →    C 7 H 10 INO, then this heated at 185  ° C    →    C 6 H 7 NO, isomeric 
with A.   

   5.   Treatment of 4 - bromopyridine with NaNH 2  in NH 3  (liq.) gives two products (isomers, C 5 H 6 N 2 ) but 
reaction with sodium methoxide gives a single product, C 6 H 7 NO. What are the products and why is 
there a difference ?   

   6.   Write structures for the products to be expected in the following sequences: (i) 4 - 
diisopropylaminocarbonyl pyridine with LDA then with benzophenone, then with hot acid    →    C 19 H 13 NO 2 ; 
(ii) 2 - chloropyridine with LDA then iodine    →    C 5 H 3 ClNI; (iii) 3 - fl uoropyridine with LDA, then 
with acetone    →    C 8 H 10 FNO; (iv) 2 - bromopyridine with butyllithium at  − 78  ° C, then 
chlorotrimethylstannane    →    C 8 H 13 NSn.   

   7.   A crystalline solid C 9 H 11 BrN 2 O 3  is formed when 2 - methyl - 5 - nitropyridine is reacted with bromoace-
tone. Subsequent treatment with NaHCO 3  affords C 9 H 8 N 2 O 2   –  deduce the structures and write out a 
mechanism.   

   8.   When the salt, C 9 H 13 IN +  I  −   produced by reacting pyridine with 1,4 - diiodobutane is then treated with 
Bu 3 SnH in the presence of AIBN, a new salt, C 9 H 12 N +  I  −   is formed, which has  1 H NMR signals for 
four aromatic protons. Suggest structures for the two salts and a mechanism of formation of the 
latter.   



168 Heterocyclic Chemistry

   9.   Deduce a structure for the product, C 6 H 11 NO 3 , produced by exposing 4 - methyl - 2 - pyridone to the fol-
lowing sequence: (i) irradiation at 310 nm, (ii) O 3 /MeOH/ − 78  ° C then NaBH 4 .   

   10.   Write structures for the compounds produced at each stage in the following sequence: 4 - methylpyridine 
reacted with NaNH 2     →    C 6 H 8 N 2 , this then with NaNO 2 /H 2 SO 4  at 0    ° C    →    rt    →    C 6 H 7 NO, then this with 
sodium methoxide and iodomethane    →    C 7 H 9 NO and fi nally this with KOEt/(CO 2 Et) 2     →    C 11 H 13 NO 4 .   

   11.   Nitration of aniline is not generally possible, yet nitration of 2 -  and 4 - aminopyridines can be achieved 
easily  –  why?   

   12.   When 3 - hydroxypyridine is reacted with 5 - bromopent - 1 - ene, a crystalline salt C 10 H 14 NBrO is formed. 
Treatment of the salt with mild base gives a dipolar substance C 10 H 13 NO, which on heating provides 
a neutral, non - aromatic isomer. Deduce the structures of these compounds.   

   13.   Give an explanation for the relatively easy decarboxylation of pyridine - 2 - acetic acid; what is the 
organic product?   

   14.   Suggest a structure for the product, C 16 H 22 N 2 O 5  resulting from the interaction of 4 - vinylpyridine with 
diethyl acetamidomalonate (AcNHCH(CO 2 Et) 2 ) and base.   

   15.   Write structures for the products of reacting: (i) 2,3 - dimethylpyridine with butyllithium then diphenyl-
disulfi de    →    C 13 H 13 NS; (ii) 2,3 - dimethylpyridine with NBS then with PhSH    →    C 13 H 13 NS isomeric with 
the product in (i).   

   16.   Write structures for the isomeric compounds C 7 H 6 N 2 O (formed in a ratio of 4   :   3) when 3 - cyanopyridine 
methiodide is reacted with alkaline potassium ferricyanide.   

   17.   Predict the sites at which deuterium would be found when 1 - butylpyridinium iodide is reduced with 
NaBD 4  in EtOH forming (mainly) 1 - butyl - 1,2,5,6 - tetrahydropyridine.   

   18.   Deduce structures for the fi nal product, and intermediate, in the following sequence: pyridine with 
methyl chloroformate and sodium borohydride gave C 7 H 9 NO 2 , then this irradiated gave an isomer 
which had NMR signals for only two alkene protons  –  what are the compounds?   

   19.   When pyridine  N  - oxide is heated with c. H 2 SO 4  and c. HNO 3 , a product C 5 H 4 N 2 O 3  is formed; separate 
reactions of this with PCl 3  then H 2 /Pd - C produces C 5 H 4 N 2 O 2  and C 5 H 6 N 2  sequentially. What are the 
three products?   

   20.   Write a structure for the cyclic product, C 18 H 21 NO 4 , from the reaction of ammonia, phenylacetaldehyde 
(PhCH 2 CH = O), and two mole equivalents of methyl acetoacetate. How might it be converted into a 
pyridine?   

   21.   2,3 - Dihydrofuran reacts with acrolein to give C 7 H 10 O 2 ; reaction of this with aq. H 2 NOH/HCl gives a 
pyridine, C 7 H 9 NO: deduce structures.   

   22.   What pyridines or pyridones would be produced from the following combinations of reactants: 
(a) H 2 NCOCH 2 CN (cyanoacetamide) with: (i) EtCOCH 2 CO 2 Et; (ii) 2 - acetylcyclohexanone; 
(iii) ethyl propiolate; (b) MeC(NH 2 ) = CHCO 2 Et (ethyl 3 - aminocrotonate) with (i) but - 3 - yne - 2 - one; 
(ii) MeCOC(CO 2 Et) = CHOEt.   

   23.   When the sodium salt of formyl acetone (MeCOCH = CHO  −   Na + ) is treated with ammonia, a pyridine 
C 8 H 9 NO is formed. Deduce a structure and explain the regiochemistry of reaction.     
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 Quinoline is a high - boiling liquid; isoquinoline is a low - melting solid; each has a sweetish odour. Both 
bases have been known for a long time: quinoline was fi rst isolated from coal tar in 1834, isoquinoline 
from the same source in 1885. Shortly after the isolation of quinoline from coal tar, it was also recognised 
as a pyrolytic degradation product of cinchonamine, an alkaloid closely related to quinine, from which the 
name quinoline is derived; the word quinine, in turn, derives from  quina , a Spanish version of a local South 
American name for the bark of quinine - containing Cinchona species.  

  9.1   Reactions with Electrophilic Reagents 
  9.1.1   Addition to Nitrogen 

 All the reactions noted in this category for pyridine (see  8.1.1 ), which involve donation of the nitrogen 
lone pair to electrophiles, also occur with quinoline and isoquinoline and little further comment is neces-
sary, for example the respective p K  aH  values, 4.94 and 5.4, show them to be of similar basicity to pyridine. 
Each, like pyridine, readily forms an  N  - oxide and quaternary salts.  

  9.1.2   Substitution at Carbon 

  9.1.2.1   Proton Exchange 

 Benzene ring  C  - protonation, and thence exchange,  via N  - protonated quinoline, requires strong sulfuric acid 
and occurs fastest at C - 8, then at C - 5 and C - 6; comparable exchange in isoquinoline takes place somewhat 
faster at C - 5 than at C - 8.  1   At lower acid strengths each system undergoes exchange  α  to nitrogen, at C - 2 
for quinoline and C - 1 for isoquinoline. These processes involve a zwitterion produced by deprotonation of 
the  N  - protonated heterocycle.         

  9.1.2.2   Nitration  (see also  9.3.1.2 )  

 The positional selectivity for proton exchange is partly mirrored in nitrations, quinoline gives approxi-
mately equal amounts of 5 -  and 8 - nitro - quinolines, whereas isoquinoline produces almost exclusively the 
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5 - nitro - isomer;  2   mechanistically the substitutions involve nitronium ion attack on the  N  - protonated 
heterocycles. Nitration in the pyridine ring, at a position  β  to the heteroatom, can be achieved  via  
the Baake – Katritzky protocol ( 8.1.2.2 ).  3   7 - Nitroisoquinoline can be obtained by nitration of 1,2,3,4, - 
tetrahydroisoquinoline and then dehydrogenation of the hetero ring with potassium nitrosodisulfonate.  4           

  9.1.2.3   Sulfonation 

 Sulfonation of quinoline gives largely the 8 - sulfonic acid, whereas isoquinoline affords the 5 - acid.  5   
Reactions at higher temperatures produce other isomers, under thermodynamic control, for example both 
quinoline 8 - sulfonic acid and quinoline 5 - sulfonic acid are isomerised to the 6 - acid.  6           

  9.1.2.4   Halogenation 

 Ring substitution of quinoline and isoquinoline by halogens is rather complex, products depending on the 
conditions used.  7   In concentrated sulfuric acid, quinoline gives a mixture of 5 -  and 8 - bromo derivatives; 
comparably, isoquinoline is effi ciently converted into the 5 - bromo - derivative in the presence of aluminium 
chloride,  8   or with  N  - bromosuccinimide in concentrated sulfuric acid.  9   

 Introduction of halogen to the hetero - rings occurs under remarkably mild conditions in which halide 
addition to a salt initiates the sequence. Thus treatment of quinoline or isoquinoline hydrochlorides with 
bromine produces 3 - bromoquinoline and 4 - bromoisoquinoline, respectively, as illustrated below for the 
latter.  10           
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  9.1.2.5   Acylation and Alkylation 

 There are no generally useful processes for the introduction of carbon substituents by electrophilic 
substitution of quinolines or isoquinolines, except for a few examples in which a ring has a strong electron -
 releasing substituent, for example 4 - dimethylaminoquinoline undergoes smooth trifl uoroacetylation 
at C - 3.  11      

  9.2   Reactions with Oxidising Agents 
 It requires vigorous conditions to degrade a ring in quinoline and isoquinoline: examples of attack at 
both rings are known, though degradation of the benzene ring, generating pyridine diacids, should be 
considered usual;  12   ozonolysis can be employed to produce pyridine dialdehydes,  13   or after subsequent 
hydrogen peroxide treatment, diacids.  14   Electrolytic oxidation of quinoline is the optimal way to convert 
quinoline into pyridine - 2,3 - dicarboxylic acid ( ‘ quinolinic acid ’ )  15  ; alkaline potassium permanganate 
converts isoquinoline into a mixture of pyridine - 3,4 - dicarboxylic acid ( ‘ cinchomeronic acid ’ ) and 
phthalic acid.  16    

  9.3   Reactions with Nucleophilic Reagents 
   9.3.1    Nucleophilic Substitution with  ‘ Hydride ’  Transfer 

 Reactions of this type occur fastest at C - 2 in quinoline and at C - 1 in isoquinolines. 

  9.3.1.1   Alkylation and Arylation 

 The immediate products of addition of alkyl and aryl Grignard reagents and alkyl -  and aryllithiums are 
dihydro - quinolines and  - isoquinolines and can be characterised as such, but can be oxidised to afford the 
 C  - substituted, re - aromatised heterocycles; illustrated below is a 2 - arylation of quinoline.  17          

 Vicarious nucleophilic substitution ( 3.3.3 ) allows the introduction of substituents into nitroquinolines: 
cyanomethyl and phenylsulfonylmethyl groups, for example, can be introduced  ortho  to the nitro group, 
in 5 - nitroquinolines at C - 6 and in 6 - nitroquinolines at C - 5.  18,19           

  9.3.1.2   Amination  20   and Nitration 

 Sodium amide reacts rapidly and completely with quinoline and isoquinoline, even at  − 45    ° C, to give 
dihydro - adducts with initial amide attack at C - 2 (main) and C - 4 (minor) in quinoline, and C - 1 in isoquino-
line. The quinoline 2 - adduct rearranges to the more stable 4 - aminated adduct at higher temperatures.  21   
Oxidative trapping of the quinoline adducts provides 2 -  or 4 - aminoquinoline;  22   isoquinoline reacts with 
potassium amide in liquid ammonia at room temperature to give 1 - aminoisoquinoline.  23          
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 Oxidative aminations are possible at other quinoline and isoquinoline positions, even on the benzene 
ring, providing a nitro group is present to promote the nucleophilic addition.  24          

 The introduction of a nitro group at C - 1 in isoquinolines can be achieved using a mixture of potassium 
nitrite, dimethylsulfoxide and acetic anhydride.  25   The key step is the nucleophilic addition of nitrite to the 
heterocycle previously quaternised by reaction at nitrogen with a complex of dimethylsulfoxide and the 
anhydride.         

  9.3.1.3   Hydroxylation 

 Both quinoline and isoquinoline can be directly hydroxylated with potassium hydroxide at high temperature 
with the evolution of hydrogen.  26   2 - Quinolone ( ‘ carbostyril ’ ) and 1 - isoquinolone ( ‘ isocarbostyril ’ ) are the 
isolated products.          

   9.3.2    Nucleophilic Substitution with Displacement of Good Leaving Groups 

 The main principle here is that halogen on the homocyclic rings of quinoline and isoquinoline, and at the 
quinoline - 3 -  and the isoquinoline - 4 positions, behaves as would a halo - benzene. In contrast, 2 -  and 4 - halo -
 quinolines and 1 - halo - isoquinolines have the same susceptibility as  α  -  and  γ  - halopyridines (see  8.3.2 ). 
3 - Halo - isoquinolines are intermediate in their reactivity to nucleophiles.  27                 
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 An apparent exception to the relative unreactivity of 3 - halo - isoquinolines is provided by the reaction of 
3 - bromoisoquinoline with sodium amide. Here, a different mechanism, known by the acronym ANRORC 
( A ddition of  N ucleophile,  R ing  O pening and  R ing  C losure), leads to the product, apparently of direct 
displacement, but in which a switching of the ring nitrogen to become the substituent nitrogen, has 
occurred.  28          

 A useful method for the conversion of quinoline - 2 -  and  - 4 -  and isoquinoline - 1 - chlorides into iodides 
utilizes the hydrochloride salt of the heterocycle in reaction with sodium iodide in hot acetonitrile; presum-
ably it is the  N  - protonated species that is attacked by the iodide.  29   

 The reaction of 2,4 - dichloro - quinolines with an equivalent of sodium azide results in selective displace-
ment at the 4 - position, but, if an acid is added, the 2 - position is preferred; the 2 - azides exist as a ring/chain 
mixture, the tricyclic tetrazolo[1,5 -  a ]quinoline predominating.  30            

  9.4   Metallation and Reactions of  C  - Metallated Quinolines and Isoquinolines 
  9.4.1   Direct Ring C – H Metallation 

 Direct lithiation, i.e.  C  - deprotonation of quinolines  31   requires an adjacent substituent, such as chlorine, 
fl uorine or alkoxy. Historically, what is probably the fi rst ever strong base  C  - lithiation of a six - membered 
heterocycle was the 3 - lithiation of 2 - ethoxyquinoline.  32   Both 4 -  and 2 - dimethylaminocarbonyloxyquinolines 
lithiate at C - 3; 4 - pivaloylaminoquinoline lithiates at the  peri  position, C - 5. Quinolines with an  ortho -  directing 



182 Heterocyclic Chemistry

group at C - 3 lithiate at C - 4, not at C - 2.  33   Quinoline 2 - , 3 -  and 4 - carboxylic acids  C  - lithiate (C - 3, C - 4 and C - 3 
respectively) using two mole equivalents of lithium tetramethylpiperidide.  34          

 2 - Lithiation of 1 - substituted 4 - quinolones  35   and 3 - lithiation of 2 - quinolone  36   provides derivatives with 
the usual nucleophilic propensity, as illustrated below.         

  9.4.2   Metal – Halogen Exchange 

 The preparation of lithio - quinolines and  - isoquinolines  via  metal – halogen exchange is complicated by 
competing nucleophilic addition, however the use of low temperatures does allow metal – halogen exchange 
at both pyridine  37   and benzene ring positions  38   in quinolines, and the isoquinoline - 1 -   36   and 4 - positions,  39   
subsequent reaction with electrophiles generating  C  - substituted products. It seems that for benzene ring 
lithiation, two mole equivalents of butyllithium are necessary so that one equivalent can associate with the 
ring nitrogen, as suggested below.        

 Quinolinylzinc reagents can be produced by reaction of a halide with activated zinc,  40   and 2 - , 3 -  and 
4 - bromoquinolines can be converted into the corresponding lithium tri(quinolyl)magnesates at  − 10  ° C by 
treatment with  n  - Bu 3 MgLi in THF or toluene, the 3 - isomer giving the best yields of fi nal products.  41            

  9.5   Reactions with Radicals 
 Regioselective substitutions can be achieved  α  to the nitrogen, with nucleophilic radicals, in acid solution 
 –  the Minisci reaction ( 3.4.1 ).         
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  9.6   Reactions with Reducing Agents 
 Selective reduction of either the pyridine or the benzene rings in quinoline and isoquinoline can be achieved: 
the heterocyclic ring is reduced to the tetrahydro level by sodium cyanoborohydride in acid solution,  42   by 
sodium borohydride in the presence of nickel(II) chloride,  43   by zinc borohydride  44   or, traditionally, by room 
temperature and room pressure catalytic hydrogenation in methanol. In strong acid solution it is the benzene 
ring which is selectively saturated;  45   longer reaction times can then lead to decahydro derivatives. Treat-
ment of quinoline and isoquinoline with sodium borohydride in a mixture of acetic acid and acetic anhydride 
gives good yields of  N  - acetyl - 1,2 - dihydro derivatives.  46          

 Lithium in liquid ammonia conditions can produce 1,4 - dihydroquinoline  47   and 3,4 - dihydroisoquinoline.  48   
Conversely, lithium aluminium hydride reduces generating 1,2 - dihydroquinoline  49   and 1,2 - 
dihydroisoquinoline.  50   These dihydro - heterocycles  51   can be easily oxidised back to the fully aromatic 
systems, or disproportionate,  52   especially in acid solution, to give a mixture of tetrahydro and re - aromatised 
compounds. Stable dihydro - derivatives (see also  9.13 ) can be obtained by trapping following reduction, 
as a urethane, by reaction with a chloroformate.  53   Quaternary salts of quinoline and isoquinoline are 
particularly easily reduced, either catalytically or with a borohydride in protic solution, giving 
1,2,3,4 - tetrahydro - derivatives.         

  9.7   Electrocyclic Reactions (Ground State) 
 The tendency for relatively easy nucleophilic addition to the pyridinium ring in isoquinolinium salts is 
echoed in the cycloaddition (shown above) of electron - rich dienophiles such as ethoxyethene, which is 
reversed on refl uxing in acetonitrile.  54    

  9.8   Photochemical Reactions 
 Of a comparatively small range of photochemical reactions described for quinolines and isoquinolines, 
perhaps the most intriguing are some hetero - ring rearrangements of quaternary derivatives, which can 
be illustrated by the ring expansions of their  N  - oxides to 3,1 - benzoxazepines.  55   As with 2 - pyridones, 2 - 
quinolones undergo 2+2 photo - dimerisation involving the C - 3 – C - 4 double bond.  56    

  9.9   Oxy - Quinolines and Oxy - Isoquinolines 
 Quinolinols and isoquinolinols in which the oxygen is at any position other than C - 2 or C - 4 for quinolines 
and C - 1 or C - 3 for isoquinolines are true phenols i.e. have an hydroxyl group, though they exist in equi-
librium with variable concentrations of zwitterionic structures, with the nitrogen protonated and the oxygen 
deprotonated. They show the typical reactivity of naphthols.  57   8 - Quinolinol has long been used in analysis 
as a chelating agent, especially for Zn(II), Mg(II) and Al(III) cations; the Cu(II) chelate is used as a 
fungicide. 
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 2 - Quinolone (strictly 2(1 H ) - quinolinone), 4 - quinolone  58   and 1 - isoquinolone are completely in the car-
bonyl tautomeric form  59   for all practical purposes  –  the hydroxyl tautomers lack a favourable polarised 
resonance contribution, as illustrated below for 1 - isoquinolone.        

 In 3 - oxy - isoquinoline there is an interesting and instructive situation: here the two tautomers are of 
comparable stability. 3 - Isoquinolinol is dominant in dry ether solution, 3 - isoquinolone is dominant in 
aqueous solution. A colourless ether solution of 3 - isoquinolinol turns yellow on addition of a little methanol 
because of the production of some of the carbonyl tautomer. The similar stabilities are the consequence of 
the balancing of two opposing tendencies: the presence of an amide unit in 3 - isoquinolone forces the 
benzene ring into a less favoured quinoid structure; conversely, the complete benzene ring in isoquinolinol 
necessarily means loss of the amide unit and its contribution to stability. One may contrast this with 1 - 
isoquinolone which has an amide, as well as a complete benzene unit.  60          

 The position of electrophilic substitution of quinolones and isoquinolones depends upon the pH of the 
reaction medium. Each type protonates on carbonyl oxygen, so reactions in strongly acidic media involve 
attack on this cation and therefore in the benzene ring: the contrast is illustrated below by the nitration of 
4 - quinolone at different acid strengths.  61   The balance between benzene ring and unprotonated heterocyclic 
ring selectivity is small, for example 2 - quinolone chlorinates preferentially, as a neutral molecule, at C - 6, 
and only secondly at C - 3.        

 Strong acid - catalysed H - exchange of 2 - quinolone proceeds fastest at C - 6 and C - 8; of 1 - isoquinolone at 
C - 4, then at C - 5 ∼ C - 7.  62   This is echoed in various electrophilic substitutions, for example formylation.  63          
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 The carbonyl tautomers deprotonate at N – H, generating ambident anions that can react at either oxygen 
or nitrogen, depending on the exact conditions; for example  O  - alkylation can be achieved with silver 
carbonate.  64   They are converted, as with the pyridones, into halo - quinolines and halo - isoquinolines  65   by 
reaction with phosphorus halides.  

  9.10   Amino - Quinolines and Amino - Isoquinolines 
 Amino - quinolines and  - isoquinolines exist as amino tautomers and all protonate on ring nitrogen. Only 
4 - aminoquinoline shows appreciably enhanced basicity (p K  aH  9.2); the most basic amino - isoquinoline is 
the 6 - isomer (p K  aH  7.2), indeed this is the most basic of all the benzene - ring - substituted amino - quinolines 
and  - isoquinolines.         

  9.11   Alkyl - Quinolines and Alkyl - Isoquinolines 
 The particular acidity of the protons of pyridine  α  -  and  γ  - alkyl groups is echoed by quinoline - 2 -   66   and 
4 - alkyl groups and by alkyl at the isoquinoline 1 - position, but to a much lesser extent by alkyl at isoquino-
line C - 3. Condensation reactions with alkyl groups at these activated positions can be achieved in either 
basic or acidic media; the key nucleophilic species in the latter cases is probably an enamine,  67   or enamide,  68   
and in the former, a side - chain carbanion.  69          

 The selectivity is nicely illustrated by the oxidation of only the 2 - methyl of 2,3,8 - trimethylquinoline with 
selenium dioxide, giving the 2 - aldehyde.  70    

  9.12   Quinoline and Isoquinoline Carboxylic Acids and Esters 
 There is little to differentiate these derivatives from benzenoid acids and esters, save for the easy 
decarboxylation of quinoline - 2 -  and isoquinoline - 1 - acids,  via  an ylide that can be trapped with aldehydes 
as electrophiles  –  the Hammick reaction.  71   Loss of carbon dioxide from  N  - methylquinolinium - 2 -  and 
 - isoquinolinium - 1 - acids, and trapping of resulting ylides, can be achieved with stronger heating.  72           
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  9.13   Quaternary Quinolinium and Isoquinolinium Salts 
 The predominant property of these salts is the ease with which nucleophiles add to the quinolinium - 2 -  
and the isoquinolinium - 1 - positions. Such additions are favoured in these bicyclic compounds since the 
products retain a complete aromatic benzene ring. Hydroxide, hydride  73   and organometallic nucleophiles 
all add with facility, though the resulting dihydroaromatic products require careful handling if they are not 
to disproportionate or be oxidised.  74   This approach can give 2 - trifl uoromethyl - quinolines: CF 3  carbanion 
(from trifl uoro(trimethylsilyl)methane and fl uoride) is added to an  N  - ( para  - methoxybenzyl) - quinolinium 
salt, then the  N  - substituent is removed and oxidation to the aromatic level achieved with ceric ammonium 
nitrate.  75          

 The position of fastest addition to quinolinium salts is C - 2, but with reversible reactions, a thermody-
namic adduct with the addend at C - 4 and the residual double bond in conjugation with the nitrogen, can 
be obtained.  76          

 The Zincke salt ( N  - (2,4 - dinitrophenyl) salt) of isoquinoline  77   is easily transformed into chiral isoquino-
linium salts on reaction with chiral amines  –  an ANRORC sequence in which the nitrogen of the chiral 
amine ends up as the nitrogen of the isoquinolinium product  78    –  nucleophilic addition of Grignard reagents 
to these salts shows good stereoselectivity.  79          

 More practically signifi cant, are the many examples of nucleophilic addition to salts in which an  N  -
 substituent conjugates with the nitrogen, and thus stabilizes the product  –  Reissert compounds were the 
fi rst examples. These are produced by cyanide addition to an  N  +  - acyl - quinolinium or  - isoquinolinium salt; 
in the classical process  80   the acylating agent is benzoyl chloride. Reissert compounds  81   are traditionally 
prepared using a dichloromethane – water two - phase medium; improvements include utilising phase - transfer 
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catalysts with ultrasound  82   or crown ether catalysis.  83   Stereoselectivity can be achieved by the use of chiral 
acylating agents.  84          

 Reissert compounds have utility in a number of ways: deprotonation, alkylation and removal of acyl 
and cyanide groups leads to the corresponding substituted heterocycles.  N  - Sulfonyl analogues of 
Reissert adducts easily eliminate arylsulfi nate, thus providing a method for the introduction of a cyano 
group.  85          

 Allylsilanes will also trap  N  - acyl - quinolinium  86   and  N  - acyl - isoquinolinium  87   salts, silyl alkynes will add 
with silver ion catalysis,  88   and terminal alkynes using copper(I) iodide.  89          

 There are many examples of the preparation of stable 1,2 - dihydro - isoquinolines  via N  +  - quaternisation 
with dimethyl acetylenedicarboxylate and then nucleophile addition to the generated iminium unit or its 
involvement in a subsequent cycloaddition  90    –  two examples are shown below.  91,92           
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  9.14   Quinoline and Isoquinoline  N  - Oxides 
  N  - Oxide chemistry in these bicyclic systems largely parallels the processes described for pyridine  N  - oxide, 
with the additional possibility of benzene ring electrophilic substitution, for example mixed acid nitration 
of quinoline  N  - oxide takes place at C - 5 and C - 8  via  the  O  - protonated species, but at C - 4 at lower acid 
strength;  93   nitration of isoquinoline  N  - oxide takes place at C - 5.  94   

 Diethyl cyanophosphonate converts quinoline and isoquinoline  N  - oxides into the 1 -  and 2 - cyano - 
heterocycles in high yields in a process which must have  O  - phosphorylation as a fi rst step, and in which 
the elimination of diethylphosphate may proceed  via  a cyclic transition state;  95   trimethylsilyl cyanide 
and diazabicycloundecene effect the same transformation.  96   A chloroformate and an alcohol convert the 
 N  - oxides into ethers, as illustrated below for isoquinoline  N  - oxide,  97   a chloroformate and a Grignard 
reagent produce 2 - substituted quinolines,  98   and a chloroformate then an isonitrile produce 2 - carbamoyl - 
1,2 - dihydro - isoquinolines.  99           

  9.15   Synthesis of Quinolines and Isoquinolines 
  9.15.1   Ring Syntheses 

 The more generally important approaches to quinoline and isoquinoline compounds from non - heterocyclic 
precursors are summarised in this section. 

  9.15.1.1   Quinolines from Aryl - Amines and 1,3 - Dicarbonyl Compounds 

 Anilines react with 1,3 - dicarbonyl compounds to give intermediates which can be cyclised with acid.  

        The Combes Synthesis 

 Condensation of a 1,3 - dicarbonyl compound with an arylamine gives a high yield of a  β  - amino - 
enone, which can then be cyclised with concentrated acid.  100   Mechanistically, the cyclisation step is an 
electrophilic substitution by the  O  - protonated amino - enone, followed by loss of water to give the aromatic 
quinoline.        
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 In order to access 4 - unsubstituted quinolines, a 1,3 - ketoaldehyde, in protected form, guarantees the 
required regioselectivity; the example below produces a 1,8 - naphthyridine  101   (pyrido[2,3 -  b ]pyridine).  102   

          Conrad – Limpach – Knorr Reaction 

 If the 1,3 - dicarbonyl component is at the 1,3 - keto acid oxidation level, then the product is a quinolone.  103   
Anilines and  β  - keto esters react at lower temperatures to give the kinetic product, a  β  - aminoacrylate, 
cyclisation of which gives a 4 - quinolone. At higher temperatures,  β  - keto acid anilides are formed and 
cyclisation of these affords 2 - quinolones.        

  β  - Aminoacrylates, for cyclisation to 4 - quinolones, are also available  via  the addition of anilines to acety-
lenic esters  104,105   or by displacement of ethoxy from ethoxymethylenemalonate (EtOCH = C(CO 2 Et) 2 .  106          
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 Usefully functionalised quinolines are easily accessible from anilines: the  N  - acetyl derivative is simply 
reacted with the Vilsmeier reagent and a 2 - chloro - 3 - formyl - quinoline results. One may speculate that a 
3 - formyl - anilide, or an equivalent (shown), is involved, placing this useful reaction into the Combes 
category.  107,108          

 Cyclisations where the benzene ring carries an electron - withdrawing group, which would disfavour the 
electrophilic cyclising step, can be effected using the variant shown below  –  the substrate is simply heated 
strongly  –  the mechanism of ring closure is probably best viewed as the electrocyclisation of a 
1,3,5 - 3 - azatriene.  109            

  9.15.1.2   Quinolines from Aryl - Amines and  a , b  - Unsaturated Carbonyl Compounds 

 Arylamines react with an  α , β  - unsaturated carbonyl compound in the presence of an oxidising agent to give 
quinolines. When glycerol is used as an  in situ  source of acrolein, quinolines carrying no substituents on 
the heterocyclic ring are produced.  

        The Skraup Synthesis  110   

 In this extraordinary reaction, quinoline is produced when aniline, concentrated sulfuric acid, glycerol 
and a mild oxidising agent are heated together.  111   The reaction has been shown to proceed  via  dehydration 
of the glycerol to acrolein, to which aniline then adds in a conjugate fashion. Acid - catalysed cyclisation 
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produces a 1,2 - dihydro - quinoline, fi nally dehydrogenated by the oxidising agent  –  the corresponding nitro-
benzene or arsenic acid have been used classically. The Skraup synthesis is best for the ring synthesis of 
quinolines unsubstituted on the hetero - ring.  112          

 In principle,  meta  - substituted arylamines could give rise to both 5 -  and 7 - substituted quinolines. In 
practice, electron - donating substituents direct ring closure  para , thus producing 7 - substituted - quinolines; 
 meta  - halo - aryl - amines produce mainly the 7 - halo - isomer. Arylamines with a strong electron - withdrawing 
 meta  - substituent give rise mainly to the 5 - substituted quinoline. 

 Skraup syntheses sometimes become very vigorous and care must be taken to control their potential 
violence; pre - forming the Michael adduct and using an alternative oxidant ( p  - chloranil is the best) has been 
shown to be advantageous in terms of yield and as a better means for controlling the reaction.  113   

 A more controlled, stepwise variant utilises an  N  - tosyl - aniline, carrying out the conjugate addition fi rst, 
the ring closure second, and the aromatisation  via  the elimination of toluenesulfi nate, each of the intermedi-
ates being isolated.  114   

          Doebner – Miller Synthesis 

 The use of an enone confi rms the mechanism, showing that interaction of the aniline amino group with the 
carbonyl group is  not  the fi rst step, and this variation is known as the Doebner – Miller synthesis.        

 Improvements to the regime for Doebner – Miller ring closures include the use of a two - phase organic/
aqueous acid system  115   to minimize alkene polymerization and the use of indium(III) chloride on silica with 
microwave irradiation.  116   It is signifi cant that the accepted and proved regiochemistry for these cyclisations 
is  reversed  when the reaction is carried out in trifl uoroacetic acid, imine formation being the fi rst step, at 
least for unsaturated 2 - keto esters.  117          
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 1 - (Arylamino)prop - 2 - ynes are at the same oxidation level as the intermediates in the Skraup and 
Doebner – Miller strategies. The cyclising step for such substrates requires electrophilic activation of the 
alkyne, the electrophile ending at the quinoline 3 - position.  118            

  9.15.1.3   Quinolines from  ortho  - Acyl - Arylamines and Carbonyl Compounds 

  ortho  - Acyl - arylamines react with ketones having an  α  - methylene to give quinolines.  

        The Friedl ä nder Synthesis  119   

 This route has been used extensively for the synthesis of substituted quinolines. In the original sequence, 
an  ortho  - acyl - arylamine  120   is condensed with a ketone or aldehyde (which must contain an  α  - methylene 
group) by base or acid catalysis to yield the quinoline. The orientation of condensation depends on the 
regioselectivity of enolate or enol formation.  121   Control of regiochemistry can be obtained by using a 
removable phosphonate, to direct enolisation, as in RCOCH 2 P(O)(OMe) 2 .  122   2 - Substituted quinolines can 
be obtained regioselectively from methyl ketones using pyrrolidine as catalyst.  123          

 Several improved conditions are available: the use of toluenesulfonic acid,  124   molecular iodine,  125   chlo-
rotrimethylsilane,  126   dodecylphophonic acid  127   and sodium tetrachloroaurate(III) (NaAuCl 4 ) all produce 
excellent yields of structurally varied quinolines.  ortho  - Aminobenzyl - alcohol can serve as starting material, 
being oxidized to the amino - aldehyde  in situ , which then takes part in the condensation, using catalytic 
copper(II) chloride and potassium hydroxide under oxygen.  128   One can also utilize  ortho  - nitrobenzaldehyde, 
carrying out reduction to amine  and  condensation in one pot utilising a mixture of tin(II) chloride and zinc 
chloride.  129          
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 Naphthyridines can also be obtained utilising the Friedl ä nder strategy.   122,123,130   

          The Pfi tzinger Synthesis 

 Hydrolysis of isatins, which are easy to synthesise ( 20.16.4   ), gives  ortho  - aminoaryl - glyoxylates, which 
react with ketones affording quinoline - 4 - carboxylic acids.  131   The carboxylic acid group can be removed, if 
required, by pyrolysis with calcium oxide.          

  9.15.1.4   Quinolines by Forming the N – C - 2 Bond 

 Conjugate addition of a nucleophile to an alkynyl ketone unit  ortho  to amino allows interaction of the 
amine and carbonyl groups and thus the formation of a quinoline.  132          

 The ring closure of  ortho  - nitroaryl - dimethylaminomethylene ketones is related and produces 4 - 
quinolones  via  selective reduction of the nitro group and then cyclisation.  133          

 Also in this category is the generation of the cyclisation intermediate by reacting an  ortho  - lithiated 
 N  - acyl - aniline with a vinamidinium salt.  134   A dimethylaminomethylene - ketone was used for the related 
reaction of 3 - lithiated 2 -  or 4 - acylamino - pyridines, probably  via  the intermediate shown.  135           
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  9.15.1.5   Other Methods for Quinolines 

 Ring closure of  ortho  - aminoaryl - alkynyl - carbinols, readily available by acetylide addition to an aryl - 
ketone or  - aldehyde, can be achieved with copper or palladium catalysis.  136   Comparable  ortho  - nitroaryl -
 carbinols undergo nitro group reduction  and  ring closure simply by treatment with a metal/acid 
combination.  137          

 Palladium - catalysed amidation of halo - arenes allows simple assembly of precursors (above) to 4 - quino-
lones, in which the 2,3 - bond is formed by base - catalysed condensation.  138    

  9.15.1.6   Isoquinolines   from Aryl - aldehydes and Aminoacetal 

 Aromatic aldehydes react with aminoacetal (2,2 - diethoxyethanamine) to generate imines that can be 
cyclised with acid to isoquinolines carrying no substituents on the heterocyclic ring.  

        The Pomeranz – Fritsch Synthesis 

 This synthesis  139   is normally carried out in two stages. Firstly, an aryl aldehyde is condensed with 
aminoacetal to form an aryl - aldimine. This stage proceeds in high yield under mild conditions. Secondly, 
the aldimine is cyclised by treatment with strong acid; hydrolysis of the imine competes and reduces 
the effi ciency of this step and for this reason trifl uoroacetic acid with boron trifl uoride is a useful 
reagent.  140   

 The second step is similar to those in the Combes and Skraup syntheses, in that the acid initially proton-
ates, causing elimination of ethanol and the production of a species that can attack the aromatic ring as an 
electrophile. Final elimination of a second mole of alcohol completes the process.        

 The electrophilic nature of the cyclisation step explains why the process works best for araldehyde - imines 
carrying electron - donating substituents (especially when these are oriented  para  to the point of closure 
leading to 7 - substituted isoquinolines) and least well for systems deactivated by electron - withdrawing 
groups. 

 The problem of imine hydrolysis can be avoided by cyclising at a lower oxidation level, with tosyl on 
nitrogen for subsequent elimination as toluenesulfi nic acid. The ring closure substrates can be obtained 
by reduction and tosylation of imine condensation products,  141   by benzylating the sodium salt of an 
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 N  - tosylaminoethanal - acetal,  142   or  via  a Mitsunobu reaction between a benzylic alcohol and an  N  - sulfonyl -
 aminoacetal.  143   Cyclisation of benzylaminoethanal - acetals using chlorosulfonic acid gives the aromatic 
isoquinoline directly.  144            

  9.15.1.7   Isoquinolines from 2 - Aryl - Ethanamides or 2 - Aryl - Ethamine - Imines 

 The amide or imine from reaction of 2 - aryl - ethanamines with an acid derivative or with an aldehyde, can 
be ring - closed to a 3,4 - dihydro -  or 1,2,3,4 - tetrahydroisoquinoline respectively. Subsequent dehydrogena-
tion can produce the aromatic heterocycle.  

        The Bischler – Napieralski Synthesis  145   

 In the classical process, a 2 - aryl - ethanamine reacts with a carboxylic acid chloride or anhydride to form 
an amide, which can be cyclised, with loss of water, to a 3,4 - dihydro - isoquinoline, then readily dehydro-
genated to the isoquinoline using, for example, palladium, sulfur or diphenyl disulfi de. Common cyclisation 
agents are phosphorus pentoxide, often with phosphoryl chloride,  146   and phosphorus pentachloride. The 
electrophilic intermediate is very probably an imino chloride,  147   or imino phosphate; the former have been 
isolated and treated with Lewis acids when they are converted into isonitrilium salts, which cyclise 
effi ciently to 3,4 - dihydroisoquinolines.  148          
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 Here, once again, the cyclising step involves electrophilic attack on the aromatic ring so the 
method works best for activated rings, and  meta  - substituted - aryl ethanamides give exclusively 6 - substituted 
isoquinolines.        

 Carbamates can be cyclised to 1 - isoquinolones using trifl uoromethanesulfonic anhydride and 4 - dimeth-
ylaminopyridine,  149   or phosphorus pentoxide and phosphoryl chloride.  150   One of the mildest combinations 
for ring closure is the use of trifl uomethanesulfonic anhydride with 2 - chloropyridine.  151     

 The Pictet – Gams Modifi cation 

 Conducting the Bischler – Napieralski sequence with a potentially unsaturated aryl - ethanamine, a fully 
aromatic isoquinoline can be obtained directly. The amide of a 2 - methoxy -  or 2 - hydroxy - 2 - aryl - ethanamine 
is heated with the usual type of cyclisation catalyst. It is not clear whether dehydration to an unsaturated 
amide or to an oxazolidine  152   is an initial stage in the overall sequence.          

  9.15.1.8   Isoquinolines from Activated 2 - Aryl - Ethanamines and Aldehydes (The Pictet – Spengler 

synthesis  153  ) 

 2 - Aryl - ethanamines react with aldehydes easily and in good yields to give imines. 1,2,3,4 - Tetrahydro -
 isoquinolines result from their cyclisation with acid catalysis. Note that the lower oxidation level imine, 
versus amide, leads to a tetrahydro -  not a dihydroisoquinoline. Routine dehydrogenation easily converts 
the tetrahydro - isoquinolines into fully aromatic species. 

 After protonation of the imine, a Mannich - type electrophile is generated; since these are intrinsically 
less electrophilic than the intermediates in Bischler – Napieralski closures, a strong activating substituent 
must normally be present on the benzene ring, and appropriately sited, for effi cient ring closure. However 
the use of trifl ic acid, even with unactivated imines, brings about ring closure, probably  via  a dication,  154   
and 2 - aryl - ethanamine - carbamates can be converted in tetrahydro - isoquinolines by reaction with aldehydes 
using perfl uorooctanesulfonic acid (PFOSA) with hexafl uoropropan - 2 - ol (HFIP), and in water.  155                 
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 Highly activated, hydroxylated aromatic rings permit Pictet – Spengler ring closure under very mild, 
 ‘ physiological ’  conditions.  156           

  9.15.1.9   Isoquinolines from  ortho  - Alkynyl - Araldehyde - Imines 

  ortho  - Iodo - araldehyde imines react directly with internal alkynes, using palladium(0) catalysis, generating 
isoquinolines in which the original nitrogen substituent has been lost as isobutene; the scheme shows one 
of many examples of this important process.  157          

 Electrophile - prompted closures of this same type of substrate are also successful, the electrophile ending 
at the isoquinoline 4 - position; these processes are also successful with pyridine starting materials, in the 
example shown a 1,6 - naphthyridine (pyrido[3,2 -  c ]pyridine) is produced.  158   

 If, instead of an imine, an oxime is used, the result is an isoquinoline  N  - oxide. Such closures can be 
effected with silver catalysis,   159   or with iodine, 4 - iodoisoquinoline  N  - oxides being the products in the latter 
cases.  160          

 Even simpler, for the naphthyridines, all the isomeric  ortho  - alkynyl - pyridinyl aldehydes react 
with ammonia in refl uxing ethanol to produce naphthyridines (or with hydroxylamine to give 
naphthyridine -  N  - oxides).  161    

  9.15.1.10   Other Methods for Isoquinolines 

  ortho  - Dialdehydes can be converted into isoquinoline - 3 - esters by condensation with a derivative of glycine, 
the process involving a Wittig – Horner reaction and imine formation.        
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 Usefully difunctionalised, 1,3 - dichloro - isoquinolines are readily synthesized  via  Beckmann rearrange-
ment of indanedione monoximes.  162            

  9.15.2.3   Methoxatin 

 Methoxatin  165   is an enzyme cofactor of bacteria which metabolises methanol and latterly was recognized,  166   
55 years after the 13th, to be a 14th vitamin, also now referred to as pyrroloquinoline quinone (PQQ). This 
total synthesis is a particularly instructive one since it includes an isatin synthesis ( 20.16.4 ), a quinoline 
synthesis and an indole synthesis.  

  9.15.2   Examples of Notable Syntheses of Quinoline and Isoquinoline Compounds 

  9.15.2.1   Chloroquine 

 Chloroquine  163   is a synthetic antimalarial.         

  9.15.2.2   Papaverine 

 Papaverine  164   is an alkaloid from opium; it is a smooth - muscle relaxant and thus useful as a coronary 
vasodilator  –  the synthesis illustrates the Pictet – Gams variation of the Bischler – Napieralski sequence.         
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           Exercises    
  Straightforward revision exercises (consult Chapters  7  and  9 ):  

   (a)   At which positions do quinoline and isoquinoline undergo nitration? Why these positions?   
   (b)   At which positions do quinoline and isoquinoline react most readily with nucleophiles? Why these 

positions?   
   (c)   At which positions do quinoline and isoquinoline react most readily with radical reagents?   
   (d)   How might one selectively reduce the heterocyclic ring of quinoline or isoquinoline?   
   (e)   How could one convert 4 - methylquinoline into 4 - ethylquinoline?   
   (f)   How could one convert: (i) isoquinoline into 2 - methyl - 1 - isoquinolone; (ii) quinoline into 

2 - cyanoquinoline?   
   (g)   What reactants would combine to produce 6 - methoxy - 2,4 - diethylquinoline?   
   (h)   What ring synthesis method would be suitable for converting 4 - methoxyaniline into 

6 - methoxyquinoline?   
   (i)   How could one prepare 2 - ethyl - 3 - methylquinoline - 4 - carboxylic acid from aniline?   
   (j)   What ring synthesis method would be suitable for the preparation of 6 - methoxyisoquinoline?   
   (k)   How could 2 - (4 - methoxyphenyl)ethanamine be converted into 7 - methoxy - 1 - phenylisoquinoline?   

  More advanced exercises:  

   1.   Predict the structures of the high yield mono - nitration products: (i) C 16 H 12 N 2 O 2  from 1 - benzylisoquino-
line; (ii) C 10 H 8 N 2 O 3  from 6 - methoxyquinoline; (iii) C 10 H 8 N 2 O 3  from 7 - methoxyisoquinoline.   

   2.   Write a sequence to rationalise the conversion of quinoline into 3 - bromoquinoline by reaction with Br 2  
in CCl 4 /pyridine.   

   3.   Suggest a structure for product C 16 H 16 ClNO 4  from 1,3 - dichloroisoquinoline and NaCH(CO 2 Et) 2    
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   4.   Deduce a structure for the product, C 15 H 18 N 2 OS formed on treatment of 2 -  t  - BuCONH - quinoline 
successively with 3    ×     n -  BuLi then dimethyl disulfi de.   

   5.   Write a sequence of mechanistic steps to explain the conversion of 2 - methylisoquinolinium iodide into 
2 - methyl - 1,2,3,4 - tetrahydroisoquinoline with sodium borohydride in ethanol.   

   6.   Draw the most stable tautomer of 3 - oxyquinoline, and of 1 - , 4 -  and 8 - oxyisoquinolines.   
   7.   Suggest a mechanistic sequence to rationalise the formation of methyl 2 - methylquinoline - 3 - carboxylate 

from the reaction of aniline with methyl acetoacetate ( →  C 11 H 13 NO 2 ) and then this with DMF/POCl 3 .   
   8.   Deduce the structure of the product quinolones: (i) C 12 H 11 NO 4  resulting from reaction of 2 - 

methoxyaniline with dimethyl acetylenedicarboxylate then heating at 250    ° C; (ii) C 10 H 6 ClNO 3  from 
3 - chloroaniline and diethyl ethoxymethylenemalonate (EtOCH = C(CO 2 Et) 2 ) then heating at 250    ° C, 
then heating with aq. NaOH.   

   9.   Deduce structures for the quinolines produced from the following combinations: (i) C 16 H 11 NO 2  
from isatin/NaOH then acetophenone; (ii) C 10 H 7 NO 3  from isatin/KOH then 3 - chloropyruvic acid; 
(iii) C 10 H 7 NO 3  from  N  - acetylisatin and NaOH.   

   10.   Deduce structures for the heterocyclic products from the following combinations: (i) C 11 H 7 N 3 O 2  
from 2 - aminobenzaldehyde and barbituric acid; (ii) C 14 H 11 NO 6  from 4,5 - methylenedioxy - 2 - 
aminobenzaldehyde and dimethyl acetylenedicarboxylate; (iii) C 14 H 11 NS from 2 - aminoacetophenone 
and 2 - acetylthiophen; (iv) C 21 H 19 NO from 2 - aminobenzophenone and dimedone; (v) C 15 H 12 N 2 O 2 S from 
2 - aminopyridine - 3 - aldehyde and 1 - phenylsulfonylacetone; (vi) C 15 H 11 N 3  from 4 - amino - pyrimidine - 5 -
 aldehyde and  α  - tetralone.     
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 The pyrylium cation presents an intriguing dichotomy  –  it is both  ‘ aromatic ’ , and therefore, one would be 
tempted to understand,  ‘ stable ’ , yet it is very reactive  –  the tropylium cation and the cyclopentadienyl anion 
can also be described in this way. However, all is relative, and that pyrylium cations react rapidly with 
nucleophiles to produce adducts that are not aromatic, is merely an expression of their relative stability  –  if 
they were not aromatic it is doubtful whether such cations could exist at all. Pyrylium perchlorate is actu-
ally surprisingly stable  –  it does not decompose below 275    ° C, but, nonetheless, it will react with water, 
even at room temperature, producing a non - aromatic product. ( NOTE:  All perchlorates should be treated 
with caution  –  heating can cause explosive decomposition.)    

     Typical reactions of pyrylium cations  

 The properties of pyrylium cations are best compared with those of pyridinium cations: the system does 
not undergo electrophilic substitution nor, indeed, are benzopyrylium cations substituted in the benzene 
ring. This is a contrast with the chemistry of quinolinium and isoquinolinium cations and is a comment on 
the stronger deactivating effect of the positively charged oxygen. 



206 Heterocyclic Chemistry

 Pyrylium ions readily add nucleophilic reagents, at an  α  - position, generating 1,2 - dihydro - pyrans, which 
then often ring open. Virtually all the known reactions of pyrylium salts fall into this general category. 
Pyrylium cations are more reactive in such nucleophilic additions than pyridinium cations  –  oxygen toler-
ates a positive charge less well than nitrogen. The analogy with carbonyl chemistry is obvious  –  the 
nucleophilic additions that characterise pyrylium systems are nothing more or less than those that are 
encountered frequently in acid - catalysed ( O  - protonated) chemistry of carbonyl groups. 

 The initial product of ring opening can take part in an alternative ring closure, generating a benzenoid 
aromatic system (if Nu contains active hydrogen attached to carbon) or a pyridine (if Nu is an amine 
nitrogen).  

      Comparison of nucleophilic addition to pyrylium systems with that to  O  - protonated aldehydes/ketones   

 In benzopyrylium systems, one fi nds exactly comparable behaviour  –  a readiness to add nucleophiles, 
adjacent to the positively charged oxygen, in the heterocyclic ring. The interaction of the two isomeric 
bicycles with ammonia is instructive: benzo[ c ]pyrylium can be converted into isoquinoline, but benzo[ b ]
pyrylium cannot be converted into quinoline for, although in the last case the addition can and does take 
place, in the subsequent ring - opened species, no low - energy mechanism is available to allow the nitrogen 
to become attached to the benzene ring.        

 Pyrones, which are the ring - oxygen equivalents of pyridones, are simply  α  -  and  γ  - hydroxy - pyrylium 
salts from which an  O  - proton has been removed. There is little to recommend that 2 -  and 4 - pyrones be 
viewed as aromatic: they are perhaps best seen as cyclic unsaturated lactones and cyclic  β  - oxy -  α , β  -
 unsaturated - ketones, respectively, for example 2 - pyrones are hydrolysed by alkali, just like simpler esters 
(lactones). It is instructive that, whereas the pyrones are converted into pyridones by reaction with amines 
or ammonia, the reverse is not the case  –  pyridones are not transformed into pyrones by water or hydroxide. 
Some electrophilic  C  - substitutions are known for pyrones and benzopyrones, the oxygen guiding the elec-
trophile  ortho  or  para , however there is a tendency for electrophilic addition to the C – C double bond of 
the heterocyclic ring, again refl ecting their non - aromatic nature. Easy Diels – Alder additions to 2 - pyrones 
are further evidence for diene, rather than aromatic, character.    
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 The cyclisation of an unsaturated 1,5 - dicarbonyl compound produces pyrylium salts, providing of course 
that a suitable acidic medium is chosen  –  it must not contain nucleophilic species that would add to the 
salt, once formed. Acid - catalysed ring closure of 1,3,5 - triketones produces 4 - pyrones, as shown; 2 - pyrones 
are formed via the construction of an  α , β  - unsaturated ester that has a 5 - carbonyl group.    

     Some typical reactions of pyrones  

 Benzopyrylium salts are formed when phenols react with 1,3 - dicarbonyl compounds under acidic, dehy-
drating conditions. The comparable use of 1,3 - keto - esters with phenols leads to benzopyrones.            

     Typical benzo[ b ]pyrylium ring synthesis  

     Typical pyrylium and 4 - pyrone ring syntheses  
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 Pyrylium salts, especially perchlorates, tetrafl uoroborates and hexachloroantimonates(V), are stable, 
but reactive compounds. Perchlorates have been used extensively, since pyrylium perchlorates tend to be 
sparingly soluble, and thus relatively easily isolated, however all perchlorates should be treated with 
 CAUTION : perchlorates, particularly dry perchlorates can decompose explosively. Wherever possible, 
other salts should be substituted, for example comparative preparations for 2,4,6 - trimethylpyrylium 
salts have been described: perchlorate,  1   tetrafl uoroborate  2   and trifl uoromethanesulfonate,  3   the last having 
the advantage of better solubility in organic solvents. No pyrylium salts have been identifi ed in 
living organisms, though the benzo[ b ]pyrylium system plays an important role in the fl ower pigments (see 
 32.5.6 ). 

 Almost all the known reactions of the pyrylium nucleus involve addition of a nucleophile, usually at an 
 α  - position, occasionally at C - 4, as the fi rst step. A feature of pyrylium chemistry is the ring opening of 
adducts produced by such additions, followed by cyclisation in a different manner, to give a new hetero-
cyclic or homocyclic product (ANRORC processes). 

 Straightforward electrophilic or radical substitutions at ring positions are unknown. Controlled oxida-
tions, like those of pyridinium salts to 2 - pyridones, are likewise not known in pyrylium chemistry.  

  11.1   Reactions of Pyrylium Cations  4,5   
  11.1.1   Reactions with Electrophilic Reagents 

  11.1.1.1   Proton Exchange 

 2,4,6 - Triphenylpyrylium undergoes exchange at the 3 -  and 5 - positions in hot deuterioacetic acid, but the 
process probably involves, not protonation of the pyrylium cation, but formation of an equilibrium con-
centration of an adduct, with acetate added to C - 2, allowing enol ether protonation and thus exchange.  6           
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  11.1.1.2   Nitration 

 Nitration of 2,4,6 - triphenylpyrylium proceeds on the benzene rings;  7   no nitrations of pyrylium rings are 
known.   

  11.1.2   Addition Reactions with Nucleophilic Reagents 

 Pyrylium salts usually add nucleophiles at a carbon adjacent to the oxygen, and such reactions are analogous 
with those of  O  - protonated carbonyl compounds. 

  11.1.2.1   Water and Hydroxide Ion 

 The degree of susceptibility of pyrylium salts to nucleophilic attack varies widely: pyrylium cation itself 
is even attacked by water at 0  ° C, whereas 2,4,6 - trimethylpyrylium is stable in water at 100    ° C. Hydroxide 
anion, however, adds very readily to C - 2 in all cases. 

 The reaction of 2 - methyl - 4,6 - diphenylpyrylium is typical:  8   the immediate 2 - hydroxy - 2 H  - pyran, which 
is a cyclic enol hemiacetal, is in equilibrium with a dominant concentration of the acyclic tautomer, reached 
probably  via  a proton - catalysed process, since methoxide adducts remain cyclic.  9   Treatment of such acyclic 
unsaturated diketones with acid regenerates the original pyrylium salt ( 11.3.1 ).        

 With pyryliums carrying  α  - alkyl groups, more vigorous alkaline treatment leads to an alternative closure, 
producing arenes, for example reaction of 2,4,6 - trimethylpyrylium with warm alkali causes a subsequent 
cyclising aldol condensation of the acyclic intermediate to give 3,5 - dimethylphenol.  10           

  11.1.2.2   Ammonia and Primary and Secondary Amines 

 Ammonia and primary amines react with pyrylium salts to give pyridines and  N  - alkyl -  or  N  - aryl - pyridinium 
salts, respectively.  11   The transformation represents a good method for preparing the nitrogen heterocycles, 
providing the pyrylium salt can be accessed in the fi rst place. The initial adduct exists as one of a number 
of ring - opened tautomeric possibilities,  12   depending upon conditions; it is probably an amino - dienone that 
recloses to give the nitrogen heterocycle.        
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 The reaction of a secondary amine cannot, of course, lead to a pyridine, however in pyryliums carrying 
an  α  - methyl, ring closure to an arene can occur, this time  via  an enamine.  6a          

 Other reactants containing a primary amino group will also convert pyryliums into  N  - substituted nitrogen 
heterocycles:  N  - amino azoles  13   are amongst several types of hydrazine derivatives to have been utilised: 
these give  N  - (heteroaryl) - pyridinium salts. Reaction of pyryliums with hydroxylamine comparably leads 
(predominantly) to the formation of pyridine  N  - oxides.  1,14    

  11.1.2.3   Organometallic Addition 

 Organometallic addition takes place at an  α  - position, or occasionally at C - 4 when the  α  - positions are 
substituted and C - 4 is unsubstituted  15   or when organocuprates are used.  16   The initial 2 H  - pyrans undergo 
electrocyclic ring opening (and more rapidly than the comparable cyclohexadiene/hexatriene transforma-
tion  17  ) affording dienones or dienals with retention of geometrical integrity.         

  11.1.2.4   Other Carbanionic Additions 

 By processes comparable to organometallic addition, cyanide addition to 2,4,6 - trimethylpyrylium leads 
to a ring - opened dienone.  18   Reactions with stabilised anions, such as those from nitromethane or 1,3 - 
dicarbonyl compounds, proceed though a series of equilibria to recyclised, aromatic compounds.  4a          
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 Following addition of triphenylphosphonium methylide, Wittig condensation, electrocyclic ring opening 
and double bond equilibration, all  trans  - 7 - substituted 2,4,6 - heptatrienals can be accessed.  19            

  11.1.3   Substitution Reactions with Nucleophilic Reagents 

 There are a small number of pyrylium reactions that can be categorised as nucleophilic substitutions. 
4 - Pyrones react with acetic anhydride at carbonyl oxygen to produce 4 - acetoxy - pyryliums,  in situ , allowing 
nucleophilic substitution at C - 4: the reaction of 2,6 - dimethylpyrone with methyl cyanoacetate is typical.  20   
Phosphorus pentachloride likewise converts 4 - pyrones into 4 - chloropyryliums.  21           

  11.1.4   Reactions with Radicals 

 4 - Alkylation of 2,6 - disubstituted pyryliums has been achieved using tetraalkyltin compounds in the pres-
ence of UV light; the initial adducts are re - oxidised  in situ  to produce 4 - substituted pyrylium salts.  22    

  11.1.5   Reactions with Reducing Agents 

 The addition of hydride to pyryliums takes place mainly at an  α  - position, generating 2 H  - pyrans, which 
rapidly open to form the isolated products, dienones, best extracted immediately into an organic solvent to 
minimise further reaction; the minor products are the isomeric 4 H  - pyrans.  23   One - electron polarographic 
reduction generates radicals, which dimerise (cf.  8.5.3 ).  24           

  11.1.6   Photochemical Reactions 

 At fi rst sight, the photochemistry of 4 - hydroxy - pyryliums, i.e. of 4 - pyrones in acid solution, seems 
extraordinary, in that they are converted into 2 - pyrones, however a rationalisation involving, fi rst, a 
bicyclic hydroxyallyl cation, second, a bicyclic epoxy - cyclopentenone, and then a second photoexcita-
tion, makes the transformation clear; the sequence is shown below.  25   Irradiation at higher pH leads to 
a trapping of the fi rst - formed photointermediate by solvent and thus the isolation of dihydroxy - 
cyclopentenones.  26           
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  11.1.7   Reactions with Dipolarophiles; Cycloadditions 

 Pyrylium - 3 - olates,  27   formally 3 - hydroxy - pyryliums rendered overall neutral by loss of the phenolic 
proton, though this is not usually the method for their formation, undergo cycloadditions across the 2,6 -
 positions and in so doing parallel the reactivity of pyridinium - 3 - olates ( 8.7 ). Even unactivated alkenes 
will cycloadd when tethered and thus the process is intramolecular.  25   Usually, the pyrylium - 3 - olate is 
generated by elimination of acetic acid from a 6 - acetoxy - 2 H  - pyran - 3(6 H ) - one (a  ‘ pyranulose acetate ’   28  ) 
(see  18.2 ).        

 Borohydride reduction of the ketone carbonyl in such adducts, then ozonolysis, generates 2,5 -  cis  dis-
ubstituted tetrahydrofurans.  29   

 Another ingenious route for the generation of the dipolar species involves the carbonyl -  O  - alkylation  30   
or  O  - silylation  31   of 3 - oxygenated 4 - pyrones. The example below shows  O  - methylation of a kojic 
acid derivative, then deprotonation of the 3 - hydroxyl using a hindered base to trigger the dipolar 
cycloaddition.         

  11.1.8   Alkyl - Pyryliums  32   

 Hydrogens on alkyl groups at the  α  -  and  γ  - positions of pyrylium salts are, as might be expected, quite 
acidic: reaction at a  γ  - methyl is somewhat faster than at an  α  - methyl.  33   Condensations with aromatic alde-
hydes (illustrated below),  34   triethyl orthoformate  35   and dimethylformamide  36   are all possible.          
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  11.2   2 - Pyrones and 4 - Pyrones (2 H  - Pyran - 2 - ones and 4 H  - Pyran - 4 - ones;  α  -  and 

 γ  - Pyrones) 
  11.2.1   Structure of Pyrones 

 2 -  and 4 - Hydroxy - pyrylium salts are quite strongly acidic and are therefore much better known as their 
conjugate bases, the 2 -  and 4 - pyrones. The simple 4 - pyrones are quite stable crystalline substances, whereas 
the 2 - pyrones are much less stable: 2 - pyrone itself, which has the smell of fresh - mown hay, polymerises 
slowly on standing. There are relatively few simple pyrone natural products, in great contrast with the 
widespread occurrence and importance of their benzo derivatives, the coumarins and chromones ( 32.5.6 ), 
in nature.  

  11.2.2   Reactions of Pyrones 

  11.2.2.1   Electrophilic Addition and Substitution 

 4 - Pyrone is a weak base, p K  aH   − 0.3 that is protonated on the carbonyl oxygen to afford 4 - hydroxy - pyrylium 
salts, often crystalline. The reaction of 2,6 - dimethyl - 4 - pyrone with  t  - butyl bromide in hot chloroform pro-
vides a neat way to form the corresponding 4 - hydroxy - 2,6 - dimethylpyrylium bromide.  37   2 - Pyrones are 
much weaker bases and, though they are likewise protonated on carbonyl oxygen in solution in strong 
acids, salts cannot be isolated. This difference is mirrored in reactions with alkylating agents: the former 
give 4 - methoxy - pyrylium salts with dimethyl sulfate,  38   whereas 2 - pyrones require Meerwein salts, 
  Me O BF3 4

+ −, for carbonyl -  O  - methylation. Acid - catalysed exchange in 4 - pyrone, presumably  via C  - 
protonation of a concentration of neutral molecule, takes place at the 3/5 - positions.  39          

 With bromine, 2 - pyrone forms an unstable adduct that gives the substitution product 3 - bromo - 2 - pyrone 
on warming,  40   however this can also be obtained satisfactorily by bromodecarboxylation of 2 - pyrone - 3 -
 carboxylic acid; coumalic acid (2 - pyrone - 5 - carboxylic acid) gives 5 - bromo - 2 - pyrone  41   or 3,5 - dibromo - 2 -
 pyrone  42   (See also  11.2.2.3  and  11.4.2  for syntheses of halo - 2 - pyrones).        

 With nitronium tetrafl uoroborate, the electrophile is assumed to attack fi rst at carbonyl oxygen, leading 
subsequently to 5 - nitro - 2 - pyrone.  43   Simple examples of electrophilic substitution of 4 - pyrones are 
rare, however bis - dimethylaminomethylation of the parent heterocycle takes place under quite mild 
conditions.  44           
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  11.2.2.2   Attack by Nucleophilic Reagents 

 2 - Pyrones are in many ways best viewed as unsaturated lactones, and as such they are easily hydrolysed 
by aqueous alkali; 4 - pyrones, too, easily undergo ring - opening with base, though for these vinylogous 
lactones, initial attack is at C - 2.  45          

 2 - Pyrones can in principle add nucleophilic reactants at either C - 2 (carbonyl carbon), C - 4 or C - 6: their 
reactions with cyanide anion,  46   and ammonia/amines are examples of the latter, whereas the addition of 
Grignard nucleophiles occurs at carbonyl carbon.               

 4 - Pyrones also add Grignard nucleophiles at the carbonyl carbon, C - 4; dehydration of the immediate 
tertiary alcohol product with mineral acid provides an important route to 4 - mono - substituted pyrylium 
salts.  47   More vigorous conditions lead to the reaction of both 2 -  and 4 - pyrones with two mole equivalents 
of organometallic reagent and the formation of 2,2 - disubstituted - 2 H  -  and 4,4 - disubstituted - 4 H  - pyrans, 
respectively.  48   Perhaps surprisingly, hydride (lithium aluminium hydride) addition to 4,6 - dimethyl - 2 - 
pyrone takes place, in contrast, at C - 6.  49   

 Ammonia and primary aliphatic and aromatic amines convert 4 - pyrones into 4 - pyridones:  50   this must 
involve attack at an  α  - position, then ring opening and reclosure; in some cases ring - opened products of 
reaction with two mole equivalents of the amine have been isolated, though such structures are not neces-
sarily intermediates on the route to pyridones.  51   The transformation can also be achieved by, fi rst, hydrolytic 
ring opening using barium hydroxide (see above), and then reaction of the barium salt with ammonium 
chloride.  52          

 The reactions of 4 - pyrones with hydrazines and hydroxylamine, can lead to recyclisations involving the 
second heteroatom of the attacking nucleophile, producing pyrazoles and isoxazoles, respectively, however 
in the simplest examples 4 - pyrones react with hydroxylamine, giving either 1 - hydroxy - 4 - pyridones or 
4 - hydroxy - amino - pyridine  N  - oxides;  53   again, prior hydrolytic ring opening using barium hydroxide has 
been employed.  43   
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 Nucleophilic displacement of leaving groups can also be carried out in suitable cases, for example, of 
the 4 - methylthio in 3 - cyano - 2 - pyrones.  54           

  11.2.2.3   Organometallic Derivatives 

 3 - Bromo - 2 - pyrone does not undergo exchange (or C - H - deprotonation) with  n  - butyllithium, however it has 
been transformed into a cuprate, albeit of singularly less nucleophilic character than typical cuprates.  55   
6 - Substituted 5 - iodo - 2 - pyrones, obtained by iodolactonisation, react with activated zinc, giving species that 
can be protonolysed or used to make 5,6 - disubstituted 2 - pyrones  via  Pd(0) - catalysed coupling.  56           

  11.2.2.4   Cycloaddition Reactions  57   

 2 - Pyrone reacts readily as a diene in Diels – Alder additions, but the initial adduct often loses carbon dioxide, 
generating a second diene that then adds a second mole of the dienophile: reaction with maleic anhydride, 
shown below, is typical  –  a monoadduct can be isolated, which under more vigorous conditions loses carbon 
dioxide and undergoes a second addition.  58   When the dienophile is an alkyne, methyl propiolate for 
example, benzenoid products result from the expulsion of carbon dioxide.  59   Primary adducts, which have 
not lost carbon dioxide, can be obtained from reactions conducted at lower temperatures under very high 
pressure or in the presence of lanthanide catalysts.  60   A useful example is the reaction of 2 - pyrone and 
substituted derivatives with alkynyl boronates leading to aryl boronates; 2 - pyrone itself reacts in 86% yield 
with trimethylsilylethynyl boronate.  61                 
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 3 -   62   and 5 - Bromo  63    - 2 - pyrones present remarkable properties in their abilities to act as effi cient dienes 
towards  both  electron - rich  and  electron - poor dienophiles (illustrated below); 3 - (  para  - tolylthio) - 2 - pyrone 
also undergoes ready cycloadditions with electron - defi cient alkenes.  64          

 Under appropriate conditions, even unactivated alkenes will take part in intermolecular cycloadditions 
with 3 -  and 5 - bromo - 2 - pyrones and with 3 - methoxycarbonyl - 2 - pyrone.  65   Reactions can be conducted at 
100  ° C, or at room temperature under 10 – 12 kbar and with zinc chloride catalysis.        

 3,5 - Dibromo - 2 - pyrone is a more reactive diene in both normal and inverse electron demand Diels – Alder 
cycloadditions: an example is shown below.  66          

 5 - Alkenyl - 2 - pyrones, react as dienes, but in the alternative way indicated below.  67           

  11.2.2.5   Photochemical Reactions 

 In addition to the photocatalysed rearrangement of 4 - pyrones in acid solution ( 11.1.6 ) the other clear - cut 
photochemical reactions undergone are the transformation of 2 - pyrone into a bicyclic  β  - lactone on irradia-
tion in a non - hydroxylic solvent, and into an acyclic unsaturated ester - aldehyde on irradiation in the 
presence of methanol.  68           
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  11.2.2.6   Side - Chain Reactions 

 4 - Pyrones  69   and 2 - pyrones  70   condense with aromatic aldehydes at 2 -  and 6 - methyl groups and 2,6 - dimethyl -
 4 - pyrone can be lithiated at a methyl.  71           

  11.2.2.7   2,4 - Dioxygenated Pyrones 

 2,4 - Dioxygenated pyrones exist as the 4 - hydroxy tautomers. Such molecules are easily substituted by 
electrophiles, at the position between the two oxygens (C - 3)  72   and can be side - chain deprotonated using 
two mole equivalents of strong base.  73             

  11.3   Synthesis of Pyryliums  1,7a   
 Pyrylium rings are assembled by the cyclisation of a 1,5 - dicarbonyl precursor, separately synthesised or 
generated  in situ . 

  11.3.1   From 1,5 - Dicarbonyl Compounds 

 1,5 - Dicarbonyl compounds can be cyclised, with dehydration and in the presence of an oxidising agent.        

 Mono - enolisation of a 1,5 - diketone, then the formation of a cyclic hemiacetal, and its dehydration, pro-
duces 4 H  - pyrans, which require only hydride abstraction to arrive at the pyrylium oxidation level. The 
diketones are often prepared  in situ  by the reaction of an aldehyde with two moles of a ketone (compare 
Hantzsch synthesis,  8.14.1.2 ) or of a ketone with a previously prepared conjugated ketone  –  a  ‘ chalcone ’  
in the case of aromatic ketones/aldehydes. It is the excess chalcone that serves as the hydride acceptor in 
this approach.        
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 Early work utilised acetic anhydride as solvent with the incorporation of an oxidising agent, often 
iron(III) chloride (though it is believed that the acylium cation is the hydride acceptor); latterly the 
incorporation of 2,3 - dichloro - 5,6 - dicyano - 1,4 - benzoquinone,  74   2,6 - dimethylpyrylium or, most often, the 
triphenylmethyl cation  75   have proved effi cient. In some cases the 4 H  - pyran is isolated then oxidised in a 
separate step.  76          

 If an unsaturated dicarbonyl precursor is available, no oxidant needs to be added: a synthesis of the 
perchlorate of pyrylium itself, shown below, falls into this category: careful perchloric acid treatment of 
either glutaconaldehyde, or of its sodium salt, produces the parent salt.  12,77   ( CAUTION : potentially 
explosive).         

  11.3.2   Alkene Acylation 

 Alkenes can be diacylated with an acid chloride or anhydride, generating an unsaturated 1,5 - dicarbonyl 
compound, which then cyclises with loss of water.        

 The aliphatic version of the classical aromatic Friedel – Crafts acylation process, produces, by loss of 
proton, a non - conjugated enone, which can then undergo a second acylation, thus generating an unsaturated 
1,5 - diketone. Clearly, if the alkene is not symmetrical, two isomeric diketones are formed.  78   Under the 
conditions of these acylations, the unsaturated diketone cyclises, loses water and forms a pyrylium salt. 
The formation of 2,6 - di -  t  - butyl - 4 - methylpyrylium  79   illustrates the process  –  here a precursor alcohol gener-
ates the alkene  in situ ; halides that dehydrohalogenate can also be used.  80   A comparable sequence using 
acetic anhydride gives 2,4,6 - trimethylpyrylium, best isolated as its much more stable and non - hygroscopic 
carboxymethanesulfonate.  81           
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  11.3.3   From 1,3 - Dicarbonyl Compounds and Ketones 

 The acid - catalysed condensation of a ketone with a 1,3 - dicarbonyl compound, with dehydration  in situ  
produces pyrylium salts.        

 Aldol condensation between a 1,3 - dicarbonyl component and a ketone with an  α  - methylene, under 
acidic, dehydrating conditions, produces pyrylium salts.  82   It is likely that the initial condensation is followed 
by a dehydration before the cyclic hemiacetal formation and loss of a second water molecule. The use of 
the bis - acetal of malondialdehyde, as a synthon for malondialdehyde, is one of the few ways available for 
preparing  α  - unsubstituted pyryliums.  1          

 Variations on this theme include the use, as synthons for the 1,3 - dicarbonyl component, of  β  - chloro -
  α , β  - unsaturated ketones,  83   or of conjugated alkynyl aldehydes.  84     

  11.4   Synthesis of 2 - Pyrones 
  11.4.1   From 1,3 - Keto(aldehydo) - Acids and Carbonyl Compounds 

 The classical general method for constructing 2 - pyrones is that based on the cyclising condensation of a 
1,3 - keto(aldehydo) - acid with a second component that provides the other two ring carbons.        

 The long known synthesis of coumalic acid from treatment of malic acid with hot sulfuric acid 
illustrates this route: decarbonylation produces formylacetic acid,  in situ , which serves as both the 1,3 -
 aldehydo - acid component and the second component.  85   Decarboxylation of coumalic acid gives access to 
2 - pyrone itself.  86          
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 Conjugate additions of enolates to alkynyl - ketones  87   or to alkynyl - esters  88   are further variations on the 
synthetic theme.         

  11.4.2   Other Methods 

 2 - Pyrone itself can be prepared  via  Prins alkylation of but - 3 - enoic acid with subsequent lactonisation, 
giving 5,6 - dihydro - 2 - pyrone, which,  via  allylic bromination and then dehydrobromination, is converted 
into 2 - pyrone.  89   Alternative manipulation  90   of the dihydropyrone affords a convenient synthesis of a sepa-
rable mixture of the important 3 -  and 5 - bromo - 2 - pyrones (see  11.2.2.4 ).        

 Phosphine - catalysed addition of ethyl allene carboxylate to aldehydes also involves the construction of 
the 5,6 - bond.  91          

 The esterifi cation of a 1,3 - ketoaldehyde enol with a diethoxyphosphinyl - alkanoic acid, forming the ester 
linkage of the fi nal molecule fi rst, allows ring closure involving C - 3 – C - 4 bond formation  via  an intramo-
lecular Horner – Emmons reaction.  92          

 The palladium - catalysed coupling of alkynes with a 3 - iodo -  α , β  - unsaturated ester, or with the enol trifl ate 
of a  β  - keto - ester as illustrated below, must surely be one of the shortest and most direct routes to 
2 - pyrones.  93          
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 6 - Chloro - 2 - pyrone is easily available by reaction of  trans  - glutaconic acid with phosphorus 
pentachloride.  94          

  11.5   Synthesis of 4 - Pyrones 
 4 - Pyrones result from the acid - catalysed closure of 1,3,5 - tricarbonyl precursors.        

 Acylation of the anion derived by deprotonating the methyl in a 2,2,6 - trimethyl - 1,3 - dioxin - 4 - one, then 
thermolysis, provides a neat route to 2,4 - dioxygenated pyrones.  95            

 The construction of a 4 - pyrone is essentially the construction of a 1,3,5 - tricarbonyl compound, since 
such compounds easily form cyclic hemiacetals then requiring only dehydration. Strong acid has usually 
been used for this purpose, but where stereochemically sensitive centres are close, the reagent from triphe-
nylphosphine and carbon tetrachloride can be employed.  96   

 Several methods are available for the assembly of tricarbonyl precursors: the synthesis of chelidonic acid 
(4 - pyrone - 2,6 - dicarboxylic acid)  97   represents the obvious approach of bringing about two Claisen condensa-
tions, one on each side of a ketone carbonyl group. Chelidonic acid can be decarboxylated to produce 
4 - pyrone itself.  98          
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 A variety of symmetrically substituted 4 - pyrones can be made very simply by heating an alkanoic acid 
with polyphosphoric acid;  99   presumably a series of Claisen - type condensations, with a decarboxylation, 
lead to the assembly of the requisite acyclic, tricarbonyl precursor.        

 The Claisen condensation of a 1,3 - diketone,  via  its dianion, with an ester,  100   or of a ketone enolate with 
an alkyne ester,  101   also give the desired tricarbonyl arrays. Applying this principle to 1,3 - keto - esters leads 
through to 2,4 - dioxygenated heterocycles.  102          

 Another strategy to bring about acylation at the less acidic carbon of a  β  - keto ester, is to condense, fi rstly 
at the central methylene, with DMFDMA; this has the added advantage that the added carbon can then 
provide the fi fth carbon of the target heterocycle.  103          

  α  - Unsubstituted 4 - pyrones have similarly been constructed  via  acylation of 2 - methoxyvinyl 
ketones.  104          

 Dehydroacetic acid  105   was fi rst synthesised in 1866;  106   it is formed very simply from ethyl acetoacetate 
by a Claisen condensation between two molecules, followed by the usual cyclisation and fi nally loss of 
ethanol. In a modern version,  β  - keto - acids can be self - condensed using carbonyl diimidazole as the con-
densing agent.  107          



224 Heterocyclic Chemistry

 The acylation of the enamine of a cyclic ketone with diketene leads directly to bicyclic 4 - pyrones, as 
indicated below.  108            

 Exercises    
  Straightforward revision exercises (consult Chapters  10  and  11 ):  

   (a)   Specify three nucleophiles that add easily to pyrylium salts, and draw the structures of the products 
produced thereby.   

   (b)   Certain derivatives of six - membered oxygen heterocycles undergo 4+2 cycloaddition reactions: draw 
out three examples.   

   (c)   Draw a mechanism for the transformation of 2 - pyrone into 1 - methyl - 2 - pyridone on reaction with 
methylamine.   

   (d)   What steps must take place to achieve the conversion of a saturated 1,5 - diketone into a pyrylium salt?   
   (e)   Describe how 5,6 - dihydro - 2 - pyrone can be utilised to prepare either 2 - pyrone, or 3 -  and 5 - bromo - 

2 - pyrones.   
   (f)   1,3,5 - Tricarbonyl compounds are easily converted into 4 - pyrones. Describe two ways to produce a 

1,3,5 - trione or a synthon thereof.   

  More advanced exercises:  

   1.   Write a sequence for the transformation of 2,4,6 - trimethylpyrylium into 1 - phenyl - 2,4,6 - trimethylpyri-
dinium by reaction with aniline.   

   2.   Devise a mechanism to explain the formation of 1,3,5 - triphenylbenzene from reaction of 2,4,6 - triphe-
nylpyrylium perchlorate on reaction with 2 mole equivalents of Ph 3 P = CH 2 .   

   3.   Suggest structures for the compounds in the following sequence: 2 - methyl - 5 - hydroxy - 4 - pyrone reacted 
with   MeOTf C H O TfO→

+ −
7 9 3  (a salt), then this with 2,2,6,6 - tetramethylpiperidine (a hindered 

base)    →    C 7 H 8 O 3 , a dipolar substance, and this then with acrylonitrile    →    C 10 H 11 NO 3 .   
   4.   Write out a mechanism for the conversion of 4 - pyrone into 1 - phenyl - 4 - pyridone by reaction with aniline. 

Write structures for the products you would expect from reaction of methyl coumalate (5 - methoxycar-
bonyl - 2 - pyrone) with benzylamine.   

   5.   Deduce structures for the pyrylium salts formed by the following sequences: (i) pinacolone 
(Me 3 CCOMe) condensed with pivaldehyde (Me 3 CCH = O) gave C 11 H 20 O, which was then reacted with 
pinacolone in the presence of NaNH 2 , generating C 17 H 32 O 2  and this with   Ph C ClO+

3 4
− in AcOH gave a 

pyrylium salt; (ii) cyclodecene and Ac 2 O/HClO 4 ; (iii) PhCOMe and MeCOCH 2 CHO with Ac 2 O and 
HClO 4 .   

   6.   When dehydroacetic acid is heated with c. HCl 2,6 - dimethyl - 4 - pyrone is formed in 97% yield 
 –  explain.   

   7.   When ethyl acetoacetate is reacted with HCl, isodehydroacetic acid (ethyl 4,6 - dimethyl - 2 - pyrone - 5 -
 carboxylate) is formed  –  explain.   

    8.    Deduce structures for the pyrones formed by the following sequences: (i) PhCOCH 3  with PhC ≡ CCO 2 Et 
in the presence of NaOEt; (ii) butanoic acid heated with PPA at 200    ° C; (iii)  n  - BuCOCH 2 CO 2 H with 
carbonyl diimidazole; (iv) PhCOCH 2 COCH 3  with excess NaH then methyl 4 - chlorobenzoate; 
(v) CH 3 COCH = CHOMe with KO t  - Bu and PhCOCl.     
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 1 - Benzopyryliums, coumarins and chromones are very widely distributed throughout the plant kingdom, 
where many secondary metabolites contain them. Not the least of these are the  ‘ fl avonoids ’ , which make 
up the majority of fl ower pigments (see  32.5.6 ). In addition, many fl avone (2 - arylchromone) and coumarin 
derivatives have marked toxic and other physiological properties in animals, though they play no part in 
the normal metabolism. The isomeric 2 - benzopyrylium  1   system does not occur naturally and only a few 
isocoumarins  2   occur as natural products, and as a consequence much less work on these has been described. 

 Processes initiated by nucleophilic additions to the positively charged heterocyclic ring are the main, 
almost the only, types of reaction known for benzopyryliums. The absence of examples of electrophilic 
substitution in the benzene ring is to be contrasted with substitution in quinolinium and isoquinolinium 
salts, emphasising the greater electron - withdrawing, and thus deactivating, effect of positively charged 
oxygen. 

 Coumarins, chromones, and isocoumarins react with both nucleophiles and electrophiles in much the 
same way as do quinolones and isoquinolones.  

  12.1   Reactions of Benzopyryliums 
 Much more work has been done on 1 - benzopyryliums than on 2 - benzopyryliums, because of their relevance 
to the fl avylium (2 - phenyl - 1 - benzopyrylium) nucleus, which occurs widely in the anthocyanins, and much 
of that work has been conducted on fl avylium itself. As with pyrylium salts, benzopyrylium salts usually 
add nucleophiles at the carbon adjacent to the oxygen. 

  12.1.1   Reactions with Electrophilic Reagents 

 No simple examples are known of electrophilic or radical substitution of either heterocyclic or homocyclic 
rings of benzopyrylium salts; fl avylium  3   and 1 - phenyl - 2 - benzopyrylium 5  salts nitrate in the substituent 
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benzene ring. Having said this, the cyclisation of coumarin - 4 - propanoic acid may represent Friedel – Crafts -
 type intramolecular attack on the carbonyl -  O  - protonated form, i.e. on a 2 - hydroxy - 1 - benzopyrylium system, 
at C - 3.  4           

  12.1.2   Reactions with Oxidising Agents 

 Oxidative general breakdown of fl avylium salts was utilised in early structural work on the natural com-
pounds. Baeyer – Villiger oxidation is such a process, whereby the two  ‘ halves ’  of the molecule can be 
separately examined (after ester hydrolysis of the product).  5   Flavylium salts can be oxidised to fl avones 
using thallium(III) nitrate,  6   and benzopyrylium itself can be converted into coumarin with manganese 
dioxide.  7    

  12.1.3   Reactions with Nucleophilic Reagents 

  12.1.3.1   Water and Alcohols 

 Water and alcohols add readily at C - 2, and sometimes at C - 4, generating chromenols or chromenol ethers.  8   
It is diffi cult to obtain 2 H  - chromenols pure, since they are always in equilibrium with ring - opened 
chalcones.  9          

 Controlled conditions are required for the production of simple adducts, for under more vigorous alkaline 
treatment, ring opening, then carbon – carbon bond cleavage  via  a retro - aldol mechanism takes place, and 
such processes, which are essentially the reverse of a route used for the synthesis of 1 - benzopyryliums 
( 12.3.1.2 ) were utilised in early structural work on anthocyanin fl ower pigments.         

  12.1.3.2   Ammonia and Amines 

 Ammonia and amines add to benzopyryliums, and simple adducts from secondary amines have been 
isolated.  10          
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 It is important to realise that 1 - benzopyrylium salts cannot be converted into quinolines or quinolinium 
salts by reaction with ammonia or primary amines (cf. pyryliums to pyridines,  11.1.2.2 ), whereas 2 - 
benzopyrylium salts are converted, effi ciently, into isoquinolines or isoquinolinium salts, respectively.  11           

  12.1.3.3   Carbon Nucleophiles 

 Organometallic carbon nucleophiles add to fl avylium salts,  12   as do activated aromatics like phenol,  13   and 
enolates such as those from cyanoacetate, nitromethane  14   and dimedone,  15   all very effi ciently, at C - 4. 
Cyanide and azide add to 2 - benzopyryliums at C - 1.  16          

 Silyl enol ethers, or allylsilanes will add at C - 2 to 1 - benzopyrylium salts generated by  O  - silylation of 
chromones; in the case of silyl ethers of  α , β  - unsaturated ketones, cyclisation of the initial adduct is observed 
(cf.  8.12.2 ).  17            

  12.1.4   Reactions with Reducing Agents 

 Catalytic hydrogenation of fl avylium salts is generally straightforward and results in the saturation of the 
heterocyclic ring. Lithium aluminium hydride reduces fl avylium salts, generating 4 H  - chromenes,  18   unless 
there is a 3 - methoxyl, when 2 H  - chromenes are the products.  19   2 - Benzopyryliums add hydride at C - 1.  20           

  12.1.5   Alkyl - Benzopyryliums 

 Alkyl groups oriented  α  or  γ  to the positively charged oxygen in benzopyryliums have acidifi ed hydrogens 
that allow aldol - type condensations.  1,21     
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  12.2   Benzopyrones (Chromones, Coumarins and Isocoumarins) 
  12.2.1   Reactions with Electrophilic Reagents 

  12.2.1.1   Addition to Carbonyl Oxygen 

 Addition of a proton to carbonyl oxygen produces a hydroxy - benzopyrylium salt; chromones undergo this 
protonation more easily than the coumarins, for example passage of hydrogen chloride through a mixture 
of chromone and coumarin in ether solution leads to the precipitation of only chromone hydrochloride 
(i.e. 4 - hydroxy - 1 - benzopyrylium chloride).  22    O  - Alkylation requires the more powerful alkylating agents;  1,23   
 O  - silylation of benzopyrones is easy ( 12.1.3.3 ).         

  12.2.1.2   C - Substitution 

  C  - Substitution of coumarins and chromones has been observed in both rings: in strongly acidic media, in 
which presumably it is a hydroxy - benzopyrylium cation that is attacked, substitution takes place at C - 6, 
for example nitration.  24   This can be contrasted with the dimethylaminomethylation of chromone,  25   iodin-
ation of fl avones  26   or the chloromethylation of coumarin  27   where hetero - ring substitution takes place, 
presumably  via  the non - protonated (non - complexed) heterocycle ( CAUTION : CH 2 O/HCl also produces 
some ClCH 2 OCH 2 Cl, a carcinogen).                      

 Reaction of coumarin or chromone with bromine results in simple addition to the heterocyclic ring double 
bond, subsequent elimination of hydrogen bromide giving 3 - bromocoumarin  28   or 3 - bromochromone.  29   
Copper(II) halides with alumina in refl uxing chlorobenzene is an alternative method for 3 - halogenation of 
coumarins.  30   Bromine in the presence of an excess of aluminium chloride (the  ‘ swamping catalyst ’  effect) 
converts coumarin into 6 - bromocoumarin;  31   chromone can be effi ciently brominated at C - 6 using dibro-
moisocyanuric acid.  32     

  12.2.2   Reactions with Oxidising Agents 

 Non - phenolic coumarins are relatively stable to oxidative conditions.  33   Various oxidative methods were 
used extensively in structure determinations of natural fl avones.        
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 Flavones and isofl avones (3 - aryl - chromones) are quantitatively converted into 2,3 - epoxides by exposure 
to dimethyl dioxirane; fl avone oxides are quantitatively converted by acid into 3 - hydroxy - fl avones, which 
are naturally occurring.  34    

  12.2.3   Reactions with Nucleophilic Reagents 

  12.2.3.1   Hydroxide 

 Coumarins are quantitatively hydrolysed to give yellow solutions of the salts of the corresponding  cis  -
 cinnamic acids (coumarinic acids), which cannot be isolated, since acidifi cation brings about immediate 
re - lactonisation; prolonged alkali treatment leads to isomerisation and the formation of the  trans  - acid 
(coumaric acid) salt.        

 Cold sodium hydroxide comparably reversibly converts chromones into the salts of the corresponding 
ring - opened phenols,  via  initial attack at C - 2, more vigorous alkaline treatment leading to reverse - Claisen 
degradation of the 1,3 - dicarbonyl side - chain.         

  12.2.3.2   Ammonia, Amines and Hydrazines 

 Ammonia and amines do not convert coumarins into 2 - quinolones, nor chromones into 4 - quinolones, but 
isocoumarins do produce isoquinolones.  35   Ring - opened products from chromones and secondary amines 
can be obtained where the nucleophile has attacked at C - 2.        

 The interaction of 3 - iodochromone with fi ve - membered azoles, such as imidazole, leads to substitution 
at the 2 - position, presumably  via  an addition/elimination sequence, as indicated.  36          



234 Heterocyclic Chemistry

 3 - Formyl chromones  37,38   react with arylhydrazines to produce 4 - acyl - pyrazoles.  39           

  12.2.3.3   Carbon Nucleophiles 

 Grignard reagents react with chromones at the carbonyl carbon; the resulting chromenols can be converted 
by acid into the corresponding 4 - substituted 1 - benzopyrylium salts. 26         

 Coumarins and isocoumarins  16   react with Grignard reagents, often giving mixtures of products resulting 
from ring opening of the initial carbonyl adduct; the reaction of coumarin with methylmagnesium iodide 
illustrates this.  40          

 By conversion into a benzopyrylium salt with a leaving group, nucleophiles can be introduced at the 
chromone 4 - position: treatment with acetic anhydride presumably forms a 4 - acetoxy - benzopyrylium.  41          

 In effi cient reactions, coumarin can be made to react with electron - rich aromatics using phosphoryl 
chloride, alone, or with zinc chloride.  42           
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  12.2.3.4   Organometallic Derivatives 

 Flavone can be lithiated at C - 3.  43           

  12.2.3.5   Reactions with Reducing Agents 

 Both coumarin and chromone are converted by diborane then alkaline hydrogen peroxide into 3 - hydroxy -
 chroman.  44   Catalytic reduction of coumarin or chromone saturates the C – C double bond.  45   For both systems, 
hydride reagents can of course react either at carbonyl carbon or at the conjugate position and mixtures 
therefore tend to be produced. Zinc amalgam in acidic solution converts benzopyrones in 4 - unsubstituted 
benzopyrylium salts.  46           

  12.2.3.6   Reactions with Dienophiles; Cycloadditions 

 Coumarins, but not apparently chromones, serve as dienophiles in Diels – Alder reactions, though under 
relatively forcing conditions;  47   in water such additions take place at 150  ° C and under high pressure, at 
70  ° C.  48          

 It can be taken as a measure of the low intrinsic aromaticity associated with fused pyrone rings, 
that 3 - acyl - chromones undergo hetero - Diels – Alder additions with enol ethers,  49   and ketene acetals,  50   3 - 
formylchromone reacting the most readily.        

 Chromone - 3 - esters, on the other hand, serve as dienophiles under Lewis acid catalysis.  51   
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        2 - Benzopyran - 3 - ones, generated by cyclising dehydration of an  ortho  - formyl - arylacetic acids take part 
in intramolecular Diels – Alder additions, as shown below.  52          

 Decomposition of aryl - diazoketones, which have an alkene tethered  via  an ortho - ester, generates a 
4 - oxido - isochromylium salt for intramolecular cycloaddition to the alkene.  53           

  12.2.3.7   Photochemical Reactions 

 Coumarin has been studied extensively in this context; in the absence of a sensitiser, it gives a  syn  head -
 to - head dimer; in the presence of benzophenone as sensitiser, the  anti  isomer is formed;  54   the  syn  head - to -
 tail dimer is obtained by irradiation in acetic acid.  55   Cyclobutane - containing products are obtained in modest 
yields by sensitiser - promoted cycloadditions of coumarins or 3 - acyl - oxycoumarins, with alkenes, ketene 
diethyl acetal or cyclopentene.  56           

  12.2.3.8   Alkyl - coumarins and Alkyl - chromones 

 Methyl groups at C - 2, but not at C - 3, of chromones undergo condensations with aldehydes, because only 
the former can be deprotonated to give conjugated enolates.  57          
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 The 4 - position of coumarins is the only one at which alkyl substituents have enhanced acidity in their 
hydrogens,  58   and this is considerably less than that of the methyl groups of 2 - methyl - chromones.  59      

  12.3   Synthesis of Benzopyryliums, Chromones, Coumarins and Isocoumarins 
 There are three important ways of putting together 1 - benzopyryliums, coumarins and chromones; all begin 
with phenols. The isomeric 2 - benzopyrylium and isocoumarin nuclei require the construction of an  ortho  -
 carboxy -  or  ortho  - formyl - arylacetaldehyde (homophthalaldehyde). 

 Subject to the restrictions set out below, phenols react with 1,3 - dicarbonyl compounds to produce 1 -
 benzopyryliums or coumarins, depending on the oxidation level of the 1,3 - dicarbonyl component.        

  ortho  - Hydroxy - benzaldehydes react with carbonyl compounds having an  α  - methylene, to give 1 - 
benzopyryliums or coumarins, depending on the nature of the aliphatic unit.        

  ortho  - Hydroxyaryl alkyl ketones react with esters to give chromones. 

         12.3.1   Ring Synthesis of 1 - Benzopyryliums 1b  

  12.3.1.1   From Phenols and 1,3 - Dicarbonyl Compounds 

 The simplest reaction, that between a diketone and a phenol, works best with resorcinol, for the second 
hydroxyl facilitates the cyclising electrophilic attack. This synthesis can give mixtures with unsymmetrical 
diketones, and it is therefore well suited to the synthesis of 1 - benzopyryliums with identical groups at C - 2 
and C - 4,  60   however diketones in which the two carbonyl groups are appreciably different in reactivity can 
also produce high yields of single products.  61    
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       Acetylenic ketones, synthons for 1,3 - keto - aldehydes, also take part regioselectively in condensations,  62   
as do chalcones (a chalcone has the form ArCH = CHC(O)Ar), though of course an oxidant must be incor-
porated in this latter case.  63   Hexafl uorophosphoric acid is recommended for the condensation of phloroglu-
cinols and alkynyl - ketones.  64          

 For hetero - ring - unsubstituted targets, the bis - acetal of malondialdehyde can be employed: in this variant 
a heterocyclic acetal - ether is fi rst obtained, from which two mole equivalents of ethanol must then be 
eliminated.  65           

  12.3.1.2   From  ortho  - Hydroxy - araldehydes and ketones 

 Salicylaldehydes can be condensed, by base or acid catalysis, with ketones that have an  α  - methylene. When 
base catalysis is used, the intermediate hydroxy - chalcones can be isolated,  8   but overall yields are often 
better when the whole sequence is carried out in one step, using acid.  66   It is important to note that because 
this route does not rely upon an electrophilic cyclisation onto the benzene ring, 1 - benzopyryliums free from 
benzene ring (activating) substituents can be produced.          

  12.3.2   Ring Synthesis of Coumarins 

  12.3.2.1   From Phenols and 1,3 - Keto - Esters 

  The Pechmann Synthesis  67   

 Phenols react with  β  - keto - esters, including cyclic keto - esters,  68   to give coumarins under acid - catalysed 
conditions  –  concentrated sulfuric acid,  69   hydrogen fl uoride,  70   a cation exchange resin,  71   indium(III) chlo-
ride  72   and sulfamic acid  73   (solvent free) are amongst those that have been used.        
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 The Pechmann synthesis works best with the more nucleophilic aromatic compounds, such as resorcinols: 
electrophilic attack on the benzene ring  ortho  to phenolic oxygen by the protonated ketone carbonyl is the 
probable fi rst step, though aryl - acetoacetates, prepared from a phenol and diketene, also undergo ring 
closure to give coumarins.  74   The greater electrophilicity of the ketonic carbonyl determines the orientation 
of combination. The production of hetero - ring - unsubstituted coumarins can be achieved by condensing 
with formylacetic acid, generated  in situ  by the decarbonylation of malic acid.        

 Coumarins can be obtained directly, in a one - pot procedure, from phenols and a propiolate, using 
palladium or platinum catalysis.  75,76            

  12.3.2.2   From  ortho  - Hydroxy - Araldehydes and Anhydrides or Esters 

 The simplest synthesis of coumarins is a special case of the Perkin condensation, i.e. the condensation of 
an aromatic aldehyde with an anhydride.  ortho  - Hydroxy -  trans  - cinnamic acids cannot be intermediates since 
they do not isomerise under the conditions of the reaction; nor can  O  - acetylsalicylaldehyde be the immedi-
ate precursor of the coumarin, since it is not cyclised by sodium acetate on its own.  77          

 The general approach can be enlarged and conditions for condensation made milder by the use of further -
 activated esters, thus condensation with methyl nitroacetate produces 3 - nitro - coumarins,  78   condensations 
with Wittig ylides  79   allow  ortho  - hydroxyaryl ketones to be used  80   and the use of diethyl malonate (or 
malonic acid  81  ) (a 3 - ester can be removed by hydrolysis and decarboxylation  82  ), malononitrile, ethyl trifl uo-
roacetoacetate, or substituted acetonitriles in a Knoevenagel condensation, produces coumarins with a 
3 - ester,  83   3 - trifl uoroacetyl,  84   3 - cyano, or 3 - alkyl or  - aryl substituent.  85   Condensation with  N  - acetylglycine 
generates 3 - acetylamino - coumarins.  86           
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  12.3.2.3   From  ortho  - Hydroxyaraldehydes and Bis(methylthio)methylidene - Ketones 

 In a route which certainly involves formation of the ester linkage as a fi rst step,  ortho -  hydroxy - araldehydes 
react with bis(methylthio)methylidene - ketones (easily generated from methyl ketones by reaction with base, 
then carbon disulfi de, then iodomethane), the ring closure taking place without further intervention.  87            

  12.3.3   Ring Synthesis of Chromones 

  12.3.3.1   From  ortho  - Hydroxyacyl - Arenes with Esters 

 Most syntheses of chromones require the prior construction of a 1 - ( ortho  - hydroxyaryl) - 1,3 - diketone, or 
equivalent, and it is in the manner by which this intermediate is generated that the methods differ. 

 Claisen condensation between an ester and the methylene adjacent to the carbonyl of the acylarene 
produces a 1 - ( ortho  - hydroxyaryl) - 1,3 - diketone. The Claisen condensation can be conducted in the presence 
of the acidic phenolic hydroxyl by the use of excess strong base;  88   triethylamine as solvent and base can 
also be utilised.  89   Alternatively, the process is conducted in two steps: fi rst, acylation of the phenolic 
hydroxyl, and secondly, an intramolecular  90   base - catalysed Claisen condensation, known as the Baker –
 Venkataraman rearrangement: a synthesis of fl avone itself is illustrative.  91          

 The use of diazabicycloundecene (DBU) allows the whole sequence to be conducted without isolation 
of intermediates, as shown in the example below.  92          

 The production of a 2 - unsubstituted chromone by this route requires the use of triethyl orthoformate.  93   
Reaction with dimethylformamide dimethyl acetal, followed by an electrophile, bromine in the example, 
gives 3 - substituted chromones.  94                 
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 A variant of this route to 2 - unsubstituted chromones employs oxalic acid half - ester half - acid chloride, 
which gives a 2 - ethoxycarbonyl - chromone, hydrolysis and decarboxylation of which achieves the required 
result.  95   Diethyl carbonate as the ester gives rise to 2,4 - dioxygenated heterocycles, which exist as 4 - hydroxy - 
coumarins.  96   The condensation of a salicylate with an ester, using three mole equivalents of base also leads 
through to 4 - hydroxy - coumarins, as illustrated below.  97          

 2 - Aminobenzopyrones result from the ring closure of 1 - ( ortho  - hydroxyaryl) - 1,3 - ketoamides.  98          

 The variants on this route are many: for example condensation of  ortho  - hydroxyacetophenone with the 
Vilsmeier reagent produces 3 - formylchromone ( 12.2.3.2 ). 

 Isofl avones (3 - aryl - chromones) can also be prepared in this way: boron trifl uoride - catalysed Friedel –
 Crafts acylation of a reactive phenol with an aryl acetic acid is followed by reaction with dimethylfor-
mamide and phosphorus pentachloride.  99          

 At a lower oxidation level,  ortho  - hydroxy - acyl - arenes undergo base - catalysed aldol condensations with 
aromatic aldehydes to give chalcones,  100   which can be cyclised to 2,3 - dihydro - chromones  via  an intramo-
lecular Michael process; the dihydro - chromones can in turn be dehydrogenated to produce chromones by 
a variety of methods, for example by bromination then dehydrobromination or by oxidation with the trityl 
cation, iodine, dimethyldioxirane or iodobenzene diacetate.  101   

 Yet another variant uses  ortho  - fl uorobenzoyl chloride in condensation with a 1,3 - keto - ester;  102   the 
fl uoride is displaced in an intramolecular sense by enolate oxygen, and the chromone obtained directly, as 
shown below.         
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  12.3.3.2   From  ortho  - Hydroxyaryl Alkynyl Ketones 

  ortho  - Hydroxyaryl alkynyl ketones are intermediates in palladium(0) - catalysed coupling of  ortho  - 
hydroxyaryl iodides with terminal alkynes in the presence of carbon monoxide, ring closing to chromones 
 in situ.   103          

 The alkynyl - ketones required for the 6 -  endo - dig  cyclisation process  104   can be synthesised separately, and 
cyclise under mild conditions, either base catalysed or using iodine chloride, producing in the last case 
3 - iodo - chromones. Enamino - ketones also intervene in a very fl exible sequence, in which the cyclisation 
precursor is produced by coupling an acetylene with an  ortho  - silyloxyaryl acid chloride; treatment of the 
resulting alkynone with a secondary amine leads to the chromone.  105                   

  12.3.4   Ring Synthesis of 2 - Benzopyryliums 

 The fi rst synthesis  106   of the 2 - benzopyrylium cation provided the pattern for subsequent routes, in which it 
is the aim to produce a homophthaldehyde, or diketo analogue, for acid - catalysed closure.        

 Most of the 2 - benzopyrylium salts that have been synthesised subsequently are 1,3 - disubstituted and 
their precursors prepared by Friedel – Crafts acylation of activated benzyl ketones.  6,107           
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  12.3.5   Ring Synthesis of Isocoumarins 

 One approach to isocoumarins is comparable to that above for 2 - benzopyryliums, but replacing the aromatic 
aldehyde with an acid group.  108          

 Benzoates carrying an  ortho  - acetylenic substituent, from Sonogashira couplings ( 4.2.5.1 ), can be ring 
closed using mercuric acetate, which also allows the introduction of an iodine at C - 4,  109   or if that function-
ality is not required, simple acid - catalysed closure works well.  110   The use of iodine chloride similarly gives 
4 - iodo isocoumarins.  111          

 The most general route involves coupling an alkyne with  ortho  - iodobenzoic acid or with methyl  ortho  -
 iodobenzoate.  112   Both mono -  (giving 3 - substituted isocoumarins  113  ) and disubstituted alkynes will serve, 
allowing considerable fl exibility for the construction of substituted isocoumarins.         

  12.3.6   Notable Examples of Benzopyrylium and Benzopyrone Syntheses 

  12.3.6.1   Pelargonidin Chloride 

 The fi rst synthesis of pelargonidin chloride used methyl ethers as protecting groups for the phenolic hydrox-
yls during the Grignard addition step.  114           
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  12.3.6.2   Apigenin 

 The scheme below shows two contrasting routes to apigenin. The modern use of excess of a very strong 
base, and the reaction of the resulting  ‘ polyanion ’  obviated the need for phenolic protection in one 
synthesis.  115          

 An elegant and fl exible strategy for the assembly of a synthon for the  ortho  - hydroxyaryl - 1,3 - diketone 
required for a chromone synthesis depends on the use of an isoxazole as surrogate for the 1,3 - diketone 
unit ( 25.7 ). An isoxazole was produced by the cycloaddition ( 25.12.1.2 ) of an aryl nitrile oxide to tri -  n  -
 butylstannylacetylene, the product coupled with 2,4,6 - trihydroxyiodobenzene and then the N – O bond 
hydrogenolytically cleaved.  116       

 Exercises    
  Straightforward revision exercises (consult Chapters  10 ,  11  and  12 ):  

   (a)   At which position(s) do benzopyrylium ions react with nucleophiles, for example water?   
   (b)   What is the typical structure of an anthocyanin fl ower pigment? What is the typical structure of a 

fl avone fl ower pigment?   
   (c)   At which atom do coumarins and chromones protonate?   
   (d)   At which positions do coumarins and chromones undergo electrophilic substitution?   
   (e)   Describe a cycloaddition reaction in which: (i) a coumarin and (ii) a chromone take part.   
   (f)   How could one construct a 1 - benzopyrylium salt from a phenol?   
   (g)   How can  ortho  - hydroxyaryl - aldehydes be used to prepare coumarins?   
   (h)   How can  ortho  - hydroxyaryl - ketones be used to prepare chromones?   

  More advanced exercises:  

   1.   When salicylaldehyde and 2,3 - dimethyl - 1 - benzopyrylium chloride are heated together in acid, a con-
densation product C 18 H 15 O 2  +  Cl  –   is formed. Treatment of the salt with a weak base (pyridine) generates 
a neutral compound, C 18 H 14 O 2 . Suggest structures for these two products.   

   2.   When ethyl 2 - methylchromone - 3 - carboxylate is treated with NaOH, then HCl, a product C 11 H 8 O 4  is 
produced that does not contain a carboxylic acid group, but does dissolve in dilute alkali: suggest a 
structure and the means whereby it could be formed.   
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   3.   Deduce the structures of intermediate and fi nal product in the sequence: salicylaldehyde/
MeOCH 2 CO 2 Na/Ac 2 O/heat    →    C 10 H 8 O 3 , this then with 1 mole equivalent of PhMgBr    →    C 16 H 14 O 3  and 
fi nally this with HCl    →    C 16 H 13 O 2  + Cl  –  .   

   4.   Predict the structure of the major product from the interaction of resorcinol (1,3 - dihydroxybenzene) and: 
(i) PhCOCH 2 COMe in AcOH/HCl; (ii) methyl 2 - oxocyclopentanecarboxylate/H 2 SO 4 .     
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            The diazines  –  pyridazine, pyrimidine and pyrazine  –  contain two imine nitrogen atoms, so the lessons 
learnt with regard to pyridine (Chapters 7 and 8) are, in these heterocycles, exaggerated. Two heteroatoms 
withdraw electron density from the ring carbons even more than one in pyridine, so unsubstituted diazines 
are even more resistant to electrophilic substitution than is pyridine. A corollary is that this same increased 
electron defi ciency at carbon makes the diazines more easily attacked by nucleophiles than pyridine. The 
availability of nitrogen lone pair(s) is also reduced: each of the diazines is appreciably less basic than pyri-
dine, refl ecting the destabilising infl uence of the second nitrogen on the  N  - protocation. Nevertheless, 
diazines will form salts and will react with alkyl halides and with peracids to give  N  - alkyl quaternary salts 
and  N  - oxides, respectively. Generally speaking, such electrophilic additions take place at one nitrogen only, 
because the presence of the positive charge in the products renders the second nitrogen extremely unreac-
tive towards a second electrophilic addition.  

     Typical reactions of a diazine illustrated with pyrimidine    

 A very characteristic feature of the chemistry of diazines, which is associated with their strongly electron -
 poor nature, is that they add nucleophilic reagents easily. Without halide to be displaced, such adducts 
require an oxidation to complete an overall substitution. However, halo - diazines, where the halide is  α  or 
 γ  to a nitrogen, undergo very easy nucleophilic displacements, the intermediates being particularly well 
stabilised. In line with their susceptibility to nucleophilic addition, diazines also undergo substitution by 
nucleophilic radicals, in acid solution, with ease. 
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 All positions on each of the diazines, with the sole exception of the 5 - position of a pyrimidine, are  α  
and/or  γ  to an imine ring nitrogen and, in considering nucleophilic addition/substitution, it must be remem-
bered that there is also an additional nitrogen that is withdrawing electron density. As a consequence, all 
the monohalo - diazines are more reactive than either 2 -  or 4 - halo - pyridines. The 2 -  and 4 - halo - pyrimidines 
are particularly reactive because the anionic intermediates (shown below for attack on a 2 - halo - pyrimidine) 
derive direct mesomeric stabilisation from  both  nitrogen atoms.  

     Delocalisation of negative charge for nucleophilic substitution of a 2 - halo - pyrimidine    

 Despite this particularly strong propensity for nucleophilic addition,  C  - lithiation of diazines can be 
achieved by either metal – halogen exchange or, by deprotonation  ortho  to chloro -  or alkoxyl substituents 
(DoM), though very low temperatures must be utilised in order to avoid nucleophilic addition of the reagent.      

 Considerable use has been made in diazine chemistry of palladium(0) - catalysed coupling processes, with 
the diazine as either a halide or as an organometallic derivative; one example chosen at random is shown 
below (see  4.2  for a detailed discussion).      

 Further examples of the enhancement of those facets of pyridine chemistry associated with the imine 
electron withdrawal include a general stability towards oxidative degradation and, on the other hand, a 
tendency to undergo rather easy reduction of the ring. 

 Although there is always debate about quantitative measures of aromaticity, it is agreed that the diazines 
are less resonance stabilised than pyridines  –  they are  ‘ less aromatic ’ . Thus, Diels – Alder additions are 
known for all three systems, with the heterocycle acting as an azadiene; initial adducts lose a small molecule 
 –  hydrogen cyanide in the pyrimidine example shown  –  to afford a fi nal stable product.  

     A pyrimidine acting as an azadiene in a Diels – Alder cycloaddition    
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  N  - Oxides, just as in the pyridine series, show a duality of effect  –   both  electrophilic substitutions  and  
nucleophilic displacements are enhanced. Just as in pyridine  N  - oxide chemistry, a very useful transforma-
tion is the introduction of halide  α  to a nitrogen on reaction with reagents such as phosphorus oxychloride. 
The importance of this transformation can be realised by noting that the  un substituted heterocycle is con-
verted, in the two steps, into a halo - diazine, with its potential for subsequent displacement reactions with 
nucleophiles.  

 The most studied diazine derivatives are the oxy -  and amino - pyrimidines, since uracil, thymine and 
cytosine are found as bases in DNA and RNA. Carbonyl tautomers are the preferred forms. It is the 
enamide - like character of the double bonds in diazine diones that allows electrophilic substitution  –  uracil, 
for example, can be brominated at C - 5. One amino - substituent permits electrophilic ring substitution and 
two amino, or one amino and one oxy, substituents, permit substitution with even weakly electrophilic 
reactants.   

     Conversion of pyrazine   N   - oxide into 2 - chloropyrazine    

     Electrophilic substitution of activated pyrimidines is easy    

     Diazinones can be converted into halo - diazines    

 Diazinones, like pyridones, react with phosphorus halides with overall conversion into halides. Anions 
produced by  N  - deprotonation of diazinones are ambident, with phenolate - like resonance contributors, but 
they generally react with electrophilic alkylating agents at nitrogen, rather than oxygen, giving  N  - alkyl 
diazinones.      
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 Diazine alkyl groups, with the exception of those at the 5 - position of pyrimidine, can undergo condensa-
tion reactions that utilise a side - chain carbanion produced by removal of a proton. As in pyridine chemistry, 
formation of these anions is made possible by delocalisation of the charge onto one (or more) of the ring 
nitrogen atoms.  

 Each of the diazines can be constructed from an appropriate source of two nitrogens and a dicarbonyl 
compound. In the case of pyridazines, the nitrogen source is, of course, hydrazine and this in combination 
with 1,4 - dicarbonyl compounds readily produces dihydro - pyridazines, which are very easily dehydroge-
nated to the aromatic heterocycle. Pyrimidines result from the interaction of a 1,3 - dicarbonyl component 
and an amidine (as shown) or a urea (giving 2 - pyrimidones) or a guanidine (giving 2 - amino - pyrimidines), 
without the requirement for an oxidation step.  

     Stabilisation of side - chain carbanions    

 To access a pyrazine in this way one needs a 1,2 - diamine and a 1,2 - dicarbonyl compound, and a subse-
quent oxidation, but if both components are unsymmetrical, mixtures are formed. The dimerisation of 
2 - aminocarbonyl compounds also generates symmetrically substituted dihydro - pyrazines  –  perhaps the best 
known examples of such dimerisations involve the natural amino acids and their esters, which dimerise to 
give dihydropyrazine - 2,5 - diones  –   ‘ diketopiperazines ’ .          

     The two commonly used ring synthetic routes to pyridazines and pyrimidines    

     Two ring synthetic routes to the pyrazine ring system    
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 The three diazines, pyridazine,  1   pyrimidine,  2   and pyrazine  3   are stable, colourless compounds that are soluble 
in water. The three parent heterocycles, unlike pyridine, are expensive and not readily available and so are 
seldom used as starting materials for the synthesis of their derivatives. There are only four ways in which 
a benzene ring can be fused to a diazine: cinnoline, phthalazine, quinazoline and quinoxaline are the bicyclic 
systems thus generated. 

 One striking aspect of the physical properties of the diazine trio is the high boiling point of pyridazine 
(207    ° C), 80 – 90    ° C higher than that of pyrimidine (123    ° C), pyrazine (118    ° C), or indeed other azines, 
including 1,3,5 - triazine, all of which also boil in the range 114 – 124    ° C. The high boiling point of pyridazine 
is attributed to the polarisability of the N – N unit, which results in extensive dipolar association in the liquid. 

 The most important naturally occuring diazines are the pyrimidine bases uracil, thymine and cytosine, 
which are constituents of the nucleic acids (see  32.4 ). The nucleic acid pyrimidines are often drawn hori-
zontally transposed from the representations used in this chapter, i.e. with N - 3 to the  ‘ north - west ’ , mainly 
to draw attention to their structural similarity to the pyrimidine ring of the nucleic acid purines, which are 
traditionally drawn with the pyrimidine ring on the left. There are relatively few naturally occurring pyr-
azines or pyridazines.  

  14.1   Reactions with Electrophilic Reagents 
  14.1.1   Addition at Nitrogen   4    

  14.1.1.1   Protonation 

 The diazines, pyridazine (p K  aH  2.3), pyrimidine (1.3), and pyrazine (0.65) are essentially mono - basic sub-
stances, and considerably weaker, as bases, than pyridine (5.2). This reduction in basicity is believed to be 
largely a consequence of destabilisation of the mono - protonated cations due to a combination of inductive 
and mesomeric withdrawal by the second nitrogen atom. Secondary effects, however, determine the order 
of basicity for the three systems: repulsion between the lone pairs on the two adjacent nitrogen atoms in 
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pyridazine means that protonation occurs more readily than if inductive effects, only, were operating. In 
the case of pyrazine, mesomeric interaction between the protonated and neutral nitrogen atoms probably 
destabilises the cation. 

  N,N  ′  - Diprotonation is very much more diffi cult and has only been observed in very strongly acidic media. 
Of the trio, pyridazine (p K  aH(2)   − 7.1) is the most diffi cult from which to generate a dication, probably due 
to the high energy associated with the juxtaposition of two immediately adjacent positively charged atoms, 
but pyrimidine (p K  aH(2)   − 6.3) and pyrazine (p K  aH(2)   − 6.6) are only marginally easier to doubly protonate. 

 Substituents can affect basicity (and nucleophilicity) both inductively and mesomerically, but care is 
needed in the interpretation of p K  aH  changes, for example it is important to be sure which of the two nitro-
gens of the substituted azine is protonated (see also  14.1.1.2 ).  

  14.1.1.2   Alkylation 

 The diazines react with alkyl halides to give mono - quaternary salts, though somewhat less readily than 
comparable pyridines. Dialkylation cannot be achieved with simple alkyl halides, however the more reac-
tive trialkyloxonium tetrafl uoroborates do convert all three systems into di - quaternary salts.  5        

 Pyridazine is the most reactive in alkylation reactions and this again has its origin in the lone - pair/lone -
 pair interaction between the nitrogen atoms. This phenomenon is known as the  ‘  α  effect ’   6   and is also 
responsible, for example, for the relatively higher reactivity of hydrogen peroxide as a nucleophile, com-
pared with water. 

 Unsymmetrically substituted diazines can give rise to two isomeric quaternary salts. Substituents 
infl uence the orientation mainly by steric and inductive, rather than mesomeric effects. For example, 
3 - methylpyridazine alkylates mainly at N - 1, even though N - 2 is the more electron - rich site. Again, quater-
nisation of 3 - methoxy - 6 - methylpyridazine takes place adjacent to the methyl substituent, at N - 1, although 
mesomeric release would have been expected to favour attack at N - 2.  7         

  14.1.1.3   Oxidation 

 All three systems react with peracids,  8   giving  N  - oxides, but care must be taken with pyrimidines  9   due to 
the relative instability of the products under the acidic conditions. Pyrazines  10   form  N,N  ′  - dioxides the most 
easily, but pyridazine  10   requires forcing conditions, and pyrimidines, apart from some examples in which 
further activation is present, give poor yields.  11        

 The regiochemistry of  N  - oxidation of substituted azines is governed by the same factors as alkylation 
( 14.1.1.2 ), for example 3 - methylpyridazine gives the 1 - oxide as main (3   :   1) product,  12   but the pattern is 
not a simple one, for 4 - methylpyrimidine  N  - oxidises principally (3.5   :   1) at the nitrogen adjacent to the 
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methyl.  13   The acidity of the medium can also infl uence the regiochemistry of oxidation, for example 
3 - cyanopyridazine reacts at N - 1 with peracetic acid, but under strongly acidic conditions, in which the 
heterocycle is mainly present as its N - 1 - protonic salt, oxidation, apparently involving attack on this salt, 
occurs at N - 2.  14     

  14.1.2   Substitution at Carbon 

 Recalling the resistance of pyridines to electrophilic substitution, it is not surprising to fi nd that introduction 
of a second azomethine nitrogen, in any of the three possible orientations, greatly increases this resistance: 
no nitration or sulfonation of a diazine or simple alkyl - diazine has been reported, though some halogena-
tions are known. It is to be noted that C - 5 in pyrimidine is the only position, in all three diazines, which 
is not in an  α  -  or  γ  - relationship to a ring nitrogen, and is therefore equivalent to a  β  - position in pyridine. 
Diazines carrying electron - releasing (activating) substituents undergo electrophilic substitution much more 
easily ( 14.9.2.1  and  14.10 ). 

  14.1.2.1   Halogenation 

 Chlorination of 2 - methylpyrazine occurs under such mild conditions that it is almost certain that an 
addition/elimination sequence is involved, rather than a classical aromatic electrophilic substitution.  15   
Halogenation of pyrimidines may well also involve such processes.  16           

  14.2   Reactions with Oxidising Agents 
 The diazines are generally resistant to oxidative attack at ring carbons, though alkaline oxidising agents 
can bring about degradation  via  intermediates produced by initial nucleophilic addition ( 14.3 ). Alkyl sub-
stituents  17   and fused aromatic rings  18   can be oxidised to carboxylic acid residues, leaving the heterocyclic 
ring untouched. An oxygen can be introduced into pyrimidines at vacant C - 2 and/or C - 4 positions using 
various bacteria.  19   Dimethyldioxirane converts  N,N  - dialkylated uracils into 5,6 - diols probably  via  
5,6 - epoxides.  20              

  14.3   Reactions with Nucleophilic Reagents 
 The diazines are very susceptible to nucleophilic addition: pyrimidine, for example, is decomposed when 
heated with aqueous alkali by a process that involves hydroxide addition as a fi rst step. It is converted into 
pyrazole by reaction with hot hydrazine.



256 Heterocyclic Chemistry

        14.3.1   Nucleophilic Substitution with  ‘ Hydride ’  Transfer 

  14.3.1.1   Alkylation and Arylation 

 The diazines readily add alkyl -  and aryllithiums, and Grignard reagents, to give dihydro - adducts that 
can be aromatised by oxidation with reagents such as potassium permanganate or 2,3 - dichloro - 5,6 - 
dicyano - 1,4 - benzoquinone (DDQ). In reactions with organolithiums, pyrimidines react at C - 4,  13   and 
pyridazines at C - 3, but Grignard reagents add to pyridazines at C - 4.  21        

 An important point is that in diazines carrying chlorine or methylthio substituents, attack does not take 
place at the halogen -  or methylthio - bearing carbon; halogen -   22,23   and methylthio - containing  24   products are 
therefore obtained.       

  14.3.1.2   Amination 

 The Chichibabin reaction can be carried out under the usual conditions in a few cases,  25   but is much less 
general than for pyridines. This may be partly a consequence of the lower aromaticity of the diazines, for, 
although the initial addition is quite easy, the subsequent loss of hydride (re - aromatisation) is diffi cult. 
However, high yields of 4 - aminopyridazine, 4 - aminopyrimidine and 2 - aminopyrazine can be obtained by 
oxidation of the dihydro - adduct  in situ  with potassium permanganate.  26     

  14.3.2   Nucleophilic Substitution with Displacement of Good Leaving Groups 

 All the halo - diazines, apart from 5 - halo - pyrimidines, react readily with  ‘ soft ’  nucleophiles, such as amines, 
thiolates and malonate anions, with substitution of the halide. Even 5 - bromopyrimidine can be brought into 
reaction with nucleophiles using microwave heating.  27   All cases are more reactive than 2 - halo - pyridines: 
the relative reactivities can be summarised:      

 Pyrrolo[2,3 -  b ]pyrazines can be produced  via  successive nucleophilic displacements of the halogens 
of 2,3 - dichloropyrazine.  28   This result should be contrasted with the  tele  - substitution products obtained 
from this same substrate with a dithiane anion as the nucleophile.  29             
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 Nucleophilic displacement of halogen with ammonia  30   and amines  31   can be accelerated by carrying 
out the displacements in acid solution, when the protonated heterocycle is more reactive than the neutral 
heterocycle.  23,32   Halogen can also be easily removed hydrogenolytically, for example treatment of 2,4 - 
dichloropyrimidine, readily available from uracil, with hydrogen, in the presence of palladium, or with 
hydrogen iodide, gives pyrimidine itself.  33   

 The difference in reactivity between 2 -  and 4 - halo - pyrimidines is relatively small and a discussion of 
the selectivity in nucleophilic displacement reactions of 2,4 - dichloropyrimidine (an important synthetic 
intermediate) is instructive.      

 Reaction with sodium methoxide in methanol is highly selective for the 4 - chlorosubstitutent,  34   whereas 
lithium 2 - (trimethylsilyl)ethoxide is equally selective, but for the 2 - chloro substituent.  35   The former is the 
normal situation for nucleophilic displacements  36    –  4 - chloro    >  2 - chloro  –  the second case is the exception, 
where strong co - ordination of lithium in a non - polar solvent to the more basic nitrogen, N - 1, leads to 
activation, and possibly also internal attack, at C - 2. Under acidic conditions, an approximately 1   :   1 mixture 
of the two methoxy products is formed. Here, hydrogen bonding to the proton on N - 1 provides the mecha-
nism for encouraging attack at C - 2. Selectivity with other nucleophiles is dependent on the nature of the 
nucleophile and on reaction conditions. 

 A more certain approach to selective 4 -  followed by 2 - substitution involves the use of 4 - chloro - 2 -
 methylthiopyrimidine with the fi rst nucleophile, then oxidation to the sulfone, followed by reaction at C - 2 
with the second nucleophile displacing methylsulfone (as methanesulfi nate anion).  37   The reaction of 
2,4,6 - trichloropyrimidine with the sodium salts of Boc - protected amines, generated with NaH in DMF, 
gives much better 4(6):2 selectivity than reaction with the corresponding amines.  38   

 The displacement of fl uoride from 2 - fl uoropyrimidine by aliphatic amines is about 100 times as fast as 
the displacements of the corresponding chloride or bromide, and reactions can be carried out at room 
temperature. Aryl - amines are unreactive under these conditions, but do react in the presence of trifl uoro-
acetic acid or boron trifl uoride. These mild conditions allow the use of the fl uoro - compound in solid phase 
synthesis (using excess of the fl uoropyrimidine to ensure complete conversion).  39   

 Nucleophilic displacement reactions are also sensitive to the presence of other substituents in the ring, 
either by electronic or steric effects and this sometimes leads to a reversal of the typical selectivity,  40   as 
can changes in the nucleophile, for example tri -  n  - butylstannyllithium attacks 2,4 - dichloropyrimidine at 
C - 2.  41        
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 Halo - pyrimidines with other electron - donating substituents in the ring tend to be much less 
reactive to nucleophilic substitution: this can be overcome by the use of the very nucleophilic  O,N  -
 dimethylhydroxylamine, followed by hydrogenolysis to reveal the amine.  42        

 A device that is also used in pyridine and purine chemistry is the initial replacement of halogen with a 
tertiary amine; the resulting salt, now having a better leaving group, undergoes nucleophilic substitution 
more easily.  43        

 Alkylsulfonyl groups are also good leaving groups (as alkylsulfi nate anion) in all of the diazines,  44   gener-
ally better than chloro, sometimes considerably so, for example 3 - methanesulfonylpyridazine reacts 90 
times faster with methoxide than does 3 - chloropyridazine. Sulfi nates can be used to catalyse displacements 
of chlorine  via  the intermediacy of the sulfone.  45        

 Even methoxy groups can be displaced by carbanions.  46        

 Monsubstitution of 3,6 - diiodopyridazine is easy, further manipulation  via  various palladium - catalysed 
couplings (see also  4.2 ) providing a good route to 3,6 - differently - substituted pyridazines.  47   4 - Methoxyben-
zylamine, as a surrogate for ammonia  via  cleavage by subsequent acid hydrolysis, displaces both chlorines 
in 3,6 - dichloropyridazine at 165    ° C.  48        
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 Stannanes can be prepared  via  nucleophilic displacements at low temperature.  49          

  14.4   Metallation and Reactions of   C   - Metallated Diazines   50    
  14.4.1   Direct Ring  C  –  H  Metallation 

 All three diazines undergo H/D exchange at all ring positions with MeONa/MeOD at 164    ° C;  51   the transient 
carbanions that allow the exchange are formed somewhat faster than for pyridines, and again this is prob-
ably due to the acidifying, additional inductive withdrawal provided by the second nitrogen. 

 The three parent diazines have been lithiated adjacent to nitrogen (for pyrimidine at C - 4, not C - 2) using 
the non - nucleophilic lithium tetramethylpiperidide,   52   but the resulting heteroaryl - lithiums are very unstable, 
readily forming dimeric compounds by self addition. In some cases, the use of a somewhat higher tempera-
ture allows equilibration to a thermodynamic anion.  53        

 Moderate to good yields of trapped products can be obtained either by using very short lithiation times 
(pyridazine and pyrazine) or by  in situ  trapping, where the electrophile is added  before  the metallating 
agent.  54   4 - Lithiopyridazine can be prepared by transmetallation of the corresponding tri -  n  - butylstannane 
using  n  - butyllithium.      

 Direct zincation of each of the diazines can be achieved using a zinc diamide/lithium amide mixture, 
pyrazine and pyrimidine (at C - 4) in THF at room temperature, pyridazine (at C - 3) requiring reaction at 
refl ux.  55   Pyridazine and pyrimidine can also be directly zincated using a phosphazene base ( t  - Bu - P4) with 
zinc iodide.  56        

 Lithiation of diazines with directing groups (methoxy, methylthio, chloro, fl uoro, even iodo, and 
various carboxamides) is straightforward  57   and such derivatives are used widely. In contrast to the useful 
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carboxamide directing group, thiocarboxamide is  not  an  ortho  - directing group;  N  -  t  - butylpyridazine - 3 -
 thiocarboxamide lithiates at C - 5 and  N  -  t  - butylpyrazine - 2 - thiocarboxamide lithiates at C - 5.  58   2,4 - 
Dimethoxypyrimidine and 2,4 - bis(methylthio)pyrimidine, i.e. protected uracils, can be selectively 
metallated: the former is 5 - lithiated with LiTMPMgCl.LiCl and TMP 2 Mg.2LiCl brings about 6 - 
magnesiation of both protected uracils.  59             

 Studies of the positional lithiation of pyridin - 2 - yl - substituted diazines are instructive: each was subjected 
to excess lithium tetramethylpiperidide at  − 78    ° C and then quenched with DCl; the structures indicate the 
percentage of deuteration at each position.  60         

  14.4.2   Metal – Halogen Exchange 

 Lithio - diazines are also accessible  via  halogen exchange with alkyl - lithiums, but very low temperatures 
must be used in order to avoid nucleophilic addition to the ring.  61   The examples below show how 5 - 
bromopyrimidine can be lithiated at C - 4, using LDA, or alternatively can be made to undergo exchange, 
using  n  - butyllithium.  62   Note, also, that in some cases, reactions are carried out by adding the electrophile 
 before  lithiation, a practice which incidentally illustrates that metal – halogen exchange with  n  - butyllithium 
is faster than the addition of  n  - butyllithium to a carbonyl compound.  63        

 Lithio - pyrimidines,  - pyrazines, and  - pyridazines have been converted by exchange with zinc chloride 
into the more stable zinc compounds  64   for use in palladium - catalysed couplings. Diazine Grignard reagents, 
which can be prepared and used at 0    ° C, or even, in some cases, at room temperature, are available  via  
halogen exchange reactions using  i  - propylmagnesium chloride.  65   Cerium compounds (which give better 
results than lithio - pyrimidines in reactions with enolisable ketones) can be prepared from either bromo -  or 
lithio - pyrimidine.  66     
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  14.5   Reactions with Reducing Agents 
 Due to their lower aromaticity, the diazines are more easily reduced than pyridines. Pyrazine and pyridazine 
can be reduced to hexahydro - derivatives with sodium in hot ethanol; under these conditions pyridazine has 
a tendency for subsequent reductive cleavage of the N – N bond. 

 Partial reductions of quaternary salts to dihydro - compounds can be achieved with borohydride, but such 
processes are much less well studied than in pyridinium salt chemistry (8.6).  67   1,4 - Dihydropyrazines have 
been produced with either silicon  68   or amide  69   protection at the nitrogen atoms, and all the diazines can be 
reduced to tetrahydro derivatives with carbamates on nitrogen, which aids in stabilisation and thus allows 
isolation.  70   2 - Amino - pyrimidines are reduced to 3,4,5,6 - tetrahydro derivatives with triethylsilane in trifl uo-
roacetic acid at room temperature, the products thus retaining a guanidine unit.  71         

  14.6   Reactions with Radicals 
 Nucleophilic radicals add readily to diazines under Minisci conditions.  72   Additions to pyrimidine often 
show little selectivity, C - 2  versus  C - 4, but a selective Minisci reaction on 5 - bromopyrimidine provided a 
convenient synthesis of the 4 - benzoyl - derivative on a large scale.  73   Similar reactions on pyridazines shows 
selectivity for C - 4,  74   even when C - 3 is unsubstituted. Pyrazines  75   can, of course, substitute in only one type 
of position.                 

  14.7   Electrocyclic Reactions 
 All the diazines, providing they also have electron - withdrawing substituents, undergo Inverse Electron 
Demand Diels – Alder (IEDDA) additions with dienophiles. Intramolecular reactions occur the most readily; 
these do not even require the presence of activating substituents. The immediate products of such process 
usually lose nitrogen (pyridazine adducts) or hydrogen cyanide (adducts from pyrimidines and pyrazines) 
to generate benzene and pyridine products,  76   respectively, as illustrated below.  77                       
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 Pyrazine isomerises to pyrimidine, in the vapour phase, on exposure to UV light.  78         

  14.8   Diazine  N  - Oxides   79    
 Although pyridazine and pyrazine  N  - oxides can be readily prepared by oxidation of the parent heterocycles, 
pyrimidine  N  - oxides are more diffi cult to obtain in this way, but they can conveniently be prepared by ring 
synthesis.  80        

 Pyridazine and pyrazine  N  - oxides behave like their pyridine counterparts in electrophilic substitution.  81   
Displacement of nitro  β  to the  N  - oxide function occurs about as readily as that of a  γ  - nitro group, but 
certainly, displacements on  N  - oxides proceed faster  82   than for the corresponding base.      
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 Nucleophilic substitution by halide, cyanide, carbon nucleophiles, such as enamines, and acetate (by 
reaction with acetic anhydride), with concomitant loss of the oxide function, occur smoothly in all three 
systems,  83   though the site of introduction of the nucleophile is not always that predicted by analogy with 
pyridine chemistry ( α  to the  N  - oxide), as illustrated by two of the examples below.  13             

 The  N  - oxide grouping can also serve as an activating substituent to allow regioselective lithiation  84   
or for the further acidifi cation ( 14.11 ) of side - chain methyl groups for condensations with, for example, 
aromatic aldehydes or amyl nitrite.  85         

  14.9   Oxy - Diazines
  By far the most important naturally occurring diazines are the pyrimidinones uracil, thymine and cytosine, 
which, as the nucleosides uridine, thymidine and cytidine, are components of the nucleic acids, and as a 
consequence, a great deal of synthetic chemistry  86   has been directed towards these types of compound in 
the medicinal context ( 33.6.3  and  33.7 ). (In this chapter, the designations  ‘ 4 - pyrimidinone ’  and  ‘ pyrimidin -
 4 - one ’ , etc, are both used, both are found widely in the literature, rather than the strictly correct  ‘ 4(1 H ) -
 pyrimidinone ’ , etc.)

        14.9.1   Structure of Oxy - Diazines 
 With the exception of 5 - hydroxypyrimidine, which is analogous to 3 - hydroxypyridine, all the mono - 
oxygenated diazines exist predominantly as carbonyl tautomers and are thus categorised as diazinones. 

 The dioxy - diazines present a more complicated picture, for, in some cases, where both oxygens are  α  
or  γ  to a nitrogen, and both might be expected to exist in carbonyl form, one actually takes up the hydroxy 
form: a well - known example is  ‘ maleic hydrazide ’ . One can rationalise the preference easily in this case, 
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as resulting from the removal of the unfavourable interaction between two adjacent, partially positive 
nitrogen atoms in the dicarbonyl form. On the other hand, uracil exists as the dione and most of its reac-
tions  87   can be interpreted on this basis. Barbituric acid adopts a tricarbonyl tautomeric form.        

 14.9.2   Reactions of Oxy - Diazines 

 Note, for many synthetic transformations, it is convenient to utilise halo -  or alkoxy - diazines, in lieu of the 
(oxidation level) equivalent carbonyl compounds. Often this device facilitates solubility; a fi nal hydrolysis 
converts to the carbonyl form. 

  14.9.2.1   Reactions with Electrophilic Reagents 

 The deactivating effect of two ring nitrogens cannot always be overcome by a single oxygen substituent: 
3 - pyridazinone can be neither nitrated nor halogenated, or again, of the singly oxygenated pyrimidines, 
only 2 - pyrimidinone can be nitrated;  88   pyrazinones seem to be the most reactive towards electrophilic 
substitution. 

 5 - Hydroxypyrimidine, the only phenolic diazine, is unstable even to dilute acid and no electrophilic 
substitutions have been reported.      

 Uracils undergo a range of electrophilic substitution reactions at carbon, such as halogenation, 
phenylsulfenylation,  89   mercuration,  90   nitration,  91   and hydroxy -  and chloromethylation.  92   ( CAUTION : 
 chloromethylations using formaldehyde and HCl produce the carcinogenic di - (chloromethyl) ether as a 

by - product. ) Bromination of uracils has been shown to proceed  via  the bromohydrin adduct (for fl uorination 
see  31.1.1 ), and similarly of 2 - pyrimidinone,  via  the bromohydrin - hydrate;  93   iodine with tetrabutylammo-
nium peroxydisulfate allows iodination.  94   Isopropylidene uridine reacts with aromatic aldehydes in the 
presence of DABCO to give the 5 - (arylmethanol). Both the isopropylidene group and the free 5 ′  - hydroxyl 
are required for a successful reaction, leading to the conclusion that C - 5 is activated by addition of the 
5 ′  - alkoxide to C - 6.  95        

 Uracil derivatives can be nitrated at C - 5 under conditions that allow retention of a sugar residue at N - 1.  96   
Nitration at N - 3 can also be achieved: N - 3 - nitro - compounds react with amines  via  an ANRORC mecha-
nism, with displacement of nitramide and incorporation of the amine as a substituted N - 3, as shown below.  97   
This sequence has been utilised to prepare   15  N - 3 - labelled pyrimidines ( 31.2.2 ). An analogous ANRORC 
process takes 1 - (2,4 - dinitrophenyl) - uracils to 1 - arylamino - uracils by reaction with arylamines at room 
temperature.  91        
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 The presence of both an oxygen and an amino substituent (see also  14.10 ) can allow substitution with 
carbon electrophiles.  98,99         

  14.9.2.2   Reactions with Nucleophilic Reagents 

 Diazinones are quite susceptible to nucleophilic attack, reaction taking place generally  via  Michael - type 
adducts rather than by attack at a carbonyl group. Grignard reagents add to give dihydro compounds and 
good leaving groups can be displaced.  100        

 The reaction of cyanide with a protected 5 - bromouridine  101   is instructive: under mild conditions a  cine  -
 substituted product is obtained  via  a Michael addition followed by  β  - elimination of bromide, but at higher 
temperatures, conversion of the 6 -  into the 5 - cyano - isomer is observed, i.e. the product of apparent, direct 
displacement of bromide is obtained. The higher - temperature product arises  via  an isomerisation involving 
another Michael addition, then elimination of the 6 - cyano group.      

 In a related reaction with the anion of phenylacetonitrile, the initial addition is followed by an internal 
alkylation, generating a cyclopropane - containing product.  102        
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  Ipso  - substitution of 5 - halo - uracils by amines can also be carried out  –  iodine under copper catalysis,  103   
fl uorine with ultraviolet irradiation  104   and bromine simply by heating.  105   

 The conversion of 1,3 - dimethyluracil into a mixture of  N,N  ′  - dimethylurea and the disodium salt of 
formylacetic acid begins with the addition of hydroxide at C - 6.  106   The propensity for uracils to add nucleo-
philes can be put to synthetic use by reaction with double nucleophiles, such as ureas or guanidines, 
when a sequence of addition, ring opening and reclosure can achieve (at fi rst sight) extraordinary 
transformations.  107        

 Products of 2 -  and 4 - substitution of hydrogen are obtained by reaction of the sodium salt of imidazole 
with the phenyl pyrimidin - 5 - yl carbinol mesylate, with none of the product of direct substitution. Similar 
results are obtained with the sodium salts of pyrrole and indole, but other nucleophiles, such as amines, 
give complex product mixtures.  108         

  14.9.2.3   Deprotonation of  N  - Hydrogen and Other Reactions at Nitrogen 

 Like pyridones, oxy - diazines are readily deprotonated under mild conditions, to give ambident anions which 
can be alkylated conveniently by phase - transfer methods, alkylation usually occurring at nitrogen.  109   
 N  - Arylations of uracils also proceed in this way with, for example, 1 - fl uoro - 4 - nitrobenzene.  110   3 - 
Pyridazinones alkylate cleanly on N - 2 under phase - transfer conditions,  111   but the regiochemistry of uracil 
alkylation is sometimes diffi cult to control (see also below). Uracils are suffi ciently acidic to take part in 
Mitsunobu reactions.  112        

 Carbon substitution can also be effected in some cases  via  delocalised  N  - anions, as in the reaction of 
6 - methyluracil with formaldehyde,  113   or with diazonium salts.  114        



The Diazines: Pyridazine, Pyrimidine, and Pyrazine: Reactions and Synthesis 267

  O  - Alkylation is also possible and is particularly important in ribosides, where it occurs intramolecularly 
and can be used to control the stereochemistry of substitution in the sugar residue, as illustrated in the 
following sequence for replacement of the 3 ′  - hydroxyl with azide and with overall retention of 
confi guration.  115        

  N  - Alkylation of  O  - silylated derivatives,  116   for example with glycosyltrifl uoro - acetimidates,  117   is an 
important method for unambiguous  N  - alkylation,  118   especially for ribosylation of uracils.  119             

 Stereospecifi c ribosylation of uracils and other pyrimidine bases can be carried out by attachment to the 
5 - hydroxymethyl substituent of the sugar, followed by internal delivery to C - 2.  120        
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 Selective alkylation of uracil at N - 1 can be achieved  via  alkylation of the 3 - benzoyl - derivative, itself 
obtained by selective hydrolysis of the dibenzoyl compound.  121         

  14.9.2.4   C - Metallation and Reactions of  C  - Metallated Diazinones 

  C  - Lithiation of uridine derivatives has been thoroughly studied as a means for the introduction of functional 
groups at C - 5 and C - 6. Chelating groups at C - 5 ′  (hydroxyl or methoxymethoxy) favour 6 - metallation,  122   
as do equilibrating conditions, indicating that this is the most stable lithio derivative. Kinetic lithiation, at 
C - 5, can be achieved when weakly chelating silyloxy - groups are used as protecting groups for the sugar.  123   
It is remarkable that protection of the N - 3 – H group is not necessary and this is illustrated again in the 
6 - lithiation of uracil carrying an ethoxymethyl - substitutent on N - 1.  124             
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 NH - Protection is also unnecessary for the side - chain metallation of 6 - methylpyrimidin - 2 - one.  125        

 Zinc derivatives of uracils can be prepared directly by reaction of the appropriate halide with zinc 
dust. They react with a limited range of electrophiles, but are particularly useful for palladium - catalysed 
couplings  126   (see also  4.1 ).      

 Halogen – magnesium exchange can be achieved with 5 -  or 6 - iodouracils, again  without  masking the  N  -
 hydrogen groups.  127         

  14.9.2.5   Replacement of Oxygen 

 Oxy - diazines, with the oxygen  α  to nitrogen, can be converted into halo -   30,128   and thio compounds  129   using 
the same reagents used for 2 -  and 4 - pyridones, including  N  - bromosuccinimide with triphenylphosphine.  130   
The reactions of  O  - silylated pyrazinones with phosphorus(III) bromide or phosphorus(V) chloride are also 
effi cient.  131             

 Diazinones can also be converted into amino - diazines, without the (classical) intermediacy of an isolated 
halo derivative, by various processes including the use of 1,2,4 - triazole, as illustrated below.  132        
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 A direct replacement of the 4 - oxygen of 1 - substituted uracils by amines is possible by reaction in the 
presence of BOP and DBU.  133        

 5 - Hydroxypyrimidine - 2,4 - diones react as 5 - ketones and undergo Wittig condensation, the double 
bond thus formed isomerising back into the more stable position in the ring.  134   Barbituric acid and 
C - 5 derivatives can be converted into uracils by fi rst forming a 6 - mesylate and then catalytic 
hydrogenolysis.  135         

  14.9.2.6   Electrocyclic Reactions 

 Mesoionic pyrazinium - 3 - olates undergo cycloadditions  136   similar to those known for pyridinium - 3 - olates 
( 8.7 ) and pyrylium - 3 - olates (Section  11.1.7 ).      

 Heterodienophiles have also been studied: singlet oxygen across the 2,5 - positions of pyrazinones.  137   The 
immediate cycloadduct is isolable when acryloyl cyanide is used as the heterodiene component in reaction 
with a pyrimidine - 2,4 - dione.  138        
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 The reaction of deoxyuridine with nitrile oxides gives products of apparent electrophilic substitution, but 
these probably arise by ring opening of a cycloadduct.  139        

 Extensive studies have been made of the versatile 3,5 - dihalo - 2(1 H ) - pyrazinones and their derivatives.  140   
A remarkable ring synthesis  141   provides the dichloropyrazinones and these, and their derivatives, undergo 
cycloadditions.  142        

 Because of possible relevance to mutagenesis, considerable effort has been devoted to study of the pho-
tochemical transformations of oxypyrimidines; uracil, for example, takes part in a [2   +   2] cycloaddition 
with itself,  143   or with vinylene carbonate (1,3 - dioxol - 2 - one).  144   Uracils undergo radical additions;  145   these 
too are of possible relevance to mutagenesis mechanisms.

           14.10   Amino - Diazines 
 Amino - diazines exist in the amino form. They are stronger bases than the corresponding unsubstituted 
systems and always protonate on one of the ring nitrogen atoms; where two isomeric cations are possible, 
the order of preference for protonation is of a ring nitrogen, which is  γ     >     α     >     β  to the amino group, as 
can be seen in the two examples below. A corollary of this is that those amino - diazines that contain a 
 γ  - amino - azine system are the strongest bases.      

 The alkali - promoted rearrangement of quaternary salts derived from 2 - aminopyrimidine provides the 
simplest example of the Dimroth rearrangement.  146   The larger the substituent on the positively charged ring 
nitrogen, the more rapidly the rearrangement proceeds, no doubt as a result of the consequent relief in strain 
between the substituent and the adjacent amino group.      
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 All of the amino - diazines react with nitrous acid to give the corresponding diazinones,  30   by way of highly 
reactive diazonium salts; even 5 - aminopyrimidine does not give a stable diazonium salt, though a low yield 
of 2 - chloropyrimidine can be obtained by diazotisation of 2 - aminopyrimidine in concentrated hydrochloric 
acid.  147        

 One amino group is suffi cient in most cases to allow easy electrophilic substitution, halogenation  148   for 
example, and two amino groups activate the ring to attack even by weaker electrophilic reagents  –  for 
example by thiocyanogen.  149   Diamino - pyrimidines will couple with diazonium salts,  150   which provides a 
means for the introduction of a third nitrogen substituent.      

 Amino - oxy - pyrimidines,  151   and amino - dioxy - pyrimidines  152   can be  C  - nitrosated, and such 5,6 - 
dinitrogen - substituted pyrimidines, after reduction to 5,6 - diamino - pyrimidines, are important intermediates 
for the synthesis of purines (an example is shown below; see also  27.11.1.1 ) and pteridines ( 14.14 ).      

 2 - Amino - 5 - bromopyrimidine can be converted into a 5 - boronic acid, without the need to mask the amino 
group.  153         

  14.11   Alkyl - Diazines 
 All alkyl - diazines, with the exception of 5 - alkyl - pyrimidines, undergo condensations that involve deprot-
onation of the alkyl group,  154   in the same way as  α  -  and  γ  - picolines.  155   The intermediate anions are stabilised 
by mesomerism involving one, or in the case of 2 -  and 4 - alkyl - pyrimidines, both nitrogens.      
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 In pyrimidines, a 4 - alkyl -  is deprotonated more readily than a 2 - alkyl - group;  156   here again one sees the 
greater stability associated with a  γ  - quinonoid resonating anion. Side - chain radical halogenation selects a 
pyrimidine - 5 - methyl over a pyrimidine - 4 - methyl; the reverse selectivity can be achieved by halogenation 
in acid solution  –  presumably an  N  - protonated, side - chain - deprotonated species, i.e. the enamine tautomer, 
is involved.  157         

  14.12   Quaternary Diazinium Salts 
 The already high susceptibility of the diazines to nucleophilic addition is greatly increased by quaternisa-
tion. Addition of organometallic reagents to  N  - acyl quaternary salts has been achieved in some cases, but 
is much more restricted than is the case with pyridines ( 8.12.2 ). Thus, allylstannanes  158   and  - silanes  159   and 
silyl enol ethers have been added to diazine salts (hydride also traps such salts ( 14.5 )). Pyridazines give 
good yields of mono - adducts with attack mainly  α  to the acylated nitrogen, but the regioselectivity of silyl 
ether addition  160   is, in some cases, sensitive to substituents. Pyrazine gives mainly double addition prod-
ucts  161   and pyrimidine produces only the double adduct. Reissert adducts (cf.  9.13 ) have been described 
for pyridazine and pyrimidine.  162                   

  14.13   Synthesis of Diazines 
 Routes for the ring synthesis of the isomeric diazines are, as one would expect, quite different one from 
the other, and must therefore be dealt with separately. 
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  14.13.1   Pyridazines 

  14.13.1.1   From a 1,4 - Dicarbonyl Compound and a Hydrazine 

 A common method for the synthesis of pyridazines involves a 1,4 - dicarbonyl compound reacting with 
hydrazine; unless the four - carbon component is unsaturated, a fi nal oxidative step is needed to give an 
aromatic pyridazine.      

 The most useful procedure utilises a 1,4 - keto - ester giving a dihydro - pyridazinone, which can be easily 
dehydrogenated to the fully aromatic heterocycle, often by  C  - bromination then dehydrobromination;  163   
alternatively, simple air oxidation can often suffi ce.  164   6 - Aryl - pyridazin - 3 - ones have been produced by this 
route in a number of ways: using an  α  - amino nitrile as a masked ketone in the four - carbon component,  165   
or by reaction of an acetophenone with glyoxylic acid and then hydrazine.  166   Friedel – Crafts acylation 
using succinic anhydride is an alternative route to 1,4 - keto - acids, reaction with hydrazine giving 6 - aryl -
 pyridazinones.  167   Alkylation of an enamine with a phenacyl bromide produces 1 - aryl - 1,4 - diketones, allow-
ing synthesis of 3 - aryl - pyridazines.  168        

 Maleic anhydride and hydrazine give the hydroxy - pyridazinone ( ‘ maleic hydrazide ’ ) directly,  169   the 
additional unsaturation in the 1,4 - dicarbonyl component meaning that an oxidative step is not required; 
conversion of 3 - hydroxypyridazin - 6 - one into 3,6 - dichloropyridazine makes this useful intermediate very 
easily available. Mucohalo acids ( 18.1.1.4 ), synthons for 4 - carboxy - aldehydes, are an oxidation level down 
and produce 1 - aryl - pyridazin - 3 - ones on reaction with arylhydrazines.  170        

 The use of saturated 1,4 - diketones can suffer from the disadvantage that they can react with hydrazine 
in two ways, giving mixtures of the desired dihydro - pyridazine and an  N  - amino - pyrrole; this complication 
does not arise when unsaturated 1,4 - diketones are employed.  171   There is also no structural ambiguity when 
aryl - hydrazines are reacted with pent - 4 - ynoic acid catalysed by zinc chloride, producing 2 - aryl - 3,4 - dihydro -
 6 - methyl - pyridazin - 3 - ones.  172   Synthons for unsaturated 1,4 - diketones are available as cyclic acetals from 
furans ( 18.1.4 ), and react with hydrazines to give the fully aromatic pyridazines directly.  173         
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  14.13.1.2   By Cycloaddition of a 1,2,4,5 - Tetrazine with an Alkyne 

 Cycloaddition of a 1,2,4,5 - tetrazine with an alkyne (or its equivalent), with elimination of nitrogen gives 
pyridazines.      

 This process works best when the tetrazine has electron - withdrawing substituents, but 1,2,4,5 - tetrazine 
itself will react with a range of simple alkynes, enamines and enol ethers, under quite moderate condi-
tions.  174   A wide range of substituents can be incorporated  via  the acetylene, including nitro and trimethyl-
silyl, affording the means to access other substituted pyridazines.  175   The preparation of a boronic ester is 
another example.  176                    

  14.13.2   Pyrimidines 

  14.13.2.1   From a 1,3 - Dicarbonyl Compound and an  N  –  C  –  N  Fragment 

 The most general pyrimidine ring synthesis involves the combination of a 1,3 - dicarbonyl component with 
an N – C – N fragment such as a urea, an amidine or a guanidine.      

 The choice of N – C – N component  –  amidine,  177   guanidine,  178   or a urea  179   (thiourea  180  )  –  governs the 
substitution at C - 2 in the product heterocycle. Although not formally  ‘ N – C – N ’  components, formamide,  181   
or an orthoester, plus ammonia  182   can serve instead of urea in this type of approach. The dicarbonyl 
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component can be generated  in situ , for example formylacetic acid (by decarbonylation of malic acid), or 
a synthon used (1,1,3,3 - tetramethoxypropane for malondialdehyde). When a nitrile serves as a carbonyl 
equivalent, the resulting heterocycle now carries an amino - substituent.  183   The use of 2 - bromo - 1,1,3,3 - 
tetramethoxypropane provides a route to 5 - bromopyrimidine,  184   methanetricarboxaldehyde reacts with 
amidines to give 5 - formyl - pyrimidines,  185   and 2 - aminomalondialdehyde leads to 5 - amino - pyrimidines.  186   
The examples below illustrate some of these.  187                  

 Other synthons for 1,3 - dicarbonyl compounds that have been successfully applied include  β  - chloro -  α , β  -
 unsaturated ketones and aldehydes,  188    β  - dimethylamino -  α , β  - unsaturated ketones (easily obtained from 
ketones by reaction with DMFDMA),  189    β  - alkoxy - enones  190   and vinyl - amidinium salts.  191   Alkynyl - ketones 
react with  S  - alkyl - isothioureas, giving 2 - alkylthio - pyrimidines  192   and propiolic acid reacts with urea to give 
uracil directly in about 50% yield.  193   1,3 - Keto - esters with formamidine produce 4 - pyrimidinones  194   and 
 C  - substituted formamidines with ethyl cyanoacetate give 2 - substituted - 6 - amino - 4 - pyrimidinones.  195   
In analogy, pyrimidines fused to other rings, for example as in quinazolines, can be made from  ortho  -
 aminonitriles  196   and in general, from  β  - enamino esters.  197                            
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 Barbituric acid and barbiturates can be synthesised by reacting a malonate with a urea,  198   or a bis primary 
amide of a substituted malonic acid with diethyl carbonate.  199         

  14.13.2.2   By Cycloadditions 

 Cycloaddition of a 1,3,5 - triazine with an alkyne (or its equivalent) gives pyrimidines after loss of hydrogen 
cyanide.      

 The formation of pyrimidines  200    via  aza - Diels – Alder reactions is similar to the preparation of pyridazines 
from tetrazines (cf.  14.13.1.2 ).       

  14.13.2.3   From 3 - Ethoxyacryloyl Isocyanate and Primary Amines 

 Primary amines add to the isocyanate group in a 3 - alkoxyacryloyl isocyanate; ring closure then gives 
pyrimidines  via  intramolecular displacement of the alkoxy - group.      
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 Uracils can be prepared  via  reaction of primary amines with 3 - ethoxyacryloyl isocyanate;  201   this method 
is particularly suitable for complex amines and has found much use in recent years in the synthesis of, for 
example, carbocyclic nucleoside analogues as potential anti - viral agents.  202   The immediate product of 
amine/isocyanate interaction can be cyclised under either acidic or basic  203   conditions; the method can also 
be applied to thiouracil synthesis by the use of the corresponding isothiocyanate.      

 Though different bonds are made, it is useful to include here the enaminothioimidate shown below for 
the synthesis of pyrimidin - 2 - ones and  - thiones, by reaction with isocyanates and isothiocyanates, respec-
tively, proceeding  via  a cycloaddition between the azadiene and the imine unit of the  – N = C = S, then loss 
of dimethylamine to aromatise.  204         

  14.13.2.4   From an Aldehyde, a 1,3 - Dicarbonyl - Compound and a Urea 

  The Biginelli Synthesis   205    

 This very old synthesis  206   of 1,4 - dihydropyrimidin - 2 - ones, which is analogous to the Hantzsch pyridine 
synthesis ( 8.14.1.2 ), is much used, particularly for library synthesis, and many variants of the reaction 
conditions have been described; most often the condensation is acid or Lewis - acid catalysed. The products 
are important in their own right, but can also be dehydrogenated to give pyrimidin - 2 - ones.  207   If guanidine 
is used instead of the urea component, 2 - amino - 1,4 - dihydropyrimidines result.  208          

  14.13.2.5   From Ketones 

 Condensation of ketones with two mole equivalents of a nitrile in the presence of trifl uoromethanesulfonic 
acid anhydride is a useful method for the production of a limited range of pyrimidines, where the substitu-
ents at C - 2 and C - 4 are identical.  209, 210        
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 Methyl ketones give 4 - monosubstituted - pyrimidines when reacted with formamide at high tempera-
ture.  211   Although the yields, apart from aryl - methyl - ketones, are not large, the method is extremely simple. 
Aryl higher - alkyl ketones also react in this way, giving 4 - aryl - 5 - alkyl - pyrimidines.        

  14.13.3   Pyrazines 

 Pyrazine is not easily made in the laboratory. Commercially, the high temperature cyclodehydrogenation 
of precursors such as  N  - hydroxyethylethane - 1,2 - diamine is used. 

  14.13.3.1   From the Self - Condensation of a 2 - Amino - Ketone 

 Symmetrical pyrazines result from the spontaneous self condensation of two mole equivalents of a 2 - amino -
 ketone, or 2 - amino - aldehyde, followed by an oxidation.      

 2 - Amino - carbonyl compounds, which are stable only as their salts, are usually prepared  in situ  by the 
reduction of 2 - diazo - ,  - oximino -  or  - azido - ketones. The dihydropyrazines produced by this strategy are 
very easily aromatised, for example by air oxidation, and often distillation alone is suffi cient to bring about 
disproportionation.  212        

  α  - Amino esters are more stable than  α  - amino - ketones but nonetheless easily self - condense to give 
heterocycles, known as 2,5 - diketopiperazines. These compounds are resistant to oxidation, but can 
be used to prepare aromatic pyrazines after fi rst converting them into dichloro -  or dialkoxy - 
dihydropyrazines.  213         

  14.13.3.2   From 1,2 - Dicarbonyl Compounds and 1,2 - Diamines 

 1,2 - Dicarbonyl compounds undergo double condensation with 1,2 - diamines; an oxidation is then required.      
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 This method is well suited to the formation of symmetrical pyrazines,  214   but if both diketone and diamine 
are unsymmetrical, two isomeric pyrazines are formed. The dihydro - pyrazines can be dehydrogenated and 
they will also react with aldehydes and ketones, with introduction of another alkyl group at the same time 
as achieving the aromatic oxidation level.  215             

 Other dinitrogen components that also carry unsaturation are  α  - amino acid amides,  216   from which 
pyrazinones can be formed; a special example is aminomalonamide and a pyrazinone synthesis using this 
unit is shown below.  217        

 The direct synthesis of aromatic pyrazines using a 1,2 - dicarbonyl compound requires a 1,2 - diamino -
  alkene , but very few simple examples of such compounds are known; diaminomaleonitrile  218   is stable and 
serves in this context.      

 An ingenious modifi cation of the general method uses 5,6 - diaminouracil as a masked unsaturated 1,2 -
 diamine: the products can be hydrolysed with cleavage of the pyrimidinone ring fi nally arriving at 2 - amino -
 pyrazine - 3 - acids as products.  219         

  14.13.3.3   From 1,2 - Diketone Mono - Oximes 

 Alkyl - pyrazines can be produced by an ingenious sequence involving an electrocyclic ring closure of a 
1 - hydroxy - 1,4 - diazatriene, aromatisation being completed by loss of the oxygen from the original oxime 
hydroxyl group.  220          
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  14.13.4   Notable Syntheses of Diazines 

  14.13.4.1   4,6 - Diamino - 5 - thioformamido - 2 - methylpyrimidine 

 4,6 - Diamino - 5 - thioformamido - 2 - methylpyrimidine can be converted into 2 - methyladenine.       

  14.13.4.2   Carbocyclic bromovinyldeoxyuridine 

 Carbocyclic bromovinyldeoxyuridine (CarbaBVDU) is an anti - viral agent.  221         



282 Heterocyclic Chemistry

  14.13.4.3   Coelenterazine 

 Coelenterazine, a bioluminescent compound from a jellyfi sh, with potential for use in bioassays, has been 
synthesised in an overall 25% yield from chloropyrazine.  222           

  14.14   Pteridines 
 Pyrazino[2,3 -  d ]pyrimidines are known as  ‘ pteridines ’ ,  223   because the fi rst examples of the ring system, 
as natural products, were found in pigments, like xanthopterin (yellow), in the wings of butterfl ies 
( Lepidoptera ). The pteridine ring system has subsequently been found in coenzymes that use tetrahydrofolic 
acid (derived from the vitamin folic acid), and in the cofactor of the oxomolybdoenzymes  224   and comparable 
tungsten enzymes.      

 The synthesis of the pteridine ring system has been approached by two obvious routes: one is the fusion 
of the pyrazine ring onto a pre - formed 4,5 - diamino - pyrimidine, and the second, the elaboration of the 
pyrimidine ring on a pre - formed pyrazine. The fi rst of these, the  Isay synthesis , suffers from the disadvan-
tage that condensation of the heterocyclic 1,2 - diamine with an unsymmetrical 1,2 - dicarbonyl compound 
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usually leads to a mixture of 6 -  or 7 - substituted isomers.  225   It was to avoid this diffi culty that the alternative 
strategy, the  Taylor synthesis , now widely used, starting with a pyrazine, was developed.  226   This approach 
has the further advantage that because the pyrazine ring is pre - synthesised, using 2 - cyanoglycinamide,  227   
it eventually produces, regioselectively, 6 - substituted pteridines  –  substitution at the 6 - position is the 
common pattern in natural pteridines.

         Exercises    
  Straightforward revision exercises (consult Chapters  13  and  14 ):  

   (a)   Why is it diffi cult to form diprotonic salts from diazines?   
   (b)   How do uridine, thymidine and cytidine differ?   
   (c)   Are the diazines more or less reactive towards  C  - electrophilic substitution than pyridine?   
   (d)   What factor assists and what factor mediates against nucleophilic displacement of hydrogen in diazines?   
   (e)   Which is the only chlorodiazine that does not undergo easy nucleophilic displacement, and why?   
   (f)   What precaution is usually necessary in order to lithiate a diazine?   
   (g)   Write out one example each where a pyridazine, a pyrimidine and a pyrazine undergo a cycloaddition, 

acting as a diene or an azadiene.   
   (h)   How could one convert an oxy - diazine, where the oxygen is  α  to a nitrogen: (i) into a corresponding 

chloro - diazine, (ii) effi ciently into a corresponding  N  - methyl - diazinone, (iii) into a corresponding 
amino - diazine, but without involving a chloro - diazine.   

   (i)   What is the product from hydrazine and a 1,4 - keto - ester? How could it be converted into a 
pyridazinone?     

 (j)   Given pentane - 2,4 - dione, how could one prepare: (i) 4,6 - dimethylpyrimidine, (ii) 4,6 - dimethyl - 2 - 
pyrimidone (iii) 2 - amino - 4,6 - dimethylpyrimidine?   

   (k)   What substitution pattern is the easiest to achieve in the ring synthesis of pyrazines?   

  More advanced exercises:  

   1.   What compounds are produced at each stage in the following sequences: (i) pyridazin - 3 - one reacted 
with POCl 3  ( → C 4 H 3 N 2 Cl) and this with NaOMe ( →  C 5 H 6 N 2 O); (ii) chloropyrazine with BuNH 2 /120    ° C 
( →  C 8 H 13 N 3 ).   

   2.   What are the structures of the compounds formed: (i) C 6 H 9 IN 2 S from 3 - methylthiopyridazine and 
C 6 H 8 ClIN 2  from 3 - chloro - 6 - methylpyridazine, each with MeI; (ii) C 5 H 2 Cl 2 N 2 O from treatment of 
2,6 - dichloropyrazine with LiTMP then HCO 2 Et; (iii) C 14 H 12 N 2 O 2  from 2,6 - dimethoxypyrazine with 
LiTMP, then I 2  then PhC ≡ CH/Pd(0).   

   3.   Decide the structures of the compounds produced by the following sequences: (i) C 6 H 9 N 3  from 2 - 
aminopyrimidine fi rst with NaNO 2 /c. HCl/ – 15    ° C and then the product with Me 2 NH; (ii) C 18 H 14 N 2  from 
3 - methyl - 6 - phenylpyridazine with PhCH = O/Ac 2 O/heat.   
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   4.   Write sequences and structures for intermediates and fi nal products in the following ring syntheses: 
(i) chlorobenzene with succinic anhydride/AlCl 3  ( →  C 10 H 9 ClO 3 ), then this with N 2 H 4  ( →  C 10 H 9 ClN 2 O) 
and fi nally this with Br 2 /AcOH ( →  C 10 H 7 ClN 2 O); (ii) 2,5 - dimethylfuran reacted with Br 2  in MeOH 
( →  C 8 H 14 O 3 ), then this fi rstly with aqueous acid and then hydrazine ( →  C 6 H 8 N 2 ).   

   5.   What would be the pyrimidine products from the following combinations: (i) 1,1 - dimethoxybutan - 3 - one 
with guanidinium hydrogen carbonate ( →  C 5 H 7 N 3 ); (ii) ethyl cyanoacetate with guanidine/NaOEt 
( →  C 4 H 6 N 4 O); (iii) ethyl cyanoacetate with urea/EtONa ( →  C 4 H 5 N 3 O 2 ); (iv) (EtO) 2 CHCH 2 CH(OEt) 2 /
HCl/urea ( →  C 4 H 4 N 2 O),   

   6.   Decide the structures of the fi nal products and the intermediates (in part (i)) from the following com-
binations of reactants: (i) MeOCH 2 COMe with EtO 2 CH/Na ( →  C 5 H 8 O 3 ), then this with thiourea 
( →  C 6 H 8 N 2 OS), then this with H 2 /Ni ( →  C 6 H 8 N 2 O); (ii) PhCOCH 2 CO 2 Et with EtC( = NH)NH 2  
( →  C 12 H 12 N 2 O); (iii) PhCOCHO with MeCH(NH 2 )CONH 2  ( →  C 11 H 10 N 2 O).     
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 In this chapter are gathered the most important generalisations that can be made, and the general lessons 
that can be learned about the reactivity, and relative reactivities, one with the other, of the prototypical 
fi ve - membered aromatic heterocycles: pyrroles, furans and thiophenes.  

     An example of easy  α  - electrophilic substitution of pyrrole with a weak electrophile    

     Typical reactions of pyrroles, furans and thiophenes    

 The chemistry of pyrrole and thiophene is dominated by a readiness to undergo electrophilic substitution, 
preferentially at an  α  - position but, with only slightly less alacrity, also at a  β  - position, should the  α  posi-
tions be blocked. It is worth re - emphasising the stark contrast between the fi ve -  and six - membered hetero-
cycles  –  the fi ve - membered systems considered in this chapter react much more readily with electrophiles 
than does benzene, but the azines react much less readily (cf. Chapters  7  –  9  and  13 ,  14 ).  
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 Positional selectivity in these fi ve - membered systems, and their high reactivity to electrophilic attack, 
are well explained by a consideration of the Wheland intermediates (and by implication, the transition states 
that lead to them) for electrophilic substitution. Intermediate cations from both  α  -  and  β  - attack are stabilised 
(shown for attack on pyrrole). The delocalisation, involving donation of electron density from the hetero-
atom, is greater in the intermediate from  α  - attack, as illustrated by the number of low - energy resonance 
contributors. Note that the C – C double bond in the intermediate for  β  - attack is not and cannot become 
involved in delocalisation of the charge.  

     Intermediates for electrophilic substitution of pyrrole    

 There is a simple parallelism between the reaction of a pyrrole with an electrophile and the comparable 
reaction of an aniline, and indeed the reactivity of pyrrole towards electrophiles is in the same range as 
that of aniline.  

     Electrophilic attack on electron - rich pyrrole compared with attack on electron - rich aniline    

 The fi ve - membered heterocycles do not react with electrophiles at the heteroatom; perhaps this surprises 
the heterocyclic newcomer, most obviously with respect to pyrrole, for here, it might have been anticipated, 
the nitrogen lone pair would be easily donated to an incoming electrophile, as it would be in reactions of 
its saturated counterpart, pyrrolidine. The difference is that in pyrrole, electrophilic addition at the nitrogen 
would lead to a substantial loss of resonance stabilisation  –  the molecule would be converted into a cyclic 
butadiene, with an attached nitrogen carrying a positive charge  localised  on that nitrogen atom. The analogy 
with aniline falls down for, of course, anilines do react easily with simple electrophiles (e.g. protons) at 
nitrogen. The key difference is that, although some stabilisation in terms of overlap between the aniline 
nitrogen lone pair and benzenoid  π  - system is lost, the majority of the stabilisation energy, associated with 
the six - electron benzenoid  π  - system, is retained when aniline nitrogen donates its lone pair of electrons to 
a proton (electrophile).      
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 Of the trio  –  pyrrole, furan and thiophene  –  the fi rst is by far the most susceptible to electrophilic attack: 
this susceptibility is linked to the greater electron - releasing ability of neutral trivalent nitrogen, and the 
concomitant greater stability of a positive charge on tetravalent nitrogen. This fi nds its simplest expression 
in the relative basicities of saturated amines, ethers and sulfi des, respectively, which are seen to parallel 
nicely the relative order of reactivity of pyrrole, furan and thiophene towards electrophilic attack at carbon, 
but involving major assistance by donation from the heteroatom, i.e. the development of positive charge 
on the heteroatom.      

 In qualitative terms, the much greater reactivity of pyrrole is illustrated by its rapid reaction with weak 
electrophiles like the benzenediazonium cation and nitrous acid, neither of which reacts with furan or 
thiophene. It is relevant to note that  N,N  - dimethylaniline reacts rapidly with these reactants, whereas anisole 
does not. 

 Substituents ranged on fi ve - membered rings have directing effects comparable to those that they exert 
on a benzene (or pyridine) ring. Alkyl groups, for example, direct  ortho  and  para , and nitro groups direct 
 meta  although, strictly, the terms  ortho/meta/para  cannot be applied to the fi ve - membered situation. The 
very strong tendency for  α  - electrophilic substitution is, however, the dominating infl uence in most instances, 
and products resulting from attack following guidance from the substituent are generally minor products 
in mixtures where the dominant substitution is at an available  α  - position. The infl uence of substituents is 
felt least in furans.  

     Effect of substitutents on regioselectivity of electrophilic substitution in fi ve - membered heterocycles    

 A signifi cant aspect of the chemistry of furans is the occurrence of 2,5 - additions initiated by electrophilic 
attack: a Wheland intermediate is formed normally, but then adds a nucleophile, when a suffi ciently reac-
tive one is present, instead of then losing a proton. Conditions can, however, usually be chosen to allow 
the formation of a  ‘ normal ’   α  - substitution product. The occurrence of such processes in the case of furan 
is generally considered to be associated with its lower aromatic resonance stabilisation energy  –  there is 
less to regain by loss of a proton and the consequent return to an aromatic furan.  

     Formation of adducts from furans    
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 The lower aromaticity of furans also manifests itself in a much greater tendency to undergo cycloaddi-
tions, as a 4 -  π , diene component in Diels – Alder reactions. That is to say, furans are much more like dienes, 
and less like six - electron aromatic systems, than are pyrroles and thiophenes. However, the last two systems 
can be made to undergo cycloadditions by carrying out high - pressure reactions or, in the case of pyrroles, 
by  ‘ reducing the aromaticity ’  by the device of inserting an electron - withdrawing group onto the nitrogen. 

 In direct contrast with electron - defi cient heterocycles like pyridines and the diazines, the fi ve - membered 
systems  do not undergo nucleophilic substitutions , except in situations (especially in furan and thiophene 
chemistry) where halide is situated  ortho  or  para  to a nitro group. In the manipulation of the fi ve - membered 
heterocycles, extensive use has been made of the various palladium(0) - catalysed couplings regimes, as 
illustrated with one example (see  4.2  for a detailed discussion).      

 Deprotonations are extremely important: furan and thiophene are  C  - deprotonated by strong bases, such 
as  n  - butyllithium or lithium diisopropylamide, at their  α  - positions, because here the heteroatom can exert 
its greatest acidifying infl uence by inductive withdrawal of electron density, to give anions that can then 
be made to react with the whole range of electrophiles, affording  α  - substituted furans and thiophenes. This 
methodology compliments the use of electrophilic substitutions to introduce groups, also regioselectively 
 α , but has the advantage that even weak electrophiles, such as aldehydes and ketones, can be utilised. The 
employment of metallated  N  - substituted (blocked) pyrroles is an equally valid strategy for producing  α  -
 substituted pyrroles. Pyrroles that have an  N  - hydrogen are deprotonated at the nitrogen, and the pyrryl 
anion thus generated is nucleophilic at the heteroatom, providing a means for the introduction of groups 
on nitrogen. 

 The potential for interaction of the heteroatom (electron donation) with positive charge on a side - chain, 
especially at an  α  - position, has a number of effects: amongst the most important is the enhanced reactivity 
of side - chain derivatives carrying leaving groups. Similarly, carbonyl groups attached to fi ve - membered 
heterocycles have somewhat reduced reactivity, as implied by the resonance contributor shown.  

     Side - chain reactivity    

 Generally speaking, the fi ve - membered heterocycles are far less stable to oxidative conditions than 
benzenes or pyridines, with thiophenes bearing the closest similarity  –  in many ways thiophenes, of the 
trio, are the most like carboaromatic compounds. Hydrogenation of thiophenes, particularly over nickel as 
catalyst, leads to saturation and removal of the heteroatom. Some controlled chemical reductions of pyrroles 
and furans are known, which give dihydro - products. 

 The ring synthesis of fi ve - membered heterocycles has been extensively investigated, and many and subtle 
methods have been devised. Each of these three heterocyclic systems can be prepared from 1,4 - dicarbonyl -
 compounds, for furans by acid - catalysed cyclising dehydration, and for pyrroles and thiophenes by interac-
tion with ammonia or a primary amine, or a source of sulfur, respectively.  
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 As illustrations of the variety of methods available, the three processes below show: (i) the addition of 
isonitrile anions to  α , β  - unsaturated nitro - compounds, with loss of nitrous acid to bring about aromatisation, 
(ii) the interaction of thioglycolates with 1,3 - dicarbonyl - compounds, for the synthesis of thiophene 2 - esters, 
and (iii) the cycloaddition/cycloreversion preparation of furans from oxazoles.               

     Ring synthesis of fi ve - membered heterocycles from 1,4 - dicarbonyl compounds    

     Three of the many ring synthetic routes to fi ve - membered heterocycles    





Heterocyclic Chemistry 5th Edition John Joule and Keith Mills
© 2010 Blackwell Publishing Ltd

 Pyrroles: Reactions and Synthesis     

     
      

16

 Pyrrole  1   and the simple alkyl - pyrroles are colourless liquids, with relatively weak odours rather like that 
of aniline, which, also like the anilines, darken by autoxidation. Pyrrole itself is readily available com-
mercially, and is manufactured by alumina - catalysed gas - phase interaction of furan and ammonia. Pyrrole 
was fi rst isolated from coal tar in 1834 and then in 1857 from the pyrolysate of bone, the chemistry 
of which is similar to an early laboratory method for the preparation of pyrrole  –  the pyrolysis of the 
ammonium salt of the sugar acid, mucic acid. The word pyrrole is derived from the Greek for red, which 
refers to the bright red colour which pyrrole imparts to a pinewood shaving moistened with concentrated 
hydrochloric acid. 

 The early impetus for the study of pyrroles came from degradative work relating to the structures of 
two pigments central to life processes, the blood respiratory pigment haem, and chlorophyll, the green 
photosynthetic pigment of plants ( 32.3 ).  2   Chlorophyll and haem are synthesised in the living cell from 
porphobilinogen, the only aromatic pyrrole to play a role  –  a vitally important role  –  in fundamental 
metabolism.  3,4         

  16.1   Reactions with Electrophilic Reagents   5    
 Whereas pyrroles are resistant to nucleophilic addition and substitution, they are very susceptible to attack 
by electrophilic reagents and undergo easy  C  - substitution. Pyrrole itself,  N  -  and  C  - monoalkyl -  and to a 
lesser extent  C , C  ′  - dialkyl - pyrroles, are polymerised by strong acids, so that many of the electrophilic 
reagents useful in benzene chemistry cannot be used. However, the presence of an electron - withdrawing 
substituent, such as an ester, prevents polymerisation and allows the use of the strongly acidic, nitrating 
and sulfonating agents. 
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  16.1.1   Substitution at Carbon 

  16.1.1.1   Protonation 

 In solution, reversible proton addition occurs at all positions, being by far the fastest at the nitrogen, and 
about twice as fast at C - 2 as at C - 3.  6   In the gas phase, mild acids like C 4 H 9  +  and NH 4  +  protonate pyrrole 
 only  on carbon and with a larger proton affi nity at C - 2 than at C - 3.  7   Thermodynamically, the stablest cation 
is the 2 H  - pyrrolium ion, formed by protonation at C - 2 and observed p K  aH  values for pyrroles are for these 
2 - protonated species. The weak  N  - basicity of pyrroles is the consequence of the absence of mesomeric 
delocalisation of charge in the 1 H  - pyrrolium cation.      

 The p K  aH  values of a wide range of pyrroles have been determined:  8   pyrrole itself is an extremely weak 
base with a p K  aH  value of  − 3.8; this, as a 0.1 molar solution in 1N acid, corresponds to only one protonated 
molecule to about 5000 unprotonated. However, basicity increases very rapidly with increasing alkyl sub-
stitution, so that 2,3,4,5 - tetramethylpyrrole, with a p K  aH  of +3.7, is almost completely protonated on carbon 
as a 0.1 molar solution in 1N acid (this can be compared with aniline, which has a p K  aH  of +4.6). Thus 
alkyl groups have a striking stabilising effect on cations  –  isolable, crystalline salts can be obtained from 
pyrroles ca rrying  t  - butyl groups.  9        

  Reactions of Protonated Pyrroles 

 The 2 H  -  and 3 H  - pyrrolium cations are essentially iminium ions and as such are electrophilic: they play the 
key role in polymerisation (see 16.1.8) and reduction ( 16.7 ) of pyrroles in acid. In the reaction of pyrroles 
with hydroxylamine hydrochloride, which produces ring - opened 1,4 - dioximes, it is probably the more 
reactive 3 H  - pyrrolium cation that is the starter.  10   Primary amines, RNH 2 , can be protected, by conversion 
into 1 - R - 2,5 - dimethylpyrroles ( 16.16.1.1 ), recovery of the amine being by way of this reaction with 
hydroxylamine.  11,12          

  16.1.1.2   Nitration 

 Nitrating mixtures suitable for benzenoid compounds cause complete decomposition of pyrrole, but reaction 
occurs smoothly with acetyl nitrate at low temperature, giving mainly 2 - nitropyrrole. This nitrating agent 
is formed by mixing fuming nitric acid with acetic anhydride to form acetyl nitrate and acetic acid, thus 
removing the strong mineral acid. In the nitration of pyrrole with this reagent, it has been shown that C - 2 
is 1.3    ×    10  5   and C - 3 is 3    ×    10  4   times more reactive than benzene.  13   A combination of PPh 3 , AgNO 3  and 
Br 2  also produces a comparable mixture of nitro - pyrroles.  14        
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  N  - Substitution of pyrroles gives rise to increased proportions of  β  - nitration, even an  N  - methyl producing 
a  β : α  ratio of 1:3, and the much larger  t  - butyl actually reverses the relative positional reactivities, with a 
 β : α  ratio of 4:1.  15   The intrinsic  α  - reactivity can be effectively completely blocked with a very large sub-
stituent such as a triisopropylsilyl (TIPS) group, especially useful since it can be subsequently easily 
removed.  16         

  16.1.1.3   Sulfonation and Reactions with Other Sulfur Electrophiles 

 For sulfonation, a mild reagent of low acidity must be used: the pyridine – sulfur trioxide compound 
smoothly converts pyrrole into a sulfonate initially believed to be the 2 - isomer,  17   but subsequently shown 
to be pyrrole - 3 - sulfonic acid.  18   It seems likely that this isomer results from reversibility of the sulfonation, 
and the eventual formation of the more stable acid. Chlorosulfonation of 1 - phenylsulfonylpyrrole is clean 
and an effi cient route to pyrrole 3 - sulfonic - acid derivatives.  19        

 Sulfenylation of pyrrole  20   and thiocyanation of pyrrole  21   or of 1 - phenylsulfonylpyrrole  22   also provide 
means for the electrophilic introduction of sulfur groups, at lower oxidation levels, and in contrast to the 
sulfonations, at the pyrrole  α  - position.      

 Acid catalyses rearrangement of sulfur substituents from the  α  - position to give  β  - substituted pyrroles  23   
(see also 16.1.1.5 and  16.12 ), perhaps initiated by protonation at the sulfur - bearing  α  - carbon.  
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  16.1.1.4   Halogenation 

 Pyrrole reacts with halogens so readily that unless controlled conditions are used, tetrahalo - pyrroles are the 
only isolable products, and these are stable.  24   Attempts to mono - halogenate simple alkyl - pyrroles fail, 
probably because of side - chain halogenation and the generation of extremely reactive pyrryl - alkyl halides 
( 16.11 ).      

 Although unstable compounds, 2 - bromo -  and 2 - chloropyrrole (also using SO 2 Cl 2 ) can be prepared by 
direct halogenation of pyrrole with the  N  - halo - succinimides;  25   2 - bromopyrrole can be conveniently 
prepared using 1,3 - dibromo - 4,4 - dimethylhydantoin and can be stabilised by conversion into its  N  -  t  - 
butoxycarbonyl derivative.  26   Formation of  N  - tosyl derivatives  27   is also recommended for stabilising 
2 - bromopyrrole.      

  N  - Triisopropylsilylpyrrole monobrominates and monoiodinates cleanly and nearly exclusively at C - 3, 
and with two mole equivalents of  N  - bromosuccinimide it dibrominates, at C - 3 and C - 4  17,28    N  - Tosylpyrrole 
3,4 - dibrominates with bromine in hot acetic acid,  29   whereas  N  - Boc - pyrrole gives the 2,5 - dibromo derivative 
using NBS at 0    ° C.  30   Selective replacement of trimethylsilyl groups of  N  - blocked 3,4 - bis(trimethylsilyl) -
 pyrroles with iodine requires the halogen with CF 3 CO 2 Ag at  − 78    ° C.  31         

  16.1.1.5   Acylation 

 Direct acetylation of pyrrole with acetic anhydride at 200    ° C leads to 2 - acetylpyrrole as main product, 
together with some 3 - acetylpyrrole, but no  N  - acetylpyrrole.  32    N  - Acetylpyrrole can be obtained in high 
yield by heating pyrrole with  N  - acetylimidazole.  33   Alkyl substitution facilitates  C  - acylation, so that 2,3,4 - 
trimethylpyrrole yields the 5 - acetyl - derivative, even on refl uxing in acetic acid. The more reactive trifl uo-
roacetic anhydride and trichloroacetyl chloride react with pyrrole effi ciently, even at room temperature, to 
give 2 - substituted products, alcoholysis or hydrolysis of which provides a clean route to pyrrole - 2 - esters 
or  - acids.  34   Nitration of 2 - (chloroacetyl)pyrrole occurs at C - 4 and this regioselectivity applies also to acyla-
tion  35   of pyrroles with electron - withdrawing groups at C - 2.      
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  N  - Acyl benzotriazoles very effectively acylate pyrrole at C - 2 using TiCl 4  catalysis; TIPS - pyrrole is acyl-
ated with this reagent at C - 3.  36        

 Vilsmeier  37,38   acylation of pyrroles, formylation with dimethylformamide/phosphoryl chloride in 
particular, is a generally applicable process.  39   The actual electrophilic species is an  N,N  - dialkyl - 
chloromethyleneiminium cation (the chloride is available commercially as a solid).  40   Here again, the pres-
ence of a large pyrrole -  N  - substituent perturbs the intrinsic  α  - selectivity, formylation of  N  - tritylpyrrole 
favouring the  β  - position by 2.8   :   1 and trifl uoroacetylation of this pyrrole giving only the 3 - ketone;  41   the 
use of bulky  N  - silyl substituents allows  β  - acylation with the possibility of subsequent removal of the  N  -
 substituent.  42   The fi nal intermediate in a Vilsmeier reaction is an iminium salt requiring hydrolysis to 
produce the isolated product aldehyde. When a secondary lactam is used, hydrolysis does not take place 
and a cyclic imine is obtained.  43         

     The Vilsmeier reaction    

 Acylation of 1 - phenylsulfonylpyrrole, with its deactivating  N  - substituent, requires more forcing condi-
tions in the form of a Lewis acid as catalyst, the regioselectivity of attack depending both on the choice of 
catalyst and on the particular acylating agent, as illustrated.  44   However, no Lewis acid is required if the 
mixed anhydride of the required acid and trifl uoroacetic acid are employed to acylate  N  - tosyl - pyrroles, this 
proceeding exclusively at the 2 - position.  45             
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 Regioselection in Friedel – Crafts acylations, depending on the Lewis acid employed, also applies to pyr-
roles with electron - withdrawing/stabilising groups, like esters, on carbon.  46   Lewis - acid catalysed acylation 
of 3 - acyl - pyrroles, easily obtained by hydrolysis of 1 - phenylsulfonyl - 3 - acyl - pyrroles, proceeds smoothly 
to give 2,4 - diacyl - pyrroles, substitution  meta  to the acyl group and also at the remaining pyrrole  α  -
 position;  47   Vilsmeier formylation of methyl pyrrolyl - 2 - carboxylate takes place at C - 5, the  α  - selectivity 
being dominant in this case.  48    

  16.1.1.6   Alkylation 

 Mono -  C  - alkylation of pyrroles cannot be achieved by direct reaction with simple alkyl halides, either alone 
or with a Lewis - acid catalyst, for example pyrrole does not react with methyl iodide below 100    ° C; above 
about 150    ° C, a series of reactions occurs leading to a complex mixture made up mostly of polymeric 
material together with some poly - methylated pyrroles. The more reactive allyl bromide reacts with pyrrole 
at room temperature, but mixtures of mono -  to tetra - allyl - pyrroles together with oligomers and polymers 
are obtained. 

 Providing an appropriate acidic catalyst is chosen  –  one that will not cause polymerisation of pyrrole 
 –  reaction with alkenes carrying an electron - withdrawing group can be achieved. Examples include nitro -
 alkenes using sulfamic acid  49   and conjugated ketones using InCl 3 .  50   The use of the trifl ate salt of an optically 
active amine as catalyst induces alkylations using R 1 CH = CHCOR 2  with high enantioselectivity.  51        

 Alkylations with conjugated enones carrying a leaving group at the  β  - position proceed smoothly, produc-
ing mono - alkenylated pyrroles.  52    

  16.1.1.7   Condensation with Aldehydes and Ketones 

 Condensations of pyrroles with aldehydes and ketones occur easily by acid catalysis, but the resulting 
pyrrolyl - carbinols cannot usually be isolated, for under the reaction conditions proton - catalysed loss of 
water produces 2 - alkylidene - pyrrolium cations that are themselves reactive electrophiles. Thus, in the case 
of pyrrole itself, reaction with aliphatic aldehydes in acid inevitably leads to resins, probably linear poly-
mers. Reductive trapping of these cationic intermediates, producing alkylated pyrroles, can be synthetically 
useful, however all free positions react; acyl and alkoxycarbonyl - substituents are unaffected.  53        

 Syntheses of dipyrromethanes have usually involved pyrroles with electron - withdrawing substituents 
and only one free  α  - position, the dipyrromethane resulting from attack by the electrophilic 2 - alkylidene -
 pyrrolium intermediate on a second mole equivalent of the pyrrole.  54        
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 By careful choice of conditions, the simplest dipyrromethane, bis(pyrrol - 2 - yl)methane, can be obtained 
directly from pyrrole with aqueous formalin in acetic acid;  55   reaction in the presence of potassium carbonate 
allows 2,5 - bis - hydroxymethylpyrrole to be isolated.  56   This diol reacts with pyrrole in dilute acid to give 
tripyrrane and from this, reaction with 2,5 - bis(hydroxymethyl)pyrrole gives porphyrinogen, which can be 
oxidised with chloranil (2,3,5,6 - tetrachloro -  p  - benzoquinone) to porphine, the simplest porphyrin.      

 Acetone, reacting in a comparable manner, gives a cyclic tetramer directly and in high yield, perhaps 
because the geminal methyl groups tend to force the pyrrole rings into a coplanar conformation, greatly 
increasing the chances of cyclisation of the linear tetrapyrrolic precursor.  57        

 Condensations with aromatic aldehydes carrying appropriate electron - releasing substituents produce 
cations that are suffi ciently stabilised by mesomerism to be isolated. Such cations are coloured: the reaction 
with  p  - dimethylaminobenzaldehyde is the basis for the classical Ehrlich test, deep red/violet colours 
being produced by pyrroles (and also by furans and indoles) that have a free nuclear position. Under appro-
priate conditions one can combine four mole equivalents of pyrrole and four of an aldehyde to produce a 
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tetrasubstituted porphyrinogen in one pot,  58   but, usually, immediate oxidation is employed to proceed to 
the  meso  - tetra - substituted porphyrin.  59         

 Analogous condensations, but with a pyrrole aldehyde lead to mesomeric dipyrromethene cations, which 
play an important part in porphyrin synthesis. Thus, using formyldipyrromethane as the aldehyde and a 
second mole as the pyrrole component, with air as oxidant, porphine is formed directly, as its magnesium 
derivative, possibly  via  a dipyrromethene cationic intermediate.  60         

  16.1.1.8   Condensation with Imines and Iminium Ions 

 The imine and iminium functional groupings are, of course, the nitrogen equivalents of carbonyl and  O  -
 protonated carbonyl groups, and their reactivity is analogous. The Mannich reaction of pyrrole produces 
dialkylaminomethyl derivatives, the iminium electrophile being generated  in situ  from formaldehyde, 
dialkylamine and acetic acid.  61   There are only a few examples of the reactions of imines themselves with 
pyrroles; the condensation of 1 - pyrroline with pyrrole as reactant and solvent is one such example.  62    N  -
 Tosyl - imines react with pyrrole with Cu(OTf) 2  as catalyst.  63        
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 The mineral - acid - catalysed polymerisation of pyrrole involves a series of Mannich reactions, but under 
controlled conditions, pyrrole can be converted into an isolable trimer, which is probably an intermediate 
in the polymerisation. The key to understanding the formation of the observed trimer is that the less stable, 
therefore more reactive,  β  - protonated pyrrolium cation is the electrophile that initiates the sequence, attack-
ing a second mole equivalent of the heterocycle. The  ‘ dimer ’ , an enamine, is too reactive to be isolable, 
however  ‘ pyrrole trimer ’ , relatively protected as its salt, reacts further only slowly.  64           

  16.2   Reactions with Oxidising Agents   65    
 Simple pyrroles are generally easily attacked by strong oxidising agents, frequently with complete break-
down. When the ring does survive, maleimide derivatives are the commonest products, even when there 
was originally a 2 -  or 5 - alkyl substituent. This kind of oxidative degradation played an important part in 
early porphyrin structure determination, in which chromium trioxide in aqueous sulfuric acid or fuming 
nitric acid were usually used as oxidising agents. Hydrogen peroxide is a more selective reagent and can 
convert pyrrole itself into a tautomeric mixture of pyrrolin - 2 - ones in good yield (16.15.1.2). 

 Pyrroles which have a ketone or ester substituent are more resistant to ring degradation and high - yielding 
side - chain oxidation can be achieved using cerium(IV) ammonium nitrate, with selectivity for an 
 α  - alkyl.  66        

 Pyrrole can be 2,2 ′  - dimerised with the hypervalent iodine(III) reagent phenyliodine bis(trifl uoroacetate) 
 via  what may be an SET process.  67    

  16.3   Reactions with Nucleophilic Reagents 
 Pyrrole and its derivatives do not react with nucleophilic reagents by addition or by substitution, except in 
the same type of situation that allows nucleophilic substitution in benzene chemistry, i.e. where the leaving 
group is  ortho  or  para  to an electron - withdrawing group: the two examples below are illustrative.  68        
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 A key step in a synthesis of ketorolac, an analgesic and anti - infl ammatory agent, involves an intramo-
lecular nucleophilic displacement of a methanesulfonyl group activated by a 5 - ketone.  69         

  16.4   Reactions with Bases 
  16.4.1   Deprotonation of  N  - Hydrogen and Reactions of Pyrryl Anions 

 Pyrrole  N  - hydrogen is much more acidic (p K  a  17.5) than that of a comparable saturated amine, say pyr-
rolidine (p K  a   ∼  44), or aniline (p K  a  30.7), and of the same order as that of 2,4 - dinitroaniline. Any very 
strong base will effect complete conversion of an  N  - unsubstituted pyrrole into the corresponding pyrryl 
anion, perhaps the most convenient being commercial  n  - butyllithium solution. The pyrryl anion is nucleo-
philic at nitrogen (however, see  16.4.2 ) and thus provides the means for the introduction of groups onto 
pyrrole nitrogen, for example using alkyl halides. Typical reactions of the pyrryl anion are exemplifi ed 
below by the preparation of 1 - triisopropylsilylpyrrole. However, reactions at nitrogen can proceed  via  
smaller, equilibrium concentrations of pyrryl anion, as in the formation of 1 - chloropyrrole (in solution) by 
treatment with sodium hypochlorite  70   or a preparation of 1 -  t  - butoxycarbonylpyrrole shown below.  71         

  16.4.2   Lithium, Sodium, Potassium and Magnesium Derivatives 

  N  - Salts of pyrroles can react with electrophiles to give either  N  -  or  C  - substituted pyrroles: generally speak-
ing, the more ionic the metal – nitrogen bond and/or the better the solvating power of the solvent, the greater 
is the percentage of attack at nitrogen.  72   Based on these principles, several methods are available for effi cient 
 N  - alkylation of pyrroles, including the use of potassium hydroxide in dimethylsulfoxide,  73   or in benzene 
with 18 - crown - 6,  74   phase - transfer methodology,  75   K 2 CO 3  in an ionic liquid  76   or of course by reaction of the 
pyrryl anion generated using  n  - butyllithium.  N  - Amination, for example, using chloramine (NH 2 Cl) can be 
achieved effi ciently, either by quantitative conversion into the anion using sodium hydride,  77   or using 
phase - transfer conditions.  78    N  - Arylation of pyrroles requires palladium catalysis ( 4.2 ). 

 Pyrryl Grignard reagents, obtained by treating an  N  - unsubstituted pyrrole with a Grignard reagent, tend 
to react at carbon with alkylating and acylating agents, but sometimes give mixtures of 2 -  and 3 - substituted 
products with the former predominating,  79    via  neutral, non - aromatic intermediates. Clean  α  - substitution 
can be achieved for example with bromoacetates  80   as exemplifi ed below, or using 2 - acylthio - pyridines as 
acylating agents.  81          
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  16.5   C - Metallation and Reactions of  C  - Metallated Pyrroles 
  16.5.1   Direct Ring C – H Metallation 

 The  C  - lithiation of pyrroles requires the absence of the acidic  N  - hydrogen, i.e. the presence of an  N  - 
substituent, either alkyl  82   or, if required, a removable group  83   like phenylsulfonyl,  84   carboxylate,  85   trimeth-
ylsilylethoxymethyl,  86    t  - butylaminocarbonyl,  87   diethoxymethyl  88   or  t  - butoxycarbonyl. Even in the absence 
of chelation assistance to lithiation, which is certainly an additional feature in each of the latter examples, 
 metallation proceeds at the  α  - position .  N  - Methylpyrrole, rather amazingly, can be converted into a dilithio -
 derivative, either 2,4 -  or 2,5 - dilithio - 1 - methylpyrrole depending on the exact conditions.  89   Lithiation of 
1 -  t  - butoxycarbonyl - 3 -  n  - hexylpyrrole occurs at C - 5, avoiding both steric and electronic discouragement to 
the alternative C - 2 deprotonation.  90        

 Reactions of the species produced by the  α  - lithiation of  N  - substituted - pyrroles are widely used for the 
introduction of groups, either by reaction with electrophiles or by coupling processes based on palladium 
chemistry ( 4.2 ). Some examples where removable  N  - blocking groups have been used in the synthesis of 
2 - substituted pyrroles,  via  lithiation, are shown below.  86,91                   

  16.5.2   Metal – Halogen Exchange 

 Metal – halogen exchange on  N  - protected - pyrroles can provide access to either 2 -  or 3 - lithio - pyrroles. Thus, 
for example, 2 - bromo - 1 -  t  - butoxycarbonylpyrrole and its 2,5 - dibromo - counterpart give monolithiated 
reagents and from the latter, even a dilithiated species can be generated.  30        
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 Metal – halogen exchange using 3 - halo -  N  - triisopropylsilyl - pyrroles  92   allows the introduction of groups to 
the pyrrole  β  - position and can complement direct electrophilic substitution of  N  - triisopropylsilylpyrrole, 
which is  β  - selective (see 16.1.2 and 16.1.4). Sequential mono - lithiations of 1 - tosyl - 3,4 - dibromopyrrole 
allows selective functionalisation.  29          

  16.6   Reactions with Radicals 
 Pyrrole itself tends to give tars under radical conditions. A 2 - toluensulfonyl - substituent can be displaced 
by radicals. Electrophilic radical substitution of 1 - phenylsulfonylpyrrole  93   occurs at an  α  - position; the 
formation of a pyrrol - 2 - ylacetic acid is typical.  94   3 - Substituted pyrroles are attacked by radicals at C - 2.  95        

 Pyrroles can be dimerised, regiospecifi cally,  via  a radical cation produced from the pyrrole by reaction 
with phenyliodine(III) bis(trifl uoroacetate).  96         

  16.7   Reactions with Reducing Agents 
 Simple pyrroles are not reduced by hydride reducing agents or diborane, but are reduced in acidic media, 
in which the species under attack is the protonated pyrrole. The products are 2,5 - dihydropyrroles, accom-
panied by some of the pyrrolidine as by - product.  97   Reduction  98   of pyrroles to pyrrolidines can be effected 
catalytically over a range of catalysts, is especially easy if the nitrogen carries an electron - withdrawing 
group, and is not complicated by carbon – heteroatom hydrogenolysis and ring opening, as is the case for 
furans. Reduction of 2 - acyl - pyrroles to pyrrolidine alcohols, over 5% Rh/Al 2 O 3 , proceeds with high stere-
oselectivity, with the control probably arising from the alcohol produced by initial reduction of the carbonyl 
group.      
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 Birch reduction of pyrrole carboxylic esters and tertiary amides gives dihydro - derivatives; the presence 
of an electron - withdrawing group on the nitrogen serves both to remove the acidic  N  - hydrogen and also 
to reduce the electron density on the ring. Quenching the immediate reduced species  –  an enolate  –  with 
an alkyl halide produces alkylated dihydropyrroles.  99         

  16.8   Electrocyclic Reactions (Ground State) 
 Simple pyrroles do not react as 4 π  components in Diels – Alder cycloadditions: exposure of pyrrole to 
benzyne, for example, leads only to 2 - phenylpyrrole, in low yield.  100   However  N  - substitution, particularly 
with an electron - withdrawing group, does allow such reactions to occur,  101   for example adducts with arynes 
are obtained using 1 - trimethylsilylpyrrole.  102   Whereas pyrrole itself reacts with dimethyl acetylenedicar-
boxylate only by  α  - substitution, even at 15 kbar,  103    N  - acetyl -  and  N  - alkoxycarbonyl - pyrroles give cycload-
ducts,  104   addition being much accelerated by high pressure or by aluminium chloride catalysis.  105   The most 
popular  N  - substituted pyrrole in this context has been  N  - Boc - pyrrole,  106   with benzyne (from diazotization 
of anthranilic acid) for example, a 60% yield of the cycloadduct is obtained.  107        

 A process that has proved valuable in synthesis is the addition of singlet oxygen to  N  - alkyl -  and especially 
 N  - acyl - pyrroles  108   producing 2,3 - dioxa - 7 - aza - bicyclo[2.2.1]heptanes, which react with nucleophiles, such 
as silyl enol ethers, mediated by tin(II) chloride, generating 2 - substituted - pyrroles that can be used, as the 
example shows, for the synthesis of indoles  via  intramolecular electrophilic attack by the carbonyl group 
at the pyrrole  β  - position.      

 Intermolecular examples of pyrroles serving as 2 π  components in cycloadditions are rare but examples 
include  N  - tosyl - 2 -  and  - 3 - nitropyrrole  109   and  N  - tosyl - 2,4 - diacyl - pyrroles,  110   however in an intramolecular 
sense tricyclic 6 - azaindoles are produced where the 4 π  component is a 1,2,4 - triazine ( 29.2.1 ).  111        
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 Vinyl - pyrroles will take part in Diels – Alder processes as 4 π  components,  112   providing the aromaticity 
of the ring has been reduced by the presence of a phenylsulfonyl group on the pyrrole nitrogen, the pre-
sumed initial product easily isomerising in the reaction conditions to reform an aromatic pyrrole.  113         

  16.9   Reactions with Carbenes and Carbenoids 
 The reaction of pyrrole with dichlorocarbene proceeds in part  via  a dichlorocyclopropane intermediate, ring 
expansion of which leads to 3 - chloropyridine.  114,115    N  - Methylpyrrole with ethoxycarbonylcarbene gives 
only substitution products.  116        

 Isolable cyclopropane - containing adducts can be obtained from  N  - Boc - pyrrole,  117   and ozonolysis of the 
mono adduct is a means for the synthesis of heavily functionalised cyclopropanes.  118        

 Rhodium - catalysed addition of a vinyl carbene produces a cyclopropanated intermediate that undergoes 
a Cope rearrangement, neatly producing an 8 - azabicyclo[3.2.1]octadiene  –  the ring skeleton of cocaine.  119         

  16.10   Photochemical Reactions   120    
 The photo - catalysed rearrangement of 2 -  to 3 - cyanopyrrole is considered to involve a 1,3 - shift in an initially 
formed bicyclic aziridine.  121         
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  16.11   Pyrryl -  C  -  X  Compounds 
 Pyrroles of this type, where X is halogen, alcohol, alkoxy or amine, and especially protonated alcohol or 
alkoxy, or quaternised amine, easily lose X, generating reactive electrophilic species. Thus ketones can be 
reduced to alkane,  via  the loss of oxygen from the initially formed alcohol (cf.  16.12 ), and quaternary 
ammonium salts, typifi ed by 2 - dimethylaminomethylpyrrole metho - salts, react with nucleophiles by loss 
of trimethylamine in an elimination/addition sequence of considerable synthetic utility.  122         

  16.12   Pyrrole Aldehydes and Ketones 
 These are stable compounds which do not polymerise or autoxidise. For the most part, pyrrole - aldehydes 
and  - ketones are typical aryl - ketones, though less reactive  –  such ketones can be viewed as vinylogous 
amides. They can be reduced to alkyl - pyrroles by the Wolff – Kishner method, or by sodium borohydride 
 via  elimination from the initial alcoholic product (cf.  16.11 ).  123   Treatment of acyl - 1 - phenylsulfonyl - 
pyrroles with  t  - butylamine - borane also effects conversion to the corresponding alkyl derivatives.  124        

  β  -  and  α  - Acyl - pyrroles can be equilibrated, one with the other, using acid; for  N  - alkyl -  C  - acyl - pyrroles, 
the equilibrium lies completely on the side of the  β  - isomer.  125         

  16.13   Pyrrole Carboxylic Acids 
 The main feature within this group is the ease with which loss of the carboxyl group occurs. Simply 
heating  126   pyrrole acids causes loss of carbon dioxide in what is essentially  ipso  - displacement of carbon 
dioxide by proton.  127   This facility is of considerable relevance to pyrrole synthesis since several of the 
ring - forming routes (e.g. see  16.16.1.2  and  16.16.1.6 ) produce pyrrole esters, in which the ester function 
may not be required ultimately.      
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  16.14   Pyrrole Carboxylic Acid Esters 
 The electrophilic substitution of these stable compounds has been much studied; the  meta  - directing effect 
of a 2 - ester overcomes the normally dominant pyrrole tendency for  α  - substitution.  129        

 An ester group can also activate a side - chain alkyl for halogenation, and such pyrrolyl - alkyl halides have 
been used extensively in synthesis.  130   Cerium(IV) trifl ate in methanol can be used for the analogous intro-
duction of methoxide onto an alkyl side - chain.  131   The rates of alkaline hydrolysis of  α  -  and  β  - esters are 
markedly different, the former being faster than the latter.  132    

  16.15   Oxy -  and Amino - Pyrroles 
  16.15.1   2 - Oxy - Pyrroles 

 2 - Oxypyrroles exist in the hydroxyl form, if at all, only as a minor component of the tautomeric mixture 
that favours 3 - pyrrolin - 2 - one over 4 - pyrrolin - 2 - one by 9:1.  133        

 After  N  - protection, silylation produces 2 - silyloxy - pyrroles, which react with aldehydes to give 
5 - substituted 3 - pyrrolin - 2 - ones.  134         

 Ipso   displacement of carboxyl groups by electrophiles, such as halogens,  128   or under nitrating conditions, 
or with aryl - diazonium cations, occurs more readily than substitution of hydrogen.       



Pyrroles: Reactions and Synthesis 311

  16.16   Synthesis of Pyrroles   5,140    
  16.16.1   Ring Synthesis 

  16.16.1.1   From 1,4 - Dicarbonyl Compounds and Ammonia or Primary Amines   141    

 1,4 - Dicarbonyl compounds react with ammonia or primary amines to give pyrroles.

  16.15.2   3 - Oxy - Pyrroles 

 3 - Oxy - pyrroles exist largely in the carbonyl form, unless fl anked by an ester group at C - 2 that favours the 
hydroxyl - tautomer by intramolecular hydrogen bonding.  135    

  16.15.3   Amino - Pyrroles 

 Amino - pyrroles have been very little studied because they are relatively unstable and diffi cult to prepare.  136   
Simple 2 - amino - pyrroles can be prepared, but must be stored in acidic solution.  137   An alternative is to 
reduce nitro - pyrroles over Pd/C in the presence of anhydrides, which produces amides of the otherwise 
unstable amino - pyrroles.  138   Another trapping procedure employs a 1,4 - dione and thus engenders another 
pyrrole ring (cf.  16.16.1.1 ).  139          

        Paal – Knorr Synthesis   142    

 Pyrroles are formed by the reaction of ammonia or a primary amine with a 1,4 - dicarbonyl compound  143   
(see also  17.12.1.1  and  18.13.1.1 ). Successive nucleophilic additions of the amine nitrogen to each of the 
two carbonyl carbon atoms and the loss of two mole equivalents of water represent the net course of the 
synthesis; a reasonable sequence  144   for this is shown below, using the synthesis of 2,5 - dimethylpyrrole  145   
as an example.      
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  16.16.1.2   From  a  - Aminocarbonyl - Compounds and Activated Ketones 

  α  - Amino - ketones react with carbonyl compounds that have an  α  - methylene grouping, preferably further 
activated, for example by ester, as in the illustration.

        Knorr Synthesis 

 This widely used general approach to pyrroles utilizes two components: one, the  α  - aminocarbonyl 
component, supplies the nitrogen and C - 2 and C - 3, and the second component supplies the remaining 
two carbons and must possess a methylene group  α  to a carbonyl. The Knorr synthesis works well 
only if the methylene group of the second component is further acidifi ed (e.g. as in acetoacetic ester, i.e. 
it is a 1,3 - dicarbonyl compound, or equivalent) to enable the desired condensation leading to pyrrole to 
compete effectively with the self - condensation of the  α  - aminocarbonyl component. The synthesis of 
4 - methylpyrrole - 3 - carboxylic acid and therefrom, 3 - methylpyrrole, illustrates the process.      

 Several variations have been shown to improve the effi ciency: microwave irradiation makes the process 
very rapid  146   and the use of iodine on a clay support  147   are just two of these. An alternative to the use of 
ammonia for the synthesis of  N  - unsubstituted - pyrroles employs hexamethyldisilazide with alumina,  148   or a 
solution of ammonia can be generated  in situ  conveniently, using the reaction of magnesium nitride, Mg 3 N 2 , 
with methanol.  149   

 The best synthon for unstable succindialdehyde, for the ring synthesis of  C  - unsubstituted pyrroles, is 
2,5 - dimethoxytetrahydrofuran ( 18.1.1.4 ),  150   or 1,4 - dichloro - 1,4 - dimethoxybutane obtainable from it.  151   
2,5 - Dimethoxytetrahydrofuran will react with aliphatic and aromatic amines,  12,152   amino esters, aryl - 
sulfonamides,  153   trimethylsilylethoxycarbonylhydrazine  154   or primary amides to give the corresponding 
 N  - substituted -  C  - unsubstituted - pyrroles.  155          
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 It is believed that in the mechanism, shown for Knorr ’ s pyrrole, an N – C - 2 bond is the fi rst formed, which 
implies that the nitrogen becomes attached to the more electrophilic of the two carbonyl groups of the other 
component. Similarly, the C - 3 – C - 4 bond is made to the more electrophilic carbonyl group of the original 
 α  - aminocarbonyl - component, where there is a choice. 

 Alternatives for the assembly of the  α  - aminocarbonyl - component in protected form include the reaction 
of a 2 - bromo - ketone with sodium diformamide producing an  α  - formamido - ketone,  159   and the reaction of 
a Weinreb amide of an  N  - Cbz  α  - amino acid with a Grignard reagent, the release of the  N  - protection in the 
presence of the second component, produces the pyrrole.  160        

 Since free  α  - aminocarbonyl compounds self - condense very readily producing dihydropyrazines 
( 14.13.3.1 ), they have traditionally been prepared and used in the form of their salts, to be liberated for the 
condensation reaction by the base present in the reaction mixture. Alternatively, carbonyl - protected amines, 
such as aminoacetal (H 2 NCH 2 CH(OEt) 2 ), have been used. In one such case, the enol ether of a 1,3 - keto -
 aldehyde was the synthon for the activated carbonyl component.  156        

 A way of avoiding the diffi culty of handling  α  - aminocarbonyl - compounds is to prepare them in the 
presence of the second component, with which they are to react. Zinc – acetic acid or sodium dithionite  157   
can be used to reduce oximino - groups to amino, while leaving ketone and ester groups untouched. In the 
classical synthesis, which gives this route its name, the  α  - aminocarbonyl component is simply an amino 
derivative of the other carbonyl component, and it is even possible to generate the oximino precursor of 
the amine  in situ .  158        
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        The van Leusen Synthesis 

 The stabilised anion of tosylmethyl isocyanide  162   (TosMIC) (or of benzotriazol - 1 - ylmethyl isocyanide  –  
BetMIC  163  ) adds in Michael fashion to unsaturated ketones and esters, with subsequent closure onto 
isocyanide carbon, generating the ring. Proton transfer, then elimination of toluenesulfi nate generates a 
3 H  - pyrrole that tautomerises to an aromatic pyrrole that is unsubstituted at both  α  - positions.  164   Addition 
of the TosMIC anion to unsaturated nitro - compounds gives rise to 2,5 - unsubstituted - 3 - nitropyrroles.  165         

 A fi nal example in this category involves the enamines produced by addition of an  α  - amino acid ester 
to dimethyl acetylenedicarboxylate leading to 3 - hydroxypyrroles by Claisen - type ring closure.  161          

  16.16.1.3   From Tosylmethyl Isocyanide and  a , b  - Unsaturated Esters or Ketones and from Isocyano -

 Acetates and  a , b  - Unsaturated Nitro - Compounds 

 Tosylmethyl isocyanide anion reacts with  α , β  - unsaturated esters, ketones or sulfones with loss of toluene-
sulfi nate. Isocyano - acetates react with  α , β  - unsaturated nitro - compounds with loss of nitrous acid.
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  16.16.1.4   From Azines (RCH 2 CH = N) 2  
  The Piloty – Robinson Synthesis 

 Improvements in the long - known Piloty – Robinson synthesis make it a useful approach, not only for sym-
metrically 3,4 - disubstituted pyrroles, but also for more complex systems. In its simplest form, an aldehyde 
azine (RCH 2 CH = NN = CHCH 2 R) reacts with an acid chloride to generate an  N  - acyl - pyrrole carrying identi-
cal groups R at the 3 -  and 4 - positions; microwave heating facilitates the process, which involves, as its key 
step, a 3,3 - sigmatropic rearrangement.  175   The use of  N,N ′   - di - Boc - hydrazine and two successive copper -
 catalysed couplings to different iodo - alkenes produces unsymmetrical hydrazine bis-enamines, leading to 
unsymmmetrically substituted  N  - Boc - pyrroles.  176          

  The Barton – Zard Synthesis   166    

 In this approach, conjugate addition of the anion from an isocyano - acetate to an  α , β  - unsaturated nitro -
 compound with eventual loss of nitrous acid, produces 5 - unsubstituted pyrrole - 2 - esters.  167   The example  168   
below shows a mechanistic sequence that can be seen to parallel that in the van Leusen synthesis. The most 
useful route to the  α , β  - unsaturated nitro - compound involves the base - catalysed condensation of an alde-
hyde with a nitroalkane giving an  α  - hydroxy - nitroalkane; it can alternatively be generated  in situ , in the 
presence of the isonitrile, using diazabicycloundecane (DBU) as base on the  O  - acetate of the  α  - hydroxy -
 nitroalkane  169   (for an example see  16.16.2.1 ). The process works even when the unsaturated nitro unit is a 
component of a polycyclic aromatic compound.  170        

 Extrapolations and improvements to this approach continue to enlarge its usefulness  –   α , β  - unsaturated 
sulfones react with isocyano - acetates and isocyano - nitriles to give pyrroles.  171   Potassium carbonate can be 
used as the base,  172   vinyl arenes and hetarenes react at the side - chain double bond to give 3 - aryl(hetaryl) -
 pyrroles,  173   and acetylenic - esters produce pyrrole - 2,4 - dicarboxylates, methyl  t  - butyl ether as solvent to 
avoid peroxides.  174          
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  16.16.1.5   From Oximes and Alkynes 

  The Trofi mov Synthesis   177    

 This approach, though less well known than it perhaps deserves, involves simply heating a ketoxime and 
acetylene in the presence of an alkali metal hydroxide, generally in DMSO. The pyrrole products are 
2,3 - unsubstituted. The process is simple, though it does require handling acetylene at high temperature. 
Conditions are available to produce either the pyrrole or, directly, an  N  - vinyl - pyrrole, complete with a 
protecting group on nitrogen. The scheme suggests a probable mechanism.        

  16.16.1.6   From Precursors with Four Carbons and a Nitrogen; From C 4 N Units 

 There are a number of routes to pyrroles in which a precursor is assembled that has the four carbons and 
the nitrogen destined to be those of the fi nal pyrrole, and requiring only the making of one fi nal bond and 
rearrangement of double bonds into the aromatic confi guration. The nature of that bond - making ring - closing 
step differs from one example to another. 

 For example, condensation of a 1,3 - dicarbonyl compound with ethyl glycinate, using triethylamine as 
base, produces an enamino - ketone, which can then be ring closed, the step in this case being an aldol 
condensation.   178        

 Another example is the 5 -  endo - dig  closure of 4 - tosylamino - alkynes, which initially generates dihydro -
 pyrroles, the elimination of toluenesulfi nate from which produces the aromatic system.  179        

  γ  - Chloro - enones react with primary amines to generate  γ  - amino - enones which, adsorbed on silica, 
cyclise on microwave irradation.  180        
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 Copper - assisted cycloisomerisation of conjugated alkynyl - imines  181   gives pyrroles, even when the imine 
is actually the imine  ‘ double bond ’  of a pyridine.       

  16.16.1.7   From Alkynes and Oxido - Oxazoliums   182    

 Dipolar cycloaddition of alkynes to mesoionic oxido - oxazoliums, followed by expulsion of carbon dioxide, 
yields pyrroles.      

 Dehydration of  N  - acylamino - acids generates azlactones; these are in equilibrium with mesoionic species, 
which can be trapped by reaction with alkynes, fi nal loss of carbon dioxide giving the aromatic pyrrole.        

  16.16.2   Some Notable Syntheses of Pyrroles 

  16.16.2.1   Octaethylporphyrin   183    

 This synthesis of octaethylporphyrin, widely used as a model compound, uses a Barton – Zard sequence and 
leads to a pyrrole - 2 - ester which is then hydrolysed and decarboxylated.       
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  16.16.2.2   Octaethylhemiporphycene   184,185    

 All of the non - natural isomers (porphycenes) of the porphyrin ring system comprising permutations of four 
pyrrole rings, four methines and having an 18  π  - electron main conjugation pathway, have been synthesised. 
The scheme below shows the use of a MacDonald condensation  186   to assemble a tetrapyrrole and then the 
use of the McMurray reaction to construct the macrocycle.  187         

  16.16.2.3   Benzo[1,2 - b:4,3 - b ′ ]dipyrroles 

 Several ingenious approaches  188   have been described for the elaboration of the pyrrolo - indole unit (strictly 
a benzo[1,2 -  b :4,3 -  b  ′ ]dipyrrole) three of which are present in the potent anti - tumour compound CC - 1065;  189   

the approach shown here uses the van Leusen approach ( 16.16.1.3 ).  190           
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  Exercises    
  Straightforward revision exercises (consult Chapters  15  and  16 ):  

   (a)   Why does pyrrole not form salts by protonation on nitrogen?   
   (b)   Starting from pyrrole, how would one prepare, cleanly, 2 - bromo - pyrrole, 3 - bromo - pyrrole, 2 - formyl -

 pyrrole, 3 - nitro - pyrrole? (More than one step necessary in some cases.)   
   (c)   What would be the structures of the products from the following reactions: (i) pyrrole with CH 2 O/

pyrrolidine/AcOH; (ii) pyrrole with NaH/MeI; (iii) 1 - tri -  i  - propylsilylpyrrole with LDA then 
Me 3 CCH = O?   

   (d)   How could one produce a 3 - lithiated pyrrole?   
   (e)   How could a pyrrole system be encouraged to react as a diene in Diels – Alder - type processes.   
   (f)   How could pyrrole be converted into pyrrol - 2 - yl - CH 2 CN in two steps?   
   (g)   By what mechanism are pyrrole carboxylic acids readily decarboxylated on heating?   
   (h)   Which ring synthesis method and what reactants would be appropriate for the synthesis of a pyrrole, 

unsubstituted on the ring carbons, but carrying CH(Me)(CO 2 Me) on nitrogen?   
   (i)   With what reactant would ethyl acetoacetate (MeCOCH 2 CO 2 Et) need to be reacted to produce ethyl 

2 - methyl - 4,5 - diphenylpyrrole - 3 - carboxylate?   
   (j)   With what reactant would TosMIC (TsCH 2 NC) need to be reacted to produce methyl 

4 - ethylpyrrol - 3 - carboxylate?   
   (k)   With what reactants would 3 - nitrohex - 3 - ene need to be treated to produce ethyl 3,4 - diethylpyrrole - 

2 - carboxylate?   

  More advanced exercises:  

   1.   Two isomeric mono - nitro derivatives, C 5 H 6 N 2 O 2 , are formed in a ratio of 6   :   1, by treating 2 - methylpyr-
role with Ac 2 O/HNO 3 . What are their structures and which would you predict to be the major product?   

   2.   Write structures for the products of the following sequences: (i) pyrrole treated with Cl 3 CCOCl, then 
the product with Br 2 , then this product with MeONa/MeOH  →  C 6 H 6 BrNO 2 , (ii) pyrrole treated with 
DMF/POCl 3 , then with MeCOCl/AlCl 3 , then fi nally with aq. NaOH  →  C 7 H 7 NO 2 , (iii) 2 - chloropyrrole 
treated with DMF/POCl 3 , then aq. NaOH, then the product with LiAlH 4   →  C 5 H 6 ClN.   

   3.   Write structures for the products formed by the reaction of pyrrole with POCl 3  in combination with: 
(i)  N , N  - dimethylbenzamide; (ii) pyrrole - 2 - carboxylic acid  N , N  - dimethylamide; (iii) 2 - pyrrolidone  →  
C 8 H 10 N 2 , in each case followed by aq. NaOH.   

   4.   Treatment of 2 - methylpyrrole with HCl produces a dimer, not a trimer as does pyrrole itself. Suggest 
a structure for the dimer, C 10 H 14 N 2 , and explain the non - formation of a trimer.   

   5.   Treatment of 2,5 - dimethylpyrrole with Zn/HCl gave a mixture of two isomeric products C 6 H 11 N: 
suggest structures.   

   6.   (i) Heating 1 - methoxycarbonylpyrrole with diethyl acetylenedicarboxylate at 160    ° C produced diethyl 
1 - methoxycarbonylpyrrole - 3,4 - dicarboxylate; suggest a mechanism and a key intermediate; (ii) deduce 
the structure of the product, C 11 H 12 N 2 O 2 , resulting from successive treatment of 1 - methoxycarbonylpyr-
role with singlet oxygen then a mixture of 1 - methylpyrrole and SnCl 2 .   

   7.   Deduce structures for the products formed at each stage by treating pyrrole successively with: (i) 
Me 2 NH/HCHO/AcOH, (ii) CH 3 I, (iii) piperidine in hot EtOH  →  C 10 H 16 N 2 .   

   8.   From a precursor that does not contain a pyrrole ring, how might one synthesise: (i) 1 -  n  - propylpyrrole; 
(ii) 1 - (thien - 2 - yl)pyrrole; (iii) 1 - phenylsulfonylpyrrole?   

   9.   Reaction of MeCOCH 2 CO 2 Et with HNO 2 , then a combination of Zn/AcOH and pentane - 2,4 - dione gave 
a pyrrole, C 11 H 15 NO 3 . Deduce the structure of the pyrrole, write out a sequence for its formation, and 
suggest a route whereby it could then be converted into 2,4 - dimethyl - 3 - ethylpyrrole.   

   10.   How might one prepare: (i) diethyl 4 - methylpyrrole - 2,3 - dicarboxylate, (ii) ethyl 2,4,5 - 
trimethylpyrrole - 3 - carboxylate; (iii) ethyl 4 - amino - 2 - methylpyrrole - 3 - carboxylate; (iv) ethyl 3,4,5 - 
trimethylpyrrole - 2 - carboxylate?     
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 The simple thiophenes  1   are stable liquids that closely resemble the corresponding benzene compounds in 
boiling points and even in smell. They occur in coal - tar distillates  –  the discovery of thiophene in 
coal - tar benzene provides one of the classic anecdotes of organic chemistry. In the early days, colour 
reactions were of great value in diagnosis: an important one for benzene involved the production of 
a blue colour on heating with isatin (see  17.1.1.7 ) and concentrated sulfuric acid. In 1882, during a 
lecture - demonstration by Viktor Meyer before an undergraduate audience, this test failed, no doubt 
to the delight of everybody except the professor, and especially except the professor ’ s lecture assistant. An 
inquiry revealed that the lecture assistant had run out of commercial benzene and had provided a 
sample of benzene that he had prepared by decarboxylation of pure benzoic acid. It was thus clear that 
commercial benzene contained an impurity and that it was this, not benzene, that was responsible for the 
colour reaction. In subsequent investigations, Meyer isolated the impurity via its sulfonic - acid derivative 
and showed it to be the fi rst representative of a then new ring system, which was named thiophene from 
theion, the Greek word for sulfur, and another Greek word phaino which means shining, a root fi rst 
used in phenic acid (phenol) because of its occurrence in coal tar, a by - product of the manufacture of 
 ‘ illuminating gas ’ .  

  17.1   Reactions with Electrophilic Reagents 
  17.1.1   Substitution at Carbon 

  17.1.1.1   Protonation 

 Thiophene is stable to all but very strongly acidic conditions, so many reagent combinations that would 
lead to acid - catalysed decomposition or polymerisation of furans and pyrroles can be applied successfully 
to thiophenes. 

 Measurements of acid - catalysed exchange, or of protonolysis of other groups, for example silicon,  2   or 
mercury,  3   show the rate of proton attack at C - 2 to be about 1000 times faster than at C - 3.  4   The p K  aH  for 
2,5 - di -  t  - butylthiophene forming a salt by protonation at C - 2, is  − 10.2.  5   

  Reactions of Protonated Thiophenes 

 The action of hot phosphoric acid on thiophene leads to a trimer;  6   its structure suggests that, in 
contrast with pyrrole ( 16.1.1.8   ), the electrophile involved in the fi rst C – C bonding step is the  α  - protonated 
cation.          
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  17.1.1.2   Nitration 

 Nitration of thiophene needs to be conducted in the absence of nitrous acid, which can lead to an explosive 
reaction;  7   the use of acetyl nitrate  8   or nitronium tetrafl uoroborate  9   is satisfactory. The major 2 - nitro - product 
is accompanied by approximately 10% of the 3 - isomer.  10   Further nitration of either 2 -  or 3 - nitrothiophenes  11   
also leads to mixtures: equal amounts of 2,4 -  and 2,5 - dinitrothiophenes from the 2 - isomer, and mainly 
2,4 - dinitrothiophene from 3 - nitrothiophene.  12   Similar, predictable isomer mixtures are produced in other 
nitrations of substituted thiophenes, for example 2 - methylthiophene gives rise to 2 - methyl - 5 -  and 2 - methyl -
 3 - nitrothiophenes,  13   and 3 - methylthiophene gives 4 - methyl - 2 - nitro -  and 3 - methyl - 2 - nitrothiophenes,  14   in 
each case in ratios of 4   :   1.         

  17.1.1.3   Sulfonation 

 As discussed in the introduction, the production of thiophene - 2 - sulfonic acid by sulfuric acid sulfonation 
of the heterocycle has been long known;  15   use of the pyridine – sulfur - trioxide complex is probably the best 
method.  16   2 - Chlorosulfonation  17   and 2 - thiocyanation  18   are similarly effi cient.         

  17.1.1.4   Halogenation 

 Halogenation of thiophene occurs very readily at room temperature and is rapid even at  − 30    ° C in the dark; 
tetrasubstitution occurs easily.  19   The rate of halogenation of thiophene at 25  ° C is about 10 8  times that of 
benzene.  20   2 - Bromo - , 2 - chloro -   21   and 2 - iodothiophenes  22   and 2,5 - dibromo -  and 2,5 - dichlorothiophenes  23   
can be produced cleanly under various controlled conditions. Controlled bromination of 3 - bromothiophene 
produces 2,3 - dibromothiophene.  24                 
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 2,3,5 - Tribromination of thiophene goes smoothly in 48% hydrobromic acid solution.  25   Since it has long 
been known that treatment of polyhalogeno - thiophenes with zinc and acid brings about selective removal 
of  α  - halogen, this compound can be used to access 3 - bromothiophene  26   just as 3,4 - dibromothiophene can 
be obtained by reduction of the tetrabromide.  27   One interpretation of the selective reductive removal is that 
it involves, fi rst, electron transfer to the bromine, then transient  ‘ anions ’ , thus halogen can be selectively 
removed from that position where such an anion is best stabilised  –  normally an  α  - position ( 17.4.1 ).        

 Monoiodination of 2 - substituted thiophenes, whether the substituent is activating or deactivating, pro-
ceeds effi ciently at the remaining  α  - position using iodine with iodobenzene diacetate.  28   3 - Alkyl - thiophenes 
can be monobrominated or monoiodinated at C - 2 using  N  - bromosuccinimide,  29   or iodine with mercury(II) 
oxide,  30   respectively.  

  17.1.1.5   Acylation 

 The Friedel – Crafts acylation of thiophenes is a much - used reaction and generally gives good yields under 
controlled conditions, despite the fact that aluminium chloride reacts with thiophene to generate tars; this 
problem can be avoided by using tin tetrachloride and adding the catalyst to a mixture of the thiophene 
and the acylating agent.  31   Acylation with anhydrides, catalysed by phosphoric acid  32   is an effi cient method. 
Reaction with acetyl  p  - toluenesulfonate, in the absence of any catalyst produces 2 - acetylthiophene in high 
yield.  33   Vilmseier formylation of thiophene leads effi ciently to 2 - formylthiophene,  34   comparable substitu-
tion of 3 - phenylthiophene gives 2 - formyl - 3 - phenylthiophene,  35   the regioselectivity echoed in the Vilsmeier 
2 - formylation of 3 - methylthiophene using  N  - formylpyrrolidine  36   (2 - formyl - 4 - methylthiophene can be pro-
duced by lithiation ( 17.4.1 ) then reaction with dimethylformamide  37  ).        

 In acylations, almost exclusive  α  - substitution is observed, but where both  α  - positions are substituted, 
 β  - substitution occurs easily. This is nicely illustrated by the two ketones produced in the classic sequence 
shown below.  38,39           

  17.1.1.6   Alkylation 

 Alkylation occurs readily, but is rarely of preparative use, an exception being the effi cient 2,5 - bis -  t  - butyl-
ation of thiophene.  40    
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  17.1.1.7   Condensation with Aldehydes and Ketones 

 Acid - catalysed reaction of thiophene with aldehydes and ketones is not a viable route to hydroxyalkyl -
 thiophenes, for these are unstable under the reaction conditions. Chloromethylation can, however, be 
achieved,  41   and with the use of zinc chloride, even thiophenes carrying electron - withdrawing groups 
react  42   ( CAUTION  . Bis(chloromethyl) ether, a carcinogen, is formed as a by - product ). Care is needed 
in choosing conditions; there is a tendency for formation of either di - 2 - thienyl - methanes  43   or 
2,5 - bis(chloromethyl) - thiophenes.  44          

 A reaction of special historical interest, mentioned in the introduction to this chapter, is the condensation 
of thiophene with isatin in concentrated sulfuric acid, to give the deep blue indophenine  45   as a mixture of 
geometrical isomers.  46          

 Hydroxyalkylation at the 5 - position of 2 - formylthiophene results from exposure of the thiophene alde-
hyde and a second aldehyde, to samarium(II) iodide; in the example shown below, the other aldehyde is 
1 - methylpyrrole - 2 - carboxaldehyde.  47           

  17.1.1.8   Condensation with Imines and Iminium Ions 

 Aminomethylation of thiophene  48   was reported long before the more common Mannich reaction  –  
dimethylaminomethylation  –  which, although it can be achieved under routine conditions with methoxy-
thiophenes,  49   requires the use of Me 2 N +  = CH 2  Cl  −   ( ‘ Eschenmoser ’ s salt ’  is the iodide) for thiophene and 
alkyl thiophenes.  50          
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 Another device for bringing thiophenes into reaction with Mannich intermediates is to utilise thiophene 
boronic acids  –  the Petasis reaction; primary aromatic amines can also be used as the amine 
component.  51           

  17.1.1.9   Mercuration 

 Mercuration of thiophenes occurs with great ease; mercuric acetate is more reactive than the chloride;  52   
tetrasubstitution and easy replacement of the metal with halogen can also be achieved 
straightforwardly.  53     

  17.1.2   Addition at Sulfur 

 In reactions not possible with the second - row - element - containing pyrrole and furan, thiophene sulfur can 
add electrophilic species. Thiophenium salts  54   though not formed effi ciently from thiophene itself, are 
produced in high yields with polyalkyl - substituted thiophenes.  55   The sulfur in such salts is probably tetra-
hedral,  56   i.e. the sulfur is sp 3  hybridised ( CAUTION :  Methyl fl uorosulfonate is highly toxic ).        

 Even thiophene itself will react with carbenes, at sulfur, to produce isolable thiophenium ylides, and in 
these, the sulfur is defi nitely tetrahedral.  57   The rearrangement  58   of thiophenium bis(ethoxycarbonyl)
methylide to the 2 - substituted thiophene provides a rationalisation for the reaction of thiophene with ethyl 
diazoacetate,  59   which produces what appears to be the product of carbene addition to the 2,3 - double bond; 
perhaps this proceeds  via  initial attack at sulfur followed by S    →    C - 2 rearrangement, then collapse to the 
cyclopropane. Acid catalyses conversion of the cyclopropanated compound into a thiophene - 3 - acetic 
ester.  60   2,5 - Dichlorothiophenium bis(methoxycarbonyl)methylide has been used as an effi cient source of 
the carbene: simply heating it in an alkene results in the transfer of (MeO 2 C) 2 C to the alkene.  61          

 Uncontrolled  S  - oxidation of a thiophene leads to  S,S -  dioxides; that from thiophene itself has been iso-
lated, but above  − 40  ° C it dimerises giving eventual products depending on concentration,  62   but with 
substituted thiophenes the dioxides can be isolated. Peracids  63   or dimethyldioxirane  64   can be used, but do 
not succeed if there are electron - withdrawing substituents. A solution of fl uorine in water (hypofl uorous 
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acid) will, however, achieve the objective, even with thiophenes carrying electron - withdrawing groups.  65   
The  S,S  - dioxides are no longer aromatic thiophenes and react as dienes in Diels – Alder reactions; generally, 
sulfur dioxide is extruded from the initial adduct, leading to further reaction  66    –  eventual aromatisation in 
the example shown.  67   Thiophene  S,S  - dioxides that also carry two strong electron - withdrawing groups 
behave as dienophiles.  68            

  17.2   Reactions with Oxidising Agents 
 Apart from the  S  - oxidations discussed above, the thiophene ring system, unless carrying electron - releasing 
substituents, is relatively stable to oxidants; side - chains can be oxidised to carboxylic acid groups, though 
not usually in synthetically useful yields.  

  17.3   Reactions with Nucleophilic Reagents 
 Nitro substituents activate the displacement of leaving groups like halide, as in benzene chemistry, and 
extensive use of this has been made in thiophene work. Such nucleophilic displacements proceed at least 
10 2  times faster than for benzenoid counterparts, and this may be accounted for by participation of the 
sulfur in the delocalisation of charge in the Meisenheimer intermediate.  69   Nitrogroups also permit the 
operation of VNS processes ( 3.3.3 ), as illustrated below.  70          

 Activation provided by the sulfur may also account for the extremely easy displacement of iodine from 
the thiophene 2 - position, using alkyl -  or aryl - thiols as nucleophiles.  71          

 Copper and copper(I) salts have been used extensively in thiophene chemistry to catalyse displacement 
of bromine and iodine, but not chlorine, in simpler halo - thiophenes.  72,73           
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 Lithiation at a thiophene  β  - position, in the presence of a free  α  - position, can be achieved with the assis-
tance of an  ortho  - directing substituent at C - 2.  76   Thiophene - 2 - carboxylic acid lithiates at C - 3,  via ortho  
assistance, using  n  - butyllithium,  77   but at C - 5 using lithium diispropylamide.  78   3 - (Hydroxyalkyl)thiophenes, 
again with  ortho  assistance, are lithiated at C - 2.  79   The lithiation of 2 - chloro - 5 - methoxythiophene at C - 4 
and C - 3, in a ratio of 2   :   1, is instructive,  80   as is the deprotonation of 2 -  and 3 - bromothiophenes at 5 -  and 
2 - positions, respectively, with lithium diisopropylamide.  81   The conversion of 3 - isopropylthiophene into the 
2 - aldehyde by Vilsmeier formylation, but into the 5 - aldehyde  via  lithiation, presents a nice contrast.  82   
Lithiation of 3 - hexyloxythiophene can be carried out with thermodynamic control at C - 2 using  n  - 
butyllithium and with kinetic control using lithium diisopropylamide at C - 5.  83          

  17.4   Metallation and Reactions of  C  - Metallated Thiophenes 
  17.4.1   Direct Ring  C  –  H  Metallation 

 Monolithiation of thiophene takes place at C - 2; two mole equivalents of lithiating agent easily produces 
2,5 - dilithiothiophene.  74   2 - Lithiated thiophene can be put to many uses, for example with  N  - tosylaziridine 
to introduce a 2 - tosylaminoethyl side - chain.  75                 

 The formation of arynes has often been achieved by base - induced dehydrohalogenation, but for the 
formation of 3,4 - didehydrothiophene, a fl uoride - induced process can be used, following  ipso  electrophilic 
displacement of one of the silicons from 3,4 - bis(trimethylsilyl)thiophene to generate the appropriate 
precursor.  84          

 Direct magnesiation of thiophenes at C - 2 can be achieved with lithium tri -  n  - butylmagnesate (Bu 3 MgLi), 
at room temperature.  85    

  17.4.2   Metal – Halogen Exchange 

 2 - Bromo -  and 2 - iodothiophenes readily form thienyl Grignard reagents,  86   though 3 - iodothiophene requires 
the use of Rieke magnesium.  87   Bromine and iodine at either  α  -  or  β  - positions undergo exchange with 
alkyllithiums giving lithiated thiophenes. The reaction of 2,3 - dibromothiophene with  n  - butyllithium pro-
duces 3 - bromothien - 2 - yllithium.  88   3 - Lithiothiophene is unstable with respect to the 2 - isomer at tempera-
tures  >   – 25  ° C in ether solution, but is regiostable in hexane,  89   however it can be utilised straightforwardly 
at low temperature. The corresponding 3 - zinc and 3 - magnesium derivatives retain regio - integrity, even at 
room temperature.  90   
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 The use of thienyl Grignard reagents and lithiated thiophenes has been extensive and can be illustrated 
by citing formation of oxy - thiophenes, either by reaction of the former with  t  - butyl perbenzoate leading to 
thiophenone,  91   or the latter directly with bis(trimethylsilyl) peroxide,  92   the synthesis of thiophene carboxylic 
acids by reaction of the organometallic with carbon dioxide,  93   the synthesis of ketones by reaction with a 
nitrile,  94   or alcohols by reaction with aldehydes.  87   Syntheses of thiophene - 3 - boronic acid  95   and of 2 -   96   
and  - 3 - stannanes,  97   and longer sequences leading to thieno[3,2 -  b ]thiophene,  98,99   dithieno[3,2 -  b :2 ′ ,3 ′  -  d ]
thiophene,  100   (another route to this tricycle utilises 3,4 - dibromo - 2,5 - dilithiothiophene generated from the 
tetrabromide  101  ), and dithieno[2,3 -  b :3 ′ ,2 ′  -  d ]thiophene  102   all involve lithiated thiophenes. Some of these are 
illustrated below.                                    

 There are two complications that can arise in the formation and the use of lithiated thiophenes: the 
occurence of a  ‘ Base Catalysed Halogen Dance ’ ,  103   and the isomerisation or ring opening of 3 - lithiated 
thiophenes. As an example of the fi rst of these, and one in which the phenomenon is put to good use, 
consider the transformation of 2 - bromothiophene into 3 - bromothiophene by reaction with sodamide in 
ammonia.  104   The fi nal result is governed, in a set of equilibrations, by the stability of the fi nal anion: the 
system settles to an anion in which the charge is both adjacent to halogen  and  at an  α  - position.          
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  17.5   Reactions with Radicals 
 Aryl radicals generated by a variety of methods,  105   the most effective of which are aprotic diazotisation  106   
and photolysis of iodo - arenes (particularly iodo - hetarenes  107  ), attack to produce 2 - aryl - thiophenes. However, 
this has been superseded as a route to aryl - thiophenes by palladium - catalysed coupling. Radicals generated 
in various ways have been utilised in elaborating thiophenes and in ring - closing reactions; examples are 
shown below.  108,109           

  17.6   Reactions with Reducing Agents 
 Catalytic reductions of the thiophene ring, or of substituents attached to it, are complicated by two factors: 
poisoning of the catalyst, and the possibility of competing hydrogenolysis  –  reductive removal of sulfur, 
particularly with Raney nickel  –  indeed the use of thiophenes as templates on which to elaborate a structure, 
followed fi nally by desulfurisation, is an important synthetic strategy. This has been developed extensively 
for thiophene acids, where the desulfurisation can be achieved very simply by adding Raney alloy to an 
alkaline aqueous solution of the acid,  110   and for long - chain hydrocarbons  111   and large - ring ketones.  112          

 Sodium/ammonia  113   treatment also causes disruption of the ring in thiophene and simple thiophenes, 
however thiophene - 2 - carboxylic acid and 2 - acyl - thiophenes can be converted into the 2,5 - dihydro deriva-
tives using lithium in ammonia, followed by protonation or trapping with an alkyl halide.  114   Side - chain 
reductions can be carried out with metal hydrides, which do not affect the ring. 

 Simple saturation of the ring can be achieved using  ‘ ionic hydrogenation ’ ,  115   i.e. a combination of a 
trialkylsilane and acid, usually trifl uoroacetic; the reduction proceeds  via  a sequence of proton then 
 ‘ hydride ’  additions  116   and consequently requires electron - releasing substituents to facilitate the fi rst step. 
2,5 - Dihydro - products accompany tetrahydrothiophenes from reductions with zinc and trifl uoroacetic 
acid.  117           

  17.7   Electrocyclic Reactions (Ground State)   118    
 Unactivated thiophenes show little tendency to react as 4 π  components in a Diels – Alder sense; however, 
maleic anhydride  will  react with thiophene to produce an adduct in high yield, under extreme conditions.  119   
Electrophilic alkynes will react with thiophenes under vigorous conditions,  120   though the initial adduct 
extrudes sulfur, and substituted benzenes are obtained as products.        
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 Thus, both  α  -  and  β  - methoxy - substituted thiophenes react with dimethyl acetylenedicarboxylate in 
xylene to give modest yields of phthalates resulting from sulfur extrusion from initial adducts; in acetic 
acid as solvent, only substitution products are obtained.  121          

 The strong tendency for thiophene  S,S  - dioxides ( 17.1.2 ) to undergo cycloaddition processes is echoed 
by thiophene  S  - oxides. Thus, when thiophenes are oxidised with  meta  - chloroperbenzoic acid and boron 
trifl uoride (without which  S,S  - dioxides are formed), in the presence of a dienophile, adducts from 2   +   4 
addition can be isolated.  122   Thiophenes that are 2,5 -  or 3,4 - disubstituted with bulky groups can be converted 
into isolable  S  - oxides,  123   which undergo cycloadditions  syn  to the oxide, as exemplifi ed below.  124,125           

  17.8   Photochemical Reactions 
 The classic photochemical reaction involving thiophenes is the isomerisation of 2 - aryl - thiophenes to 3 - aryl -
 thiophenes;  126   the aromatic substituent remains attached to the same carbon and the net effect involves 
interchange of C - 2 and C - 3, with C - 4 and C - 5 remaining in the same relative positions; scrambling of 
deuterium labelling is, however, observed, complicating interpretation of the detailed mechanism. 

 There are an appreciable number of examples in which photochemical ring closure of a 1 - thienyl - 2 - aryl -  
(or heteroaryl - ) ethene, carried out in the presence of an oxidant (often oxygen) to trap/aromatise a cyclised 
intermediate, leads to polycyclic products; an example  127,128   is shown below.         

  17.9   Thiophene -  C  –  X  Compounds: Thenyl Derivatives 
 The unit  –  thiophene linked to a carbon  –  is termed thenyl, hence thenyl chloride is the product of chloro-
methylation ( 17.1.1.7 ); thenyl bromides are usually made by side - chain radical substitution,  129   substitution 
at an  α  - methyl being preferred over a  β  - methyl.  130          
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 Relatively straightforward benzene analogue reactivity is found with thenyl halides, alcohols (conve-
niently preparable by reducing aldehydes) and amines, from, for example, reduction of oximes. One excep-
tion is that 2 - thenyl Grignard reagents usually react to give 3 - substituted derivatives, presumably  via  a 
non - aromatic intermediate.  131           

  17.10   Thiophene Aldehydes and Ketones, and Carboxylic Acids and Esters 
 Here, the parallels with benzenoid counterparts continue, for these compounds have no special properties 
 –  their reactivities are those typical of benzenoid aldehydes, ketones, acids and esters. For example, in 
contrast to the easy decarboxylation of  α  - acids observed for pyrrole and furan, thiophene - 2 - acids do not 
easily lose carbon dioxide; nevertheless, high - temperature decarboxylations are of preparative value (see 
also  17.12.1.2 ).  132          

 Just as in benzene chemistry, Wolff – Kischner or Clemmensen reduction of ketones is a much - used route 
to alkyl - thiophenes, hypochlorite oxidation of acetyl - thiophenes a good route to thiophene acids, Beckmann 
rearrangement of thiophene oximes is a useful route to acylamino - thiophenes and hence amino - thiophenes, 
and esters and acids are interconvertible without complications.  

  17.11   Oxy -  and Amino - Thiophenes 
  17.11.1   Oxy - Thiophenes 

 These compounds are much more diffi cult to handle and much less accessible than phenols. Neither 
2 - hydroxythiophene nor its 4 - thiolen - 2 - one tautomer are detectable, the compound existing as the con-
jugated enone isomer, 3 - thiolen - 2 - one,  133   which can be obtained directly by oxidation of thiophene.  134          

 The presence of alkyl, or other groups, both stabilise the oxy compounds and the double bond to which 
they are attached. In these more stable compounds alternative tautomers are found, thus 5 - methyl - 2 - 
hydroxythiophene exists as a mixture (actually separable by fractional distillation!) of the two enone 
tautomers  135   and ethyl 5 - hydroxythiophene - 2 - carboxylate is in the hydroxy - form to the extent of 85%.  133   

 3 - Hydroxy - thiophenes are even more unstable than 2 - hydroxy - thiophenes; 3 - hydroxy - 2 - 
methylthiophene exists as a mixture of hydroxyl and carbonyl tautomeric forms, with the former 
predominating.  136   The parent can be prepared by gas - phase pyrolysis of a Meldrum ’ s acid precursor; it 
exists as a 2.9   :   1 mixture of keto and hydroxy tautomers and gradually dimerises.  137          
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 The acidities of the thiolenones are comparable with those of phenols, with p K  a s of about 10. Oxy -
 thiophene anions can react at oxygen or carbon and products from reaction of electrophiles at both centres 
can be obtained.  138   Silylation generates 2 - silyloxy derivatives which react at C - 5 with aldehydes, in the 
presence of boron trifl uoride.  139                  

  17.11.2   Amino - Thiophenes 

 Here again, these thiophene derivatives are much less stable than their benzenoid counterparts, unless the 
ring is provided with other substitution.  140   The unsubstituted amino - thiophenes (thiophenamines) can be 
obtained by reduction of the nitro - thiophenes,  141   but in such a way as to isolate them as salts  –  usually 
hexachlorostannates  –  or  via  Beckmann rearrangements  142   or Hofmann degradation,  143   as acyl - derivatives, 
which are stable. 3,4 - Dinitration of 2,5 - dibromothiophene, then reduction, produces 3,4 - diaminothio-
phene.  144   Many substituted amines have been prepared by nucleophilic displacement of halogen in nitro -
 halo - thiophenes. In so far as it can be studied, in simple cases, and certainly in substituted amino - thiophenes 
the amino form is the only detectable tautomer.  145     

  17.12   Synthesis of Thiophenes   146    
 Thiophene is manufactured by the gas - phase interaction of C 4  hydrocarbons and elemental sulfur at 
600  ° C. Using  n  - butane, the sulfur fi rst effects dehydrogenation and then interacts with the unsaturated 
hydrocarbon by addition, further dehydrogenation generating the aromatic system. 

  17.12.1   Ring Synthesis 

  17.12.1.1   From 1,4 - Dicarbonyl Compounds and a Source of Sulfi de        

 The reaction of a 1,4 - dicarbonyl compound (cf.  16.16.1.1  and  18.13.1.1 ) with a source of sulfi de, tradi-
tionally phosphorus sulfi des, latterly Lawesson ’ s reagent (LR),  147   or bis(trimethylsilyl)sulfi de,  148   gives 
thiophenes, presumably, but not necessarily,  via  the bis(thioketone).        
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 When the process is applied to 1,4 - dicarboxylic acids, a reduction must occur at some stage, for thio-
phenes, and not 2 -  or 5 - oxygenated thiophenes result.  149          

 Much use has been made of conjugated diynes, which are also at the oxidation level of 1,4 - dicarbonyl -
 compounds, which react smoothly with hydrosulfi de or sulfi de, under mild conditions, to give 3,4 - 
unsubstituted thiophenes. Unsymmetrical 2,5 - disubstituted thiophenes can be produced in this way too.  150   
Since nearly all naturally occurring thiophenes are found in plant genera, and co - occur with polyynes, this 
laboratory ring synthesis may be mechanistically related to their biosynthesis.        

 Finally in this category, the effi cient synthesis of 3,4 - dimethoxythiophene from 2,3 - dimethoxy - 1,3 - 
butadiene on reaction with sulfur dichloride is notable; it was easily transformed into  ‘ EDOT ’  ( 31.6.6.1   ).  151   
Here the sulfur source is electrophilic in character.         

  17.12.1.2   From Thiodiacetates and 1,2 - Dicarbonyl Compounds 

 1,2 - Dicarbonyl compounds condense with thio - diacetates (or thiobis(methyleneketones)) to give thiophene -
 2,5 - diacids ( - diketones).           

  The Hinsberg Synthesis 

 Two consecutive aldol condensations between a 1,2 - dicarbonyl compound and diethyl thiodiacetates 
give thiophenes. The immediate product is an ester - acid, produced  152   by a Stobbe - type mechanism, but the 
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reactions are often worked up  via  hydrolysis to afford a diacid as the isolated product. The use of diethyl 
oxalate as the 1,2 - dicarbonyl - component leads to 3,4 - dihydroxy - thiophenes.  153             

  17.12.1.3   From Thioglycolates and 1,3 - Dicarbonyl Compounds 

 Thioglycolates react with 1,3 - dicarbonyl compounds (or equivalents) to give thiophene - 2 - carboxylic 
acid esters.        

 In most of the examples of this approach, thioglycolates, as donors of an S – C unit, have been reacted 
with 1,3 - keto - aldehydes, to give intermediates that can be ring closed to give thiophenes, as exemplifi ed 
below.  154          

 Alkynyl - ketones react with thioglycolates to generate comparable intermediates by conjugate addition 
to the triple bond.  155          

 Vinamidinium salts used as 2 - substituted malondialdehyde synthons, produce 3,5 - unsubstituted 
thiophenes.  156           
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  17.12.1.4   From  α  - Thio - Carbonyl Compounds 

 2 - Keto - thiols add to alkenyl - phosphonium ions, affording ylides, which then ring close by Wittig reaction 
and give 2,5 - dihydrothiophenes, which can be dehydrogenated.  157   Thiophene - 2 - esters can be comparably 
produced, without the need for dehydrogenation, by reaction of the 2 - keto - thiol with methyl 
3 - methoxyacrylate.  158          

 Microwave irradiation in the presence of triethylamine was used for the synthesis of 4,5 - unsubstituted 
2 - amino - thiophenes using thioacetaldehyde dimer.  159           

  17.12.1.5   From Thio - Diketones 

 A route  160   in which the 3,4 - bond is made by an intramolecular pinacol reaction is nicely illustrated  161   by 
the formation of a tricyclic thiophene with two cyclobutane fused rings. In this example, it was necessary 
to force the double dehydration required for aromatisation, because of the strain in the system. Starting 
materials for this route are easily obtained from sodium sulfi de and two mole equivalents of a 
2 - bromo - ketone.         

  17.12.1.6   Using Carbon Disulfi de 

 The addition of a carbanion to carbon disulfi de with a subsequent  S  - alkylation provides a route to 2 - 
alkylthio - thiophenes.  162   In the example below, the carbanion is the enolate of a cyclic 1,3 - diketone.        

 When the enolate is that derived from malononitrile,  163   3 - amino - 4 - cyano - thiophenes are the result.  164          
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 A truly delightful exploitation of this idea is a synthesis of thieno[2,3 -  b ]thiophene, in which a diyne is 
lithiated to give a lithio - allene, which reacts with carbon disulfi de.  165           

  17.12.1.7   From Thiazoles 

 The cycloaddition/cycloreversion sequence that ensues when thiazoles (the best in this context is 4 - 
phenylthiazole) are heated strongly with an alkyne, generates 2,5 - unsubstituted thiophenes. Though the 
conditions are vigorous, excellent yields can be obtained.  84           

  17.12.1.8   From Thio - Nitroacetamides 

 The  S  - alkylation of thio - nitroacetamides with 2 - bromo - ketones produces 2 - amino - 3 - nitro - thiophenes. The 
scheme below shows how the 3,4 - bond making involves the intramolecular interaction of the introduced 
ketone carbonyl with an enamine/thioenol  β  - carbon.  166           

   17.12.1.9    From Sulfur,  α  - Methylene - Ketones and Malononitrile or Cyanoacetate 

  The Gewald Synthesis   167    

 2 - Amino - 3 - cyano - thiophenes or 2 - amino - thiophene - 3 - esters result from this route, generally conducted as 
a one - pot process, involving a ketone that has an  α  - methylene, ethyl cyanoacetate or malononitrile, sulfur, 
and morpholine. Various improvements to the original procedure include using microwave irradiation on 
solid support,  168   or with potassium fl uoride on alumina as the base,  169   or solvent - free,  170   and using morpho-
linium acetate in excess morpholine for aryl alkyl ketones.  171             

   17.12.2    Examples of Notable Syntheses of Thiophene Compounds 

  17.12.2.1   Thieno[3,4 -  b ]thiophene 

 Thieno[3,4 -  b ]thiophene was prepared from 3,4 - dibromothiophene utilising the two halogens in separate 
steps: palladium - catalysed coupling and lithiation by transmetallation, followed by introduction of sulfur 
and intramolecular addition to the alkyne.  172           
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  17.12.2.2   2,2 ′ :5 ′ ,3 ″  - Terthiophene and Tetrakis(2 - thienyl)methane 

 This sequence, for the regioselective synthesis of 2,2 ′ :5 ′ ,3 ″  - terthiophene uses the reaction of a diyne with 
sodium sulfi de to make the central ring.  173          

 The synthesis of tetrakis(2 - thienyl)methane also depends on this synthesis method in its fi nal stage.  174           

  17.12.2.3   Thieno[2,3 -  f :5,4 -  f   ′ ]bis[1]benzothiophene   175    

 This synthesis of a molecule with alternating thiophene and benzene rings depends on bromine - to - lithium 
exchange processes, the fi nal ring closures involving intramolecular electrophilic attacks on the central 
thiophene ring by pronotated aldehyde groups.            
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 Exercises    
  Straightforward revision exercises (consult Chapters  15  and  17 ):  

   (a)   How could one prepare 2 - bromo - , 3 - bromo -  and 3,4 - dibromothiophenes?   
   (b)   What would be the products of carying out Vilsmeier reactions with 2 - methyl -  and 3 - 

methylthiophenes?   
   (c)   How could one convert 2,5 - dimethylthiophene into: (i) its  S  - oxide and (ii) its  S,S  - dioxide?   
   (d)   What routes could one use to convert thiophene into derivatives carrying at the 2 - position: (i) CH(OH) t -

  Bu; (ii) (CH 2 ) 2 OH; (iii) Ph?   
   (e)   How could one prepare  n  - decane from thiophene?   
   (f)   Draw the structures of the thiophenes that would be produced from the following reactant combinations: 

(i) octane - 3,6 - dione and Lawesson ’ s reagent; (ii) dimethyl thiodiacetate [S(CH 2 CO 2 Me) 2 ], cyclopen-
tane - 1,2 - dione and base; (iii) pentane - 2,4 - dione, methyl thioglycolate [HSCH 2 CO 2 Me] and base.   

  More advanced exercises:  

   1.   Deduce the structure of the compound, C 4 H 3 NO 2 S, produced from thiophene by the following sequence: 
ClSO 3 H, then f. HNO 3 , then H 2 O/heat; the product is isomeric with that obtained by reacting thiophene 
with acetyl nitrate.   

   2.   Suggest structures for the major and minor isomeric products, C 5 H 5 NO 3 S, from 2 - methoxythiophene 
with HNO 3 /AcOH at  − 20    ° C.   

   3.   What compounds would be formed by the reaction of: (i) thiophene with propionic anhydride/H 3 PO 4 ; 
(ii) 3 -  t  - butylthiophene with PhN(Me)CHO/POCl 3 , then aq. NaOH; (iii) thiophene with Tl(O 2 CCF 3 ) 3 , 
then aq. KI    →    C 4 H 3 IS.   

   4.   Predict the principle site of deprotonation on treatment of 2 -  and 3 - methoxythiophenes with  n  - BuLi.   
   5.   Deduce structures for the compounds, C 4 HBr 3 S and C 4 H 2 Br 2 S, produced successively by treating 

2,3,4,5 - tetrabromothiophene with Mg then H 2 O and then the product again with Mg then H 2 O.   
   6.   Deduce the structure of the compound, C 9 H 6 OS 2 , produced by the sequence: thiophene with BuLi, then 

CO 2     →    C 5 H 4 O 2 S, then this with thiophene in the presence of P 4 O 10 .   
   7.   Deduce the structure of the thiophenes: (i) C 6 H 4 N 4 S, produced by reacting (NC) 2 C = C(CN) 2  with H 2 S; 

(ii) C 8 H 8 O 6 S from diethyl oxalate, (EtO 2 CCH 2 ) 2 S/NaOEt, aq. NaOH, then Me 2 SO 4 ; (iii) C 11 H 16 S from 
3 - acetylcyclononanone with P 4 S 10 .     
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 Furans  1   are volatile, fairly stable compounds with pleasant odours. Furan itself is slightly soluble in water. 
It is readily available, and its commercial importance is mainly due to its role as the precursor of the very 
widely used solvent tetrahydrofuran (THF). Furan is produced by the gas - phase decarbonylation of furfural 
(2 - formylfuran, furan - 2 - carboxaldehyde), which in turn is prepared in very large quantities by the action 
of acids on vegetable residues, mainly from the manufacture of porridge oats and cornfl akes. Furfural was 
fi rst prepared in this way as far back as 1831 and its name is derived from  furfur , which is the Latin word 
for bran; in due course, in 1870, the word furan was coined from the same root. Hydrogenation of furfural 
produces 2 - methyltetrahydrofuran, commonly known as MeTHF, a solvent with signifi cant advantages  2   
over THF, for example it is only partially miscible with water, making isolation of products easier; it does 
not freeze until  − 136    ° C, so it is suitable for reactions at very low temperature. 5 - Hydroxymethylfurfural 
(and hence 2,5 - diformylfuran by oxidation or 2,5 - dimethylfuran by reduction  3  ) can be produced from 
fructose  4   or glucose  5   by dehydration. 2,5 - Dimethylfuran has potential as a bio - fuel  –  it has a higher energy 
density than ethanol.  6    

  18.1   Reactions with Electrophilic Reagents 
 Of the three fi ve - membered systems with one heteroatom considered in this book, furan is the  ‘ least aro-
matic ’  and as such has the greatest tendency to react in such a way as to give addition products  –  this is 
true in the context of its interaction with the usual electrophilic substitution reagents, considered in this 
section, as well as in Diels – Alder - type processes (see  18.7 ). 

  18.1.1   Substitution at Carbon 

  18.1.1.1   Protonation 

 Furan and the simple alkyl - furans are relatively stable to aqueous mineral acids, though furan is instantly 
decomposed by concentrated sulfuric acid or by Lewis acids, such as aluminium chloride. Furan reacts 
only slowly with hydrogen chloride, either as the concentrated aqueous acid or in a non - hydroxylic organic 
solvent. Hot, dilute aqueous mineral acids cause hydrolytic ring opening.  
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       No p K  aH  value is available for O - protonation of furan, but it is probably much less basic at oxygen than 
an aliphatic ether. Acid - catalysed deuteration occurs at an  α  - position;  7   3/4 - deuterio - furans are not obtained 
because, although  β  - protonation probably occurs, the cation produced is more susceptible to water, leading 
to hydrolytic ring opening. An estimate of p K  aH   − 10.0 was made for the 2 - protonation of 2,5 - di -  t  - butylfuran, 
which implies a value of about  − 13 for furan itself.  8   An  α  - protonated cation, stable in solution, is produced 
on treatment of 2,5 - di -  t  - butylfuran with concentrated sulfuric acid.  8,9   

  Reactions of Protonated Furans 

 The hydrolysis (or alcoholysis) of furans involves nucleophilic addition of water (or an alcohol) to an 
initially formed cation, giving rise to open - chain 1,4 - dicarbonyl - compounds or derivatives thereof. This is 
in effect the reverse of one of the general methods for the construction of furan rings ( 18.13.1.1   ). Suc-
cindialdehyde cannot be obtained from furan itself, presumably because this dialdehyde is too reactive 
under conditions for hydrolysis, but some alkyl - furans can be converted into 1,4 - dicarbonyl products quite 
effi ciently, and this can be viewed as a good method for their synthesis, and of cyclopentenones derived 
from them.  10   Other routes from furans to 1,4 - dicarbonyl compounds are the hydrolysis of 2,5 - dialkoxy -
 tetrahydro - furans ( 18.1.1.4   ) and by various oxidative procedures ( 18.2 ).                 

  18.1.1.2   Nitration 

 Sensitivity precludes the use of concentrated acid nitrating mixtures. Reaction of furan, or substituted 
furans  11   with acetyl nitrate produces non - aromatic adducts, in which progress to a substitution product has 
been interrupted by nucleophilic addition of acetate to the cationic intermediate, usually  12   at C - 5.  13   Aroma-
tisation, by loss of acetic acid, to give the nitro - substitution product, will take place under solvolytic condi-
tions, but is better effected by treatment with a weak base, like pyridine.  14   Further nitration of 2 - nitrofuran 
gives 2,5 - dinitrofuran as the main product.  15           

  18.1.1.3   Sulfonation 

 Furan and its simple alkyl - derivatives are decomposed by the usual strong acid reagents, but the pyridine –
 sulfur - trioxide complex can be used, disubstitution of furan occurring even at room temperature.  16           
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  18.1.1.4   Halogenation 

 Furan reacts vigorously with chlorine and bromine at room temperature to give polyhalogenated products, 
but does not react at all with iodine.  17   Controlled conditions  –  bromine in dimethylformamide at room 
temperature  –  smoothly produce 2 - bromo -  or 2,5 - dibromo - furans.  18   The bromination probably proceeds  via  
a 2,5 - dibromo - 2,5 - dihydro - adduct, indeed such species have been observed at low temperature using  1 H 
NMR spectroscopy.  19          

 If the bromination is conducted in an alcohol, trapping of the intermediate by C - 5 addition of the alcohol, 
then alcoholysis of C - 2 - bromide, produces 2,5 - dialkoxy - 2,5 - dihydrofurans, as mixtures of  cis -   and  trans  -
 isomers;  20   hydrogenation of these species affords 2,5 - dialkoxy - tetrahydrofurans, extremely useful as 
1,4 - dicarbonyl synthons  –  the unsubstituted example is equivalent to succindialdehyde.  21   The 2,5 - dialkoxy -
 2,5 - dihydrofurans are also useful for the synthesis of 2 - substituted furans, for example with benzenethiol 
or phenylsulfi nic acid, 2 - sulfur - substituted furans are formed  22   and with enol ethers, 2 - (2,2 - dialkoxyethyl) -
 furans are formed.  23   Acid - catalysed hydrolysis produces butenolides  24   (see also  18.12.1 ).        

 The intrinsically high reactivity of the furan nucleus is further exemplifi ed by the reaction of furfural 
with excess halogen to produce  ‘ mucohalic acids ’ ; incidentally, mucobromic acid reacts with formamide 
to provide a useful synthesis of 5 - bromopyrimidine.  25   On the other hand, with control, methyl furoate can 
be cleanly converted into its 5 - monobromo or 4,5 - dibromo derivatives; hydrolysis and decarboxylation of 
the latter then affording 2,3 - dibromofuran;  26   bromination of 3 - furoic acid produces 5 - bromofuran - 3 -
 carboxylic acid.  27           

  18.1.1.5   Acylation 

 Carboxylic acid anhydrides or halides normally require the presence of a Lewis acid (often boron trifl uoride) 
for Friedel – Crafts acylation of furans, though trifl uoroacetic anhydride will react alone. Aluminium - 
chloride - catalysed acetylation of furan proceeds 7    ×    10 4  times faster at the  α  - position than at the  β  -
 position.  28   3 - Alkyl - furans substitute mainly at C - 2;  29   2,5 - dialkyl - furans can be acylated at a  β  - position, but 
generally with more diffi culty. 3 - Bromofuran is effi ciently acetylated at C - 2 using aluminium chloride 
catalysis.  30          
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 Vilsmeier formylation of furans is a good route to  α  - formyl - furans,  31   though the ready availability of 
furfural as a starting material, and methods involving lithiated furans ( 18.4 ), are important. Formylation of 
substituted furans follows the rule that the strong tendency for  α  - substitution overrides other factors, thus 
both 2 - methylfuran  32   and methyl furan - 3 - carboxylate  33   give the 5 - aldehyde; 3 - methylfuran gives mainly 
the 2 - aldehyde.  34    

  18.1.1.6   Alkylation and Alkenylation 

 Traditional Friedel – Crafts alkylation is not generally practicable in the furan series, partly because of 
catalyst - induced polymerisation and partly because of polyalkylation. Instances of preparatively useful 
reactions include: production of 2,5 - di -  t  - butylfuran  35   from furan or furoic acid  36   and the isopropylation of 
methyl furoate with double substitution, at the 3 -  and 4 - positions.  34          

 Intramolecular alkenylation at a furan  α  -  or  β  - position by an alkyne occurs, with the formation of bicyclic 
derivatives, when promoted by mercury(II) acetate (or Hg(OAc)(OTf), generated  in situ  from mercuric 
acetate and scandium trifl ate).  37   In the case of closure onto a  β  - position, a spirocyclic intermediate from 
preferred attack at the  α  - position, may be involved, as shown.         

  18.1.1.7   Condensation with Aldehydes and Ketones 

 This occurs by acid catalysis, but generally the immediate product, a furfuryl alcohol, reacts further; 
2 - (2,2,2 - trichloro - 1 - hydroxy)ethylfuran can, however, be isolated.  38   Macrocycles known as tetraoxaqua-
terenes can be obtained by condensations  39,40   with dialkyl ketones or cyclohexanone  via  sequences, giving 
products exactly comparable to those described for pyrrole ( 16.1.1.7   ).  

  18.1.1.8   Condensation with Imines and Iminium Ions 

 Mono - alkyl - furans undergo Mannich substitution under normal conditions,  41   but furan itself requires 
a preformed iminium salt for 2 - substitution.  42    N  - Tosyl - imines, generated  in situ  from  N  - sulfi nyl -  p  -
 toluenesulfonamide and aldehydes, bring about tosylaminoalkylation at C - 2.  43   The use of furan boronic 
acids allows Mannich substitutions at both  α  -  and  β  - positions, with primary or secondary amine 
components.  44                  
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  18.1.1.9   Mercuration 

 Mercuration takes place very readily with replacement of hydrogen, or carbon dioxide from an acid.  45             

  18.2   Reactions with Oxidising Agents 
 The bromine/methanol ( 18.1.1.4 ) oxidation of furans to give 2,5 - dialkoxy - 2,5 - dihydrofurans and the cyclo-
addition of singlet oxygen ( 18.7 ) are discussed elsewhere in this chapter. 2,5 - Dialkoxy - 2,5 - dihydrofurans 
can also be obtained by electrochemical oxidation in alcohol solvents  20,46   or conveniently by oxidation with 
magnesium monoperoxyphthalate in methanol.  47   Reaction of furan with lead(IV) carboxylates produces 
2,5 - diacyloxy - 2,5 - dihydrofurans in useful yields.  48   

 In related chemistry, ring - opened,  Δ  - 2 - unsaturated 1,4 - diones can be obtained in  E  -  or  Z  - form using 
reagents such as bromine in aqueous acetone or  meta  - chloroperbenzoic acid;  49   an example is given below.  36   
Even but - 2 - en - 1,4 - dial (malealdehyde) itself can be produced by oxidation with dimethyldioxirane.  50   
The urea/hydrogen peroxide adduct, with catalytic methyltrioxorhenium(VII), oxidises a range of furans 
to  cis  - ene - diones;  51   magnesium monoperoxyphthalate can also be used for this purpose.  52   The combination, 
cumyl hydroperoxide with molybdenum hexacarbonyl, can be used to access either  E  -  or  Z  - isomers.  53   
Oxidation of furans to produce 5 - hydroxy - butenolides can be achieved smoothly with buffered sodium 
chlorite  54   (see also  18.12.1 ).        

 The oxidation of furyl - 2 - carbinols can produce 6 - hydroxy - 2 H  - pyran - 3(6 H ) - ones (the Achmatowicz 
rearrangement), which have several synthetic uses,  55   the most important in the heterocyclic context being 
for the formation therefrom of pyrylium - 3 - olate species ( 11.1.7 ). The oxidation can be conducted with 
 meta  - chloroperbenzoic acid,  56,57   vanadium(III) acetylacetonate with  t  - butyl peroxide,  58   or with singlet 
oxygen  59   ( 18.7 ).        

 Comparable oxidation of 2 - tosyaminomethyl - furans leads to 6 - hydroxy - 1 - tosyl - 1,6 - dihydro - 2 H  - pyridin - 
3 - ones.  60           
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  18.4   Metallation and Reactions of  C  - Metallated Furans 
  18.4.1   Direct Ring  C  –  H  Metallation 

 Metallation with alkyllithiums proceeds selectively at an  α  - position, indeed lithiation of furan is one of 
the earliest examples  62   of the now familiar practice of aromatic ring - metallation. The lithiation can be 
achieved in refl uxing ether or indeed at low temperature.  63   More forcing conditions can bring about 2,5 - 
dilithiation of furan.  64   Magnesiation at an  α  - position can also be achieved at room temperature, with lithium 
tri -  n  - butylmagnesate.  65   The preference for  α  - deprotonation is nicely illustrated by the demonstration that 
3 - lithiofuran, produced from 3 - bromofuran by metal – halogen exchange at  − 78  ° C, equilibrates to the more 
stable 2 - lithiofuran if the temperature rises to  >   – 40  ° C,  66   however 3 - lithiofuran can be utilised; for example 
it reacts with bis(trimethylsilyl)peroxide to provide the trimethylsilyl ether of 3 - hydroxyfuran.  67   2 - 
Lithiofuran has been reacted with many electrophiles, for example the 2 - boronic acid,  68   2 - tri -  n  - 
butylstannylfuran,  69   2 - bromofuran  70   and 2 - iodofuran  71   (also from the 2 - magnesate  65  ) can be prepared 
effi ciently in this way.        

  18.3   Reactions with Nucleophilic Reagents 
 Simple furans do not react with nucleophiles by addition or by substitution. Nitro substituents activate 
the displacement of halogen, as in benzene chemistry, and VNS methodology ( 3.3.3 ) can also be applied 
to nitro - furans.  61           

 Lithium diisopropylamide can effect C - 2 - deprotonation of 3 - halo - furans.  72   With furoic acid and two 
equivalents of lithium diisopropylamide, selective formation of the 5 - lithio lithium 2 - carboxylate takes 
place,  73   whereas  n  - butyllithium,  via ortho  - assistance, produces the 3 - lithio lithium 2 - carboxylate.  74          

  Ortho  - direction of metallation to C - 3 by 2 - bis(dimethylamino)phosphate,  75   2 - oxazoline,  76   or 2 - 
diethylaminocarbonyl  77   groups, and to C - 2 by 3 - hydroxymethyl  78   or 3 -  t  - butoxycarbonylamino  79   also occur. 
5 - Lithiation of furans with non - directing groups at C - 2 provides a route to 2,5 - disubstituted furans, but 
appropriate choice of lithiating conditions can outweigh  ortho  - directing effects, as illustrated.  80          
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 A synthetically useful regioselective 5 - lithiation of 3 - formylfuran  81   can be achieved by fi rst adding 
lithium morpholide to the aldehyde and then lithiation at C - 5, resulting in 2 - substituted 4 - formyl - furans, 
following loss of the amine during work - up.  82           

  18.4.2   Metal – Halogen Exchange 

 Metallation at C - 3 can be achieved  via  metal – halogen exchange.  83   The greater stability of a carbanion at 
an  α  - position shows up again in a mono - exchange of 2,3 - dibromofuran with selective replacement of the 
 α  - bromine.  34,84          

 Oxidation of a 2 - boronate ester is a means for the synthesis of butenolides ( 18.12.1 ).  85   Furan - 3 - boronic 
acid and 3 - tri  - n  - butylstannylfuran can be made by reaction of the lithiated species with tri -  iso  - propyl 
borate  68   and tri -  n  - butylchlorostannane  69   respectively.   

  18.5   Reactions with Radicals 
 Reactions of furans with radical species as synthetically useful processes have been little developed; 
arylation  86   and alkylation  87   are selective for  α  - positions. Exposed to dibenzoyl peroxide, furan produces a 
stereoisomeric mixture of 1,4 - addition products.  

  18.6   Reactions with Reducing Agents 
 The best way to reduce a furan to a tetrahydrofuran is using Raney nickel catalysis, though ring opening, 
 via  hydrogenolysis of C – O bonds can be a complication. Most furans are not reduced simply by metal/
ammonia combinations, however furoic acids  88   and furoic acid tertiary amides  89   give dihydro derivatives.         

  18.7   Electrocyclic Reactions (Ground State) 
 The 4   +   2 cycloaddition of furan to reactive dienophiles such as maleic anhydride  90   was one of the earliest 
described examples of the Diels – Alder reaction;  91   the isolated product is the  exo  - isomer,  92   though this is 
the thermodynamic product, the  endo  - isomer being the kinetic product and the cycloaddition being easily 
reversible.  93          
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 Furan also undergoes cycloadditions with allenes,  94   with benzyne  95   and with simpler dienophiles, like 
acrylonitrile and acrylate; various Lewis acidic catalysts can assist  96   in some cases, zinc iodide  97   is one 
such, hafnium tetrachloride another,  98   and improved  endo    :    exo  ratios are obtained in an ionic liquid as 
reaction solvent.  99   Maleate and fumarate esters react if the addition is conducted under high pressure.  100   
This device can also be used to increase markedly the reactivity of 2 - methoxyfuran and 2 - acetoxyfuran 
towards dienophiles.  101   At higher reaction temperatures alkynes  102   and even electron - rich alkenes  103   will 
add to furan. 3 -  or 5 - Halo - furans react faster in these cycloadditions.  104          

 Although, as one would anticipate for the electron - rich component of a normal Diels – Alder pairing, 
2 - formylfuran is a poor diene; its dimethylhydrazone is a good one, though only ring - opened benzenoid 
products, derived subsequently from the adducts, are isolated.  105   

 Examples of the exploitation of furan Diels – Alder cycloadditions for the construction of complex 
systems are many;  106   one delightful example is shown below. The residual dienophilic double bond of the 
Diels – Alder adduct between one of the two furan rings and dimethyl acetylenedicarboxylate then enters 
into cycloaddition with the second furan ring.  107          

 The dipolar cycloaddition of 2 - oxyallyl cations  108   is also a process that has been exploited for the syn-
thesis of substituted furans and polycyclic materials,  109   for example it can be made the means for the 
introduction of acylmethyl groups at the furan 2 - position.  110          

 Many examples of furans participating in intramolecular Diels – Alder additions have been described;  111   
the example below illustrates the mildness of conditions required in favourable cases.  112   Even unactivated 
alkenes will cycloadd to furans, in an intramolecular sense.  113          
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 Furans also undergo cycloaddition with singlet oxygen.  114   This has been the basis for several routes to 
highly oxygenated compounds, for example in syntheses of 5 - hydroxy - 2(5 H ) - furanones  115   (4 - hydroxybut -
 2 - enolides, see 18.12.1), a structural unit which occurs in several natural products. Addition to a 3 - 
substituted furan in the presence of a hindered base  116   or addition  117   to 2 - trialkylsilyl - 4 - substituted furans  118   
leads through, as shown, to 4 - substituted 5 - hydroxy - 2(5 H ) - furanones. 5 - Substituted furfurals also give 
5 - hydroxy - 2(5 H ) - furanones with loss of the aldehyde carbon.  119   A particularly neat example is the reaction 
of 2 - furoic acid which is converted in quantitative yield,  via  decarboxylation, into malaldehydic acid (the 
cyclic hemiacetal of  Z  - 4 - oxobut - 2 - enoic acid).  120   Addition of singlet oxygen to 2 - methoxy - 5 - alkyl - furans 
followed by acid - catalysed  Z  to  E  isomerisation produces  γ  - keto - enoates.  121                 

 The few examples in which vinyl - furans take part as 4 π  components  122   in intramolecular cycloadditions 
include that shown below.  123   In simpler, intermolecular cases yields are generally poor and the extra - annular 
mode must compete with the more usual intra - annular mode; the inclusion of a bulky group at an  α  - position 
assists this differentiation.  124          

 Decarboxylative Claisen rearrangement of furfuryl alcohol esters can be used to introduce 3 - 
substitutents; comparable rearrangements take place with 2 - thienyl and 2 - pyrrolyl esters.  125          

 The 4,5 - double bond of 2 - methoxyfuran will participate as a dienophile.  126           
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  18.8   Reactions with Carbenes and Carbenoids 
 Dirhodium tetracetate  127   or copper complexed by trispyrazolylborate ligands  128   bring about the carbenoid 
addition of :CHCO 2 Et from ethyl diazoacetate to furans. Generally, mixtures of cyclopropane and ring 
opened dienones/als are produced.  

  18.9   Photochemical Reactions 
 The cycloaddition of diaryl ketones and some aldehydes across the furan 2,3 - double bond proceeds regi-
oselectively to afford oxetano - dihydrofurans, proton - catalysed cleavage of the acetal linkage in which 
produces 3 - substituted furans.  129           

  18.10   Furyl -  C  –  X  Compounds; Side - Chain Properties 
 The nucleophilic displacement of halide from furfuryl halides often produces mixtures of products resulting 
from straightforward displacement on the one hand, and displacement with nucleophilic addition to C - 5 on 
the other;  130   the second mode proceeds through a non - aromatic intermediate, which then isomerises to 
aromatic product.         

  18.11   Furan Carboxylic Acids and Esters and Aldehydes 
 Save for their easy decarboxylation, furan acids (and their esters) are unexceptional. Carbon dioxide is 
easily lost  131   from either  α  -  or  β  - acids and presumably involves ring - protonated intermediates and a decar-
boxylation analogous to that of  β  - keto - acids, at least in those examples where copper is not utilised.        

 Nitration of 3 - furoic acid takes place normally, and at C - 5;  132    α  - acids sometimes undergo  ipso  - 
substitution with decarboxylation,  133   for example 2 - furoic acid gives the 5 - nitro - 2 - furoic acid, accompanied 
by some 2,5 - dinitrofuran.  134          

 The reaction of furfural with anilines has been known since 1850; a controlled process is now available 
for its reaction with amines, catalysed by lanthanum or scandium trifl ate, forming  trans  - 4,5 - 
diamino - 2 - pentenones.  135          
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 Isomaltol, which can be made from  α  -  d  - lactose, also takes part in an ANRORC sequence leading to 
4 - pyridones.  136           

  18.12   Oxy -  and Amino - Furans 
  18.12.1   Oxy - Furans 

 2 - Hydroxy - furans exist, if at all, at undetectably low concentrations in tautomeric equilibria involving 
2(5 H ) - furanone  137   and 2(3 H ) - furanone forms, for example the angelica lactones can be equilibrated  via  
treatment with an organic base, the more stable being the  β  - isomer; the chemistry of 2 - oxy - furans, then, 
is that of unsaturated lactones. Less is known of 3 - hydroxy - furans save again that the carbonyl tautomeric 
form (3(2 H ) - furanone) predominates. 

 Many natural products  138   and natural aroma components  139   contain 2 - furanone units and considerable 
synthetic work has thereby been engendered.  140   In the context of these natural products, the name  ‘ buteno-
lide ’  is generally employed and compounds are therefore numbered as derivatives of 4 - hydroxybutenoic 
acid and not as a furan, for example a tetronic acid is a 3 - hydroxybut - 2 - enolide. Butenolides can be con-
verted into furans by partial reduction of the lactone, then dehydration.  141          

 Strategies that have been developed for butenolide construction include the use of 2 - 
trimethylsilyloxyfuran,  142   which reacts with electrophiles at furan C - 5,  143   and, complimentarily, furans 
carrying a 2 - oxy - tin (or 2 - oxy - boron) substituent, which,  via  chelation control, react with electrophiles at 
C - 3.  144   2,5 - Dimethoxy - 2,5 - dihydrofuran can generate 2 - trimethylsilyloxyfuran  in situ .  145                 
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 2 -  t  - Butoxyfuran, available from the reaction of 2 - lithiofuran with  t  - butyl perbenzoate,  146   can be lithiated 
at C - 5, reaction with a carbonyl component, then hydrolysis with dehydration, furnishing alkylidene - 
butenolides.  147          

 2 - Trimethylsilyl - furans are converted into the butenolide by oxidation with peracid.  148          

 2 - Methoxy -  and 2 - acetoxy - furans are available from 2,5 - dimethoxy -  and 2,5 - diacetoxy - 2,5 - dihydro -
 furans ( 18.1.1.4 )  via  acid - catalysed elimination.  149   They undergo Diels – Alder cycloadditions; the adducts 
can be further transformed into benzenoid compounds by acid - catalysed opening. 3,4 - Dihydroxyfuran is 
undetectable in tautomeric equilibria between mono - enol and dicarbonyl forms; the dimethyl ether behaves 
as a normal furan, undergoing easy  α  - electrophilic substitution, mono -  or dilithiation at the  α  - position(s),  150   
and Diels – Alder cycloadditions.  151   2,5 - Bis(trimethylsilyloxy)furan is synthesised from succinic anhydride; 
it too undergoes Diels – Alder additions readily.  152   Both furan - 2 -  and  - 3 - thiols can be obtained by reaction 
of lithiated furans with sulfur; in each case the predominant tautomer is the thiol form.  153    

  18.12.2   Amino - Furans   154    

 So little has been described of the chemistry of amino - furans that general comment on their reactivity is 
diffi cult to make; it seems likely that simple amino - furans are too unstable to be isolable,  155   though 2 - 
acylamino - furans have been described, for example Boc - masked 2 - aminofuran is obtained  via  a 
Schmidt degradation of the carbonyl azide in  t  - butanol.  156   Heavily substituted amino - furans, in particular 
those with electron - withdrawing substituents on the ring or on the nitrogen are known.  157   For example 
methyl 2 - aminofuran - 5 - carboxylate is relatively stable; it undergoes Diels – Alder cycloadditions in the 
usual manner (cf.  18.7 ).  158            

  18.13   Synthesis of Furans 
 Furfural and thence furan, by vapour - phase decarbonylation, are available in bulk and represent the starting 
points for many furan syntheses. The aldehyde is manufactured  159   from xylose, obtained in turn from pen-
tosans, which are polysaccharides extracted from many plants, e.g. corn cobs and rice husks. Acid catalyses 
the overall loss of three mole equivalents of water in very good yield. The precise order of events in the 
multi - step process is not known for certain, however a reasonable sequence  160   is shown below.        
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 More controlled processes can be carried out using milder catalysts such as indium(III) chloride when 
enantiopure furan alcohols can be obtained.  161   

         18.13.1   Ring Syntheses 

 Many routes to furans have been described, but the majority are variants on the fi rst general method  –  the 
dehydrating ring closure of a 1,4 - dicarbonyl substrate. 

  18.13.1.1   From 1,4 - Dicarbonyl Compounds 

 1,4 - Dicarbonyl compounds can be dehydrated, with acids, to form furans (cf.  16.16.1.1  and  17.12.1.1 ).  

        The Paal – Knorr Synthesis 

 The most widely used approach to furans is the cyclising dehydration of 1,4 - dicarbonyl compounds, which 
provide all of the carbon atoms and the oxygen necessary for the nucleus. Usually, non - aqueous acidic 
conditions  162   are employed to encourage the loss of water. The process involves addition of the enol oxygen 
of one carbonyl group to the other carbonyl group, then elimination of water.  163          

 Access to a 1,4 - dicarbonyl substrate can be realised in many diverse ways.  164   As just one example, the 
1,4 - dialdehyde (as a mono - acetal) necessary for a synthesis of diethyl furan - 3,4 - dicarboxylate was obtained 
 via  two Claisen condensations with ethyl formate, starting from diethyl succinate.  165   Isomerisation of 
alk - 2 - yne 1,4 - diols gives 1,4 - diketones which proceed in one pot to the 2,5 - disubstituted furan, using a 
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ruthenium catalyst with Xantphos and acid.  166   In another one - pot sequence either 2 - butene - 1,4 - diones or 
2 - butyne - 1,4 - diones give furans after being fi rst reduced to the saturated 1,4 - dione by the formic acid with 
palladium - on - carbon reaction medium.  167          

 Ring closure of 4 - keto - butanamides with trifl uoroacetic anhydride or trifl uoromethansulfonic anhydride 
produce (protected) 2 - amino - furans (cf.  18.13.2 ).  168            

  18.13.1.2   From  α  - Halo - Carbonyl and 1,3 - Dicarbonyl Compounds 

  α  - Halo - carbonyl compounds react with 1,3 - dicarbonyl compounds in the presence of a base (not ammonia) 
to give furans.  

        The Feist – Benary Synthesis 

 This classical synthesis rests on an initial aldol condensation at the carbonyl carbon of a 2 - halo - carbonyl -
 component; ring closure is achieved  via  intramolecular displacement of halide by enolate oxygen; inter-
mediates supporting this mechanistic sequence have been isolated in some cases.  169          

 It is important to distinguish this synthesis from the alkylation of a 1,3 - dicarbonyl enolate with a 2 - halo -
 ketone, with displacement of halide, producing a 1,4 - dicarbonyl unit for subsequent ring closure;  170   presum-
ably the difference lies in the greater reactivity of the carbonyl group (aldehyde in the example) in the 
Feist – Benary sequence.          
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  18.13.1.3   From  C  4  O  Compounds 

 There is a range of furan syntheses that have one aspect in common  –  the precursor of the aromatic furan 
has: (i) four carbons, (ii) an oxygen at a terminus and (iii) two degrees of unsaturation located somewhere 
in the fi ve - atom sequence. Treatment (often acid) of the precursor generates the furan, by a sequence of 
isomerisations, a ring closure and an elimination (often of water). 

 The simplest example here is the oxidation of  cis  - but - 2 - ene - 1,4 - diol, which gives furan  via  the hydroxy -
 aldehyde  –  the two degrees of unsaturation being the carbonyl and carbon – carbon double bonds.  171          

 More elaborate 4 - hydroxy - enals and  - enones have been generated in a variety of ways, for example  via  
alkynes  172   or often  via  epoxides,  173   it being sometimes unnecessary to isolate the hydroxy - enone,  174   or via 
H ö rner – Wadsworth – Emmons condensation of  β  - ketophosphonates with  α  - acetoxyketones.  175   Acetal,  176   
thioenolether  177   or terminal alkyne  178   can be employed as surrogate for the carbonyl group. 1,2,3 - Trienyl -
 4 - ols cyclise to give furans.  179   Some of these are exemplifi ed below.               

 4 - Pentynones can be closed to furans using potassium  t  - butoxide,  180   benzyl trimethylammonium methox-
ide  181   or mercury(II) trifl ate,  182   and 3 - pentynones produce furans with zinc chloride,  183   or with, for example, 
 N  - bromosuccinimide, give 3 - halo - furans.  184   The base - catalysed 2 - alkylation of 1,3 - dicarbonyl - compounds 
with propargyl halides, is followed  in situ  by 5 -  exo -   dig  ring closure.  185   Sundry other isomerisations have 
utilised gold to catalyse ring closure to furans.  186          

 Allenyl - ketones pre - synthesised,  187   or produced  in situ  from palladium(0) -  or copper(I) - catalysed isom-
erisation of conjugated  188,189   or non - conjugated  190   alkynyl - ketones, can be cyclised to furans. The ring 
closure can be effected with palladium  190   or gold  191   catalysis. Acylation of silylallenes leads to a furan 
directly.  192          
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 Reaction of aldehydes with methyl 3 - nitropropanoate in a Henry reaction, leads through to butenolides.  193   
A 3(2 H ) - furanone can be neatly produced by the intramolecular displacement of bromide from a 
1 - bromo - 2,4 - dione.  194                 

 In what is formally a 5 -  endo  - dig cyclisation, alk - 3 - yne - 1,2 - diols close under the infl uence of iodine to 
produce 3 - iodo - furans.  195           

  18.13.1.4   Miscellaneous Methods 

 Considerable ingenuity has been exercised in the development of routes to furans and many are available. 
This section includes a selection of such one - off routes. 

 Acyloins react with  ‘ acetylene - transfer ’  reagents,  196   in one of the few furan syntheses that begins with 
formation of the ether unit; the cyclising step is a Wittig reaction.        

 3 - Aminofuran - 2 - carboxylates are formed from the interaction of ethyl glyoxylate with 2 - cyano - ketones 
under Mitsunobu conditions to produce a vinyl ether, which is then ring closed with base.  197          



Furans: Reactions and Synthesis 363

  18.13.2   Examples of Notable Syntheses of Furans 

  18.13.2.1   Tris(furanyl) - 18 - Crown - 6 

 Tris(furanyl) - 18 - crown - 6 was prepared utilising the reactivity of furfuryl alcohols and chlorides.  200           

 The useful 3,4 - bis(tri -  n  - butylstannyl) -   198   and 3,4 - bis(trimethylsilyl) - furans  199   are available  via  cycload-
dition/cycloreversion steps using 4 - phenyloxazole (cf.  17.12.1.7 ).          

  18.13.2.2   Furaneol 

 Furaneol is a natural fl avour principle, isolated from pineapple and strawberry, and used in the food and 
beverage industries.  201           

  18.13.2.3   Ranitidine 

 Ranitidine is one of the most commercially successful medicines ever developed; it is used for the treatment 
of stomach ulcers and has been synthesised from furfuryl alcohol.            
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 Exercises    
  Straightforward revision exercises (consult Chapters  15  and  18 ):  

   (a)   Describe three distinctly different reactions of furans that confi rm the relatively smaller aromatic reso-
nance stabilisation of furan compared with thiophene and pyrrole (reactions which lead to non - aromatic 
products).   

   (b)   At what position does furan undergo lithiation? How could one prepare the alternative lithio - 
isomer?   

   (c)   With what type of dienophile do furans react most readily?   
   (d)   What types of product can be obtained from the interaction of furans with singlet oxygen ( 1 O 2 )?   
   (e)   Do 2 - hydroxy - furans exist?   
   (f)   What is the most common method for the ring synthesis of furans? Write a mechanistic sequence for 

the ring - closing process.   
   (g)   How could one synthesise 3,4 - bis(tri -  n  - butylstannyl)furan?   

  More advanced exercises:  

   1.   Hydrolysis of 2 - methoxyfuran with aqueous acid produces 4 - hydroxybut - 2 - enoic acid lactone and 
MeO 2 C(CH 2 ) 2 CH = O; write sequences involving protonation and reaction with water to rationalise 
formation of each of these.   

   2.   Suggest structures for the products: (i) C 11 H 8 O 2  produced by treating 2 - phenylfuran with the combina-
tion DMF/POCl 3  then aqueous base; (ii) C 9 H 10 O 4  from ethyl furoate/Ac 2 O/SnCl 4 ; (iii) C 5 H 2 N 2 O 3  from 
3 - cyanofuran with Ac 2 O/HNO 3 ; (iv) C 14 H 11 Cl 3 O 6  from methyl furoate, CCl 3 CHO/H 2 SO 4 .   

   3.   Electrochemical oxidation of 5 - methylfurfuryl alcohol in methanol solvent afforded C 8 H 14 O 4 , hydro-
genation of which produced C 8 H 16 O 4 , acid treatment of this gave a cyclic 1,2 - dione, C 6 H 8 O 2 . What are 
the structures of these compounds?   

   4.   Trace the course of the following synthesis by writing structures for all intermediates: ethyl 2 - 
methylfuran - 3 - carboxylate with LiAlH 4 , then SOCl 2 , then LiAlH 4     →    C 6 H 8 O, treatment of which with 
Br 2 /MeOH, then H 2 O/60    ° C, then aq. NaBH 4  gave C 6 H 12 O 2 .   

   5.   Write structures for the products of reacting 2 - lithiofuran with: (i) cyclohexanone, (ii) Br(CH 2 ) 7 Cl.   
   6.   Suggest structures for the (main) product from the following combinations: (i) 3 - methylfuran/DMF/

POCl 3  then aq. NaOH; (ii) 2,3 - dibromofuran/ n  - BuLi then H 2 O; (iii) 3 - bromofuran/LDA, then 
CH 2 O    →    C 5 H 5 BrO 2 ; (iv) furfural with EtOH/H +     →    C 9 H 14 O 3 , then this with BuLi followed by B(OBu) 3  
and aqueous acid    →    C 5 H 5 BO 4 ; (v) 3 - bromofuran/BuLi/ – 78    ° C, then Bu 3 SnCl    →    C 16 H 30 OSn and this 
with MeCOCl/PdCl 2     →    C 6 H 6 O 2 .   

   7.   Write structures for the products of reaction of: (i) furfuryl alcohol with H 2 C = C = CHCN    →    C 9 H 9 NO 2 ; 
(ii) 2,5 - dimethylfuran with CH 2  = CHCOMe/15 kbar; (iii) furan with 2 - chlorocyclopentanone/Et 3 N/
LiClO 4     →    C 9 H 10 O 2 .   

   8.   (i) How could one prepare 2 - trimethylsilyloxyfuran? (ii) What product, C 6 H 5 NO 2 , would be formed 
from this with ICH 2 CN/AgOCOCF 3 ?   

   9.   What is the product, C 11 H 10 O 3 , formed from the following sequence: 2 -  t  - BuO - furan/ n  - BuLi, then 
PhCH = O, then TsOH?   

   10.   Decide the structures of the furans produced by the ring syntheses summarised as follows: 
(i) CH 2  = CHCH 2 MgBr/EtCH = O then  m  - CPBA, then CrO 3 /pyridine then BF 3 ; (ii) CH 2  = C(Me)CH 2 MgCl/
HC(OEt) 3 , then  m  - CPBA, then aq. H + ; (iii) (MeO) 2 CHCH 2 COMe/ClCH 2 CO 2 Me/NaOMe then 
heat.   

   11.   For the synthesis of tetronic acid summarised as follows, suggest structures for the intermediates: 
methylamine was added to dimethyl acetylenedicarboxylate (DMAD)    →    C 7 H 11 NO 4 , selective reduction 
with LiAlH 4  then giving C 6 H 11 NO 3 , which with acid cyclised    →    C 5 H 7 NO 2 , aqueous acidic hydrolysis 
of which produced tetronic acid.     
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 The fusion of a benzene ring to the 2,3 - positions of a pyrrole generates one of the most important 
heterocyclic ring systems  –  indole. This chapter develops a description of the chemistry of indole, then 
discusses modifi cations necessary to rationalise the chemistry of the benzo[ b ]furan and benzo[ b ]thiophene 
analogues. Finally, the trio of heterocycles in which the benzene ring is fused at the fi ve - membered ring 
3,4 - positions, isoindole, benzo[ c ]furan and benzo[ c ]thiophene are considered.    

     Typical reactions of indole  

 The chemistry of indoles is dominated by easy electrophilic substitution. Of the two rings, the hetero-
cyclic ring is very electron - rich, by comparison with a benzene ring, so attack by electrophiles always takes 
place in the fi ve - membered ring, except in special circumstances. Of the three positions on the heterocyclic 
ring, attack at nitrogen would destroy the aromaticity of the fi ve - membered ring, and produce a localised 
cation, and so does not occur; both of the remaining positions can be readily attacked by electrophiles, 
leading to C - substituted products, but the  β  - position is preferred by a considerable margin. This contrasts 
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with the regiochemistry shown by pyrrole, but again can be well rationalised by a consideration of the 
Wheland intermediates for the two alternative sites of attack.  

      Intermediates for electrophilic substitution of indole   

 The intermediate for  α  - attack is stabilised  –  it is a benzylic cation  –  but it cannot derive assistance from 
the nitrogen without disrupting the benzenoid resonance (a resonance contributor, which makes a limited 
contribution, is shown in parenthesis). The more stable intermediate from  β  - attack, has charge located 
adjacent to nitrogen and able to derive the very considerable stabilisation attendant upon interaction with 
the nitrogen lone pair of electrons. 

 The facility with which indoles undergo substitution can be illustrated using the Mannich reaction: the 
electrophilic species in such reactions (C = N + R 2 ) is generally considered to be a  ‘ weak ’  electrophile, yet 
substitution occurs easily under mild conditions.    

     An example of easy  β  - electrophilic substitution of indole with a weak electrophile  

 There is a strong preference for attack at C - 3, even when that position carries a substituent, and it is 
therefore important to consider, in detail, the 2 - substitution of 3 - substituted indoles. This could proceed in 
three ways: (i) initial attack at a 3 - position followed by 1,2 - migration to the 2 - position; (ii) initial attack 
at the 3 - position followed by reversal (when possible), then (iii); or (iii) direct attack at the 2 - position. It 
has been defi nitely demonstrated, in the case of some irreversible substitutions, that the migration route 
operates, but equally it has been demonstrated that direct attack at an  α  - position can occur.    

     Possible mechanisms for the 2 - substitution of 3 - substituted indoles  
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 Indoles react with strong bases losing the  N  - hydrogen and forming indolyl anions. When the counter ion 
is an alkali metal, these salts have considerable ionic character and react with electrophiles at the nitrogen, 
affording a practical route for  N  - alkylation (or acylation), for example in the synthesis of reversibly  N  -
 blocked indoles. These can be regioselectively lithiated at C - 2, where the acidifying effect of the electro-
negative heteroatom is felt most strongly, often with additional chelation assistance from the  N  - substituent, 
thus providing a route to 2 - substituted indoles. 

 As in all heterocyclic chemistry, the advent of palladium(0) - catalysed processes (see Section  4.2  for a 
detailed discussion) has revolutionised the manipulation of indoles, benzo[ b ]furans and benzo[ b ]
thiophenes; the example below is typical.    

     Palladium(0) - catalysed processes are very important in indole chemistry  

 The ready electron availability of indoles means that they are rather easily (aut)oxidised in the fi ve -
 membered ring. Reductions can be made selective for either ring: in acid solution, dissolving metals attack 
the hetero - ring, and the benzenoid ring can be selectively reduced by Birch reduction conditions. 

 Indoles that carry leaving groups at benzylic positions, especially at C - 3, undergo displacement processes 
extremely easily, encouraged by stabilisation of positive charge by the nitrogen or, alternatively, in basic 
conditions, by deprotonation of the indole hydrogen. One example of the latter is the lithium aluminium 
hydride reduction of 3 - acyl - indoles that produces 3 - alkyl - indoles. In a sense, the 3 - ketones are behaving 
like vinylogous amides, and reduction intermediates are able to lose oxygen to give species that, on addi-
tion of a second hydride, produce the indolyl anion of the 3 - alkyl - indole, converted into the indole during 
aqueous work - up.    

     Reduction of 3 - acylindoles to 3 - alkylindoles  

 In comparison with indoles, benzo[ b ]furans and benzo[ b ]thiophenes have been studied much less fully, 
however similarities and some differences can be noted. Benzo[ b ]furans and benzo[ b ]thiophenes undergo 
electrophilic substitution, but the 3 - regioselectivity is much lower than for indole, even to the extent that 
some attack takes place in the benzene ring of benzo[ b ]thiophene and that 2 - substitution is favoured for 
benzo[ b ]furan. These changes are consequent upon the much poorer electron - donating ability of oxygen 
and sulfur  –  the nitrogen of indole is able to make a much bigger contribution to stabilising intermediates, 
particularly, as was shown above, for  β  - attack, and consequently to have a larger infl uence on regioselec-
tivity. In the case of benzo[ b ]furan, it appears that simple benzylic resonance stabilisation in an intermediate 
from attack at C - 2 outweighs the assistance that oxygen might provide to stabilise an adjacent positive 
charge. 

 Benzo[ b ]furans and benzo[ b ]thiophenes undergo lithiation at their 2 - positions, consistent with the behav-
iour of furans, thiophenes, and of  N  - blocked pyrroles and indoles. 
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 The chemical behaviour of isoindole, benzo[ c ]furan and benzo[ c ]thiophene is dominated by their lack 
of a  ‘ complete ’  benzene ring: these three heterocycles undergo cycloaddition processes across the 1 -  and 
3 - positions with great facility, because the products do now have a regular benzene ring. Often, no attempt 
is made to isolate examples of these heterocycles, but they are simply generated in the presence of the 
dienophile with which it is desired that they react. As a result of this strong tendency, few of the classical 
electrophilic and nucleophilic processes have been much studied.    

     Typical cycloaddition behaviour of isoindoles, benzo[ c ]furans and benzo[ c ]thiophenes  

 There has probably been more work carried out on the synthesis of indoles than on any other single 
heterocyclic system and consequently many routes are available; ring syntheses of benzo[ b ]furans and 
benzo[ b ]thiophenes have been much less studied. The Fischer indole synthesis, now more than 100 years 
old, is still widely used  –  an arylhydrazone is heated with an acid, a multi - step sequence ensues, ammonia 
is lost and an indole is formed.    

     The Fischer indole synthesis  

 As an illustration of a modern and effi cient route, 2,3 - unsubstituted indoles are obtained from an  ortho  -
 nitrotoluene by heating with dimethylformamide dimethylacetal (DMFDMA), generating an enamine that, 
after reduction of the nitro group, closes with loss of dimethylamine, generating the aromatic 
heterocycle.    

     The Leimgruber – Batcho indole synthesis  

 Both benzo[ b ]furans and benzo[ b ]thiophenes can be obtained from the phenol or thiophenol respectively, 
by  O -  / S  - alkylation with a bromoacetaldehyde acetal and then acid - catalysed ring closure involving intra-
molecular electrophilic attack on the ring.                
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 Indole  1   and the simple alkyl - indoles are colourless crystalline solids with a range of odours from naphtha-
lene - like, in the case of indole itself, to faecal, in the case of skatole (3 - methylindole). Many simple indoles 
are available commercially and all of these are produced by synthesis: indole, for example, is made by the 
high - temperature vapour - phase cyclising dehydrogenation of 2 - ethylaniline. Most indoles are quite stable 
in air with the exception of those which carry a simple alkyl group at C - 2: 2 - methylindole autoxidises 
easily, even in a dark brown bottle. 

 The word indole is derived from the word India: a blue dye imported from India was known as indigo 
in the sixteenth century. Chemical degradation of the dye gave rise to oxygenated indoles (see  20.13 ), 
which were named indoxyl and oxindole; indole itself was fi rst prepared in 1866 by zinc - dust distillation 
of oxindole. 

 For all practical purposes, indole exists entirely in the 1 H  - form, 3 H  - indole (indolenine) being present to 
the extent of only ca. 1 ppm. 3 H  - Indole can be generated in solution but tautomerises to 1 H  - indole within 
about 100 seconds at room temperature.  2    

  20.1   Reactions with Electrophilic Reagents 
  20.1.1   Substitution at Carbon 

  20.1.1.1   Protonation 

 Indoles, like pyrroles, are very weak bases: typical p K  aH  values are: indole,  − 3.5; 3 - methylindole,  − 4.6; 
2 - methylindole.  − 0.3.  3   This means, for example, that in 6M sulfuric acid, two molecules of indole are 
protonated for every one unprotonated, whereas 2 - methylindole is almost completely protonated under the 
same conditions. By NMR and UV examination, only the 3 - protonated cation (3 H  - indolium cation) is 
detectable;  4   it is the thermodynamically stablest cation, retaining full benzene aromaticity (in contrast to 
the 2 - protonated cation) with delocalisation of charge over the nitrogen and  α  - carbon. The spectroscopically 
undetectable  N  - protonated cation must be formed, and formed very rapidly, for acid - catalysed deuterium 
exchange at nitrogen is 400 times faster than at C - 3,  5   indeed the  N  - hydrogen exchanges rapidly even at pH 
7, when no exchange at C - 3 occurs: clean conversion of indole into 3 - deuterioindole can be achieved by 
successive deuterio - acid then water treatments.  6          
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 That 2 - methylindole is a stronger base than indole can be understood on the basis of stabilisation of the 
cation by electron release from the methyl group; 3 - methylindole is a somewhat weaker base than indole.  

 Reactions of  β  - Protonated Indoles  (see also  20.1.1.9 ,  20.2  and  20.7 )  
 3 H  - Indolium cations are of course electrophilic species, in direct contrast with neutral indoles, and under 
favourable conditions will react as such. For example, the 3 H  - indolium cation itself will add bisulfi te at 
pH 4, under conditions that lead to the crystallisation of the product, the sodium salt of indoline - 2 - sulfonic 
acid (indoline is the widely used, trivial name for 2,3 - dihydroindole). The salt reverts to indole on dissolu-
tion in water, however it can be  N  - acetylated and the resulting acetamide used for halogenation or nitration 
at C - 5, fi nal hydrolysis with loss of bisulfi te affording the 5 - substituted indole.  7          

 When  N b   - acyl - tryptophans are exposed to strong acid, the indolium cation is trapped by cyclisation 
involving the side - chain nitrogen.  8   Comparable tricycles result from phenylselenylation of protected tryp-
tophan  9   or reaction with 4 - methyl - 1,2,4 - triazoline - 3,5 - dione,  10   or dimethyl(succinimido)sulfonium chloride 
(a CH 2 SMe group ends up at the indole C - 3).  11   If  N  - bromosuccinimide is employed, the initially formed 
3 - bromo - tricycle loses hydrogen bromide to produce an aromatic indole.  12                   

  20.1.1.2   Nitration; Reactions with Other Nitrogen Electrophiles 

 Indole itself can be nitrated using benzoyl nitrate as a non - acidic nitrating agent; the usual mixed acid 
nitrating mixture leads to intractable products, probably because of acid - catalysed polymerisation. This can 
be avoided by carrying out the nitration using concentrated nitric acid and acetic anhydride at low tempera-
ture  –  under these conditions,  N  - alkylindoles, and indoles carrying electron - withdrawing  N  - substituents, 
but  not  indole itself, can be satisfactorily nitrated.  13          

 2 - Methylindole gives a 3 - nitro derivative with benzoyl nitrate,  14   but can also be nitrated successfully 
with concentrated nitric/sulfuric acids, but with attack at C - 5. The absence of attack on the heterocyclic 
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ring is explained by the complete protonation of 2 - methylindole under these conditions; the regioselectivity 
of attack,  para  to the nitrogen, may mean that the actual moiety attacked is a hydrogensulfate adduct 
of the initial 3 H  - indolium cation, as shown in the scheme. 5 - Nitration of 3 H  - indolium cations has been 
independently demonstrated using a 3,3 - disubstituted 3 H  - indolium cation.  15   With an acetyl group at C - 3, 
nitration with nitronium tetrafl uoroborate in the presence of tin(IV) chloride takes place at either C - 5 
or C - 6 depending on the temperature of reaction.  16          

 Indoles readily undergo electrophilic amination with bis(2,2,2 - trichloroethyl) azodicarboxylate, the 
resulting acylated hydrazine being cleaved by zinc dust to give a 3 - acetylamino - indole.  17           

  20.1.1.3   Sulfonation; Reactions with Other Sulfur Electrophiles 

 Sulfonation of indole,  18   at C - 3, is achieved using the pyridine – sulfur trioxide complex in hot pyridine. 
Gramine is sulfonated in oleum to give 5 -  and 6 - sulfonic acids, attack being on a diprotonated (C - 3, side -
 chain - N) salt.  19   1 - Phenylsulfonylindoles are effi ciently converted into 3 - chlorosulfonyl - derivatives using 
chlorosulfonic acid at room temperature.  20   Sulfenylation of indole also occurs readily, at C - 3, using a pre -
 formed sulfenyl chloride  21   or  N  - thioalkyl -  or  N  - thioaryl - phthalimides with magnesium bromide,  22   or thiols 
activated with  N  - chlorosuccinimide  23   or Selectfl uor ™ .  24   Thiocyanation of indole can be achieved in virtu-
ally quantitative yield with a combination of ammonium thiocyanate with cerium(IV) ammonium nitrate  25   
or with iron(III) chloride.  26           

  20.1.1.4   Halogenation 

 3 - Halo - , and even more so, 2 - halo - indoles are unstable and must be utilised as soon as they are prepared; 
 N  - acyl -  or  N  - sulfonyl - haloindoles are much more stable. A variety of methods are available for the  β  -
 halogenation of indoles: bromine or iodine (the latter with potassium hydroxide) in dimethylformamide  27a   
give very high yields; pyridinium tribromide  27b   works effi ciently; iodination  27c   and chlorination  27d   tend to 



376 Heterocyclic Chemistry

be carried out in alkaline solution or involve a preformed indolyl anion,  28   and general halogenation with 
copper(II) halides.  29   Initial  N  - chlorination, then rearrangement may be involved in some cases. 

 Reaction of 3 - substituted indoles with halogens can be more complex; initial 3 - halogenation occurs 
generating a 3 - halo - 3 H  - indole,  30   but the actual products obtained then depend upon the reaction conditions, 
solvent etc. Thus, nucleophiles can add at C - 2 in the intermediate 3 - halo - 3 H  - indoles when, after loss of 
hydrogen halide, a 2 - substituted indole is obtained as fi nal product, for example in aqueous solvents, 
water addition produces oxindoles ( 20.13.1 ); comparable methanol addition gives 2 - methoxyindoles. 2 - 
Bromination of 3 - substituted indoles can be carried out using  N  - bromosuccinimide in the absence of radical 
initiators.  31   2 - Bromo -  and 2 - iodo - indoles can be prepared very effi ciently  via   α  - lithiation ( 20.5.1 ).  32   2 - Halo -
 indoles are also available from the reaction of oxindoles with phosphoryl halides.  33   Some 2,3 - diiodo - indoles 
can be obtained by iodination of the indol - 2 - ylcarboxylic acid.  34    

  20.1.1.5   Acylation 

 Indole only reacts at an appreciable rate with acetic anhydride, alone, above 140  ° C, giving 1,3 - 
diacetylindole predominantly, together with smaller amounts of  N  -  and 3 - acetylindoles; 3 - acetylindole is 
prepared by alkaline hydrolysis of product mixtures.  35   That  β  - attack occurs fi rst is shown by the resistance 
of 1 - acetylindole to  C  - acetylation, but the easy conversion of the 3 - acetylindole into 1,3 - diacetylindole. In 
contrast, acetylation in the presence of sodium acetate, or 4 - dimethylaminopyridine,  36   affords exclusively 
 N  - acetylindole, probably  via  the indolyl anion ( 20.4.1 ).   N   - Acyl - indoles are much more readily hydrolysed 
than ordinary amides, aqueous sodium hydroxide at room temperature being suffi cient. This lability is due 
in part to a much weaker mesomeric interaction of the nitrogen and carbonyl groups, making the latter 
more electrophilic, and in part to the relative stability of the indolyl anion, which makes it a better leaving 
group than amide anion. Trifl uoroacetic anhydride, being much more reactive, acylates indole at room 
temperature, at C - 3 in dimethylformamide (but at nitrogen in dichloromethane).  37    

       The use of a Lewis acid to catalyse Friedel – Crafts 3 - acylation must be carried out with care, to avoid 
oligomerisation: the method involves adding tin(IV) chloride to the indole  fi rst , then adding the acid chlo-
ride or anhydride.  38          

 Simply heating indole with triethyl orthoformate at 160  ° C leads to the alkylation of the indole nitrogen, 
introducing a diethoxymethyl group that can be used as a reversible  N -  blocking substituent  –  it allows 
2 - lithiation (cf.  20.5.1 ) and can be easily removed with dilute acid at room temperature.  39          
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 The Vilsmeier reaction is a very effi cient method for the preparation of 3 - formyl - indoles,  40   and for other 
3 - acyl - indoles using tertiary amides of other acids in place of dimethylformamide.  41   Even indoles carrying 
an electron - withdrawing group at the 2 - position, for example ethyl indole - 2 - carboxylate, undergo smooth 
Vilsmeier 3 - formylation.  42          

 Isocyanides attack under the infl uence of aluminium chloride, thus introducing an imine unit directly.  43          

 A particularly useful and high - yielding reaction is that between indoles and oxalyl chloride, which gives 
ketone - acid - chlorides convertible into a range of compounds, for example tryptamines; a synthesis of 
serotonin utilised this reaction.  44          

 Acylation of 3 - substituted indoles is more diffi cult, however 2 - acetylation can be effected with the aid 
of boron trifl uoride catalysis.  44   Indoles, with a carboxyl - containing side - chain acid at C - 3, undergo intra-
molecular acylation forming cyclic 2 - acylindoles.  45   Intramolecular Vilsmeier processes, using tryptamine 
amides, have been used extensively for the synthesis of 3,4 - dihydro -  β  - carbolines, a sub - structure found in 
many indole alkaloids ( β  - carboline is the widely used, trivial name for pyrido[3,4 -  b ]indole). Note that it 
is the imine, rather than a ketone, that is the fi nal product; the cyclic nature of the imine favours its reten-
tion rather than hydrolysis to amine plus ketone as in the standard Vilsmeier sequence;  46   this ring closure 
is analogous to the Bischler – Napieralski synthesis of 3,4 - dihydro - isoquinolines ( 9.15.1.7   ).        
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 2 - Acetylation of indol - 3 - ylacetic acid leads,  in situ , to an enol - lactone: an indole fused to a 2 - pyrone. 
This can be hydrolysed to the keto - acid, or the diene character of the 2 - pyrone ( 11.2.2.4 ) can be utilised, 
as illustrated.  47          

 Deactivation of the pyrrole ring by electron - withdrawing substituents allows acylation in the six - 
membered ring. Lewis - acid - catalysed acylation of 3 - trifl uoracetylindole takes place at C - 5, and if such 
products are hydrolysed (a haloform reaction) to the 3 - acids, decarboxylation then produces 
5 - acyl - indoles.  48          

 1 - Pivaloylindole gives high yields of 6 - substituted ketones on reaction with  α  - halo - acid - chlorides and 
aluminium chloride; simple acid chlorides react only at C - 3.  49   The sequence below shows how a 1 - pivaloyl -
 3 - (indol - 3 - yl)propanoic acid undergoes Friedel – Crafts cyclisation to C - 4, away from the deactivated het-
erocyclic ring.  50          

 Acylation of 1 - acetylindole in the presence of aluminium chloride goes cleanly at C - 6, but with diacid 
chlorides (malonyl, succinyl), 2 - substitution occurs. The former result is due to strong deactivation of C - 5 
by a 1 - acetyl – Lewis - acid complex and the latter is probably due to complexation of one acid chloride to 
the 1 - acetyl group, followed by intramolecular delivery of the other.  51    

  20.1.1.6   Alkylation   52    

 Indoles do not react with alkyl halides at room temperature. Indole itself begins to react with iodomethane 
in dimethylformamide at about 80  ° C, when the main product is skatole. As the temperature is raised, 
further methylation occurs until eventually 1,2,3,3 - tetramethyl - 3 H  - indolium iodide is formed.        
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 The rearrangement of 3,3 - dialkyl - 3 H  - indolium ions by alkyl migration to give 2,3 - dialkyl - indoles, as 
shown in the sequence above, is related mechanistically to the Wagner – Meerwein rearrangement, and is 
known as the Plancher rearrangement.  53   It is likely that most instances of 2 - alkylation of 3 - substituted -
 indoles by cationic reagents proceed by this route, and this was neatly verifi ed in the formation of 
1,2,3,4 - tetrahydrocarbazole by boron - trifl uoride - catalysed cyclisation of 4 - (indol - 3 - yl)butan - 1 - ol. The 
experiment was conducted with material labelled at the benzylic carbon. The consequence of the rearrange-
ment of the symmetrical spirocyclic intermediate, which results from attack at C - 3, was the equal distribu-
tion of the label betweeen the C - 1 and C - 4 carbons of the product.  54   It is important to note that other 
experiments demonstrate that direct attack at C - 2 can and does occur,  55   especially when this position is 
further activated by a 6 - methoxyl group.  56          

 In another elegant experiment, the intervention of a 3,3 - disubstituted 3 H  - indolium - intermediate in an 
overall  α  - substitution was proved by cyclisation of the mesylate of an optically active alcohol to give an 
optically  inactive  product,  via  an achiral, spirocyclic intermediate, from initial attack at the  β  - position.  57          

 3 - (2 - Bromoethyl)indole, on treatment with potassium carbonate in refl uxing acetonitrile, gives a stable 
spirocyclopropyl - indolenine, however this cyclisation is very slow when sodium bicarbonate is used as 
base and this allows effi cient  N  - alkylation of piperidines with the bromide.  58   Nucleophiles, such as organo-
lithiums and enolates, add to the indolenine without disrupting the cyclopropane ring.  59,60          

 Reaction at C - 3, with more electrophilic reagents, leading to allylated, benzylated and propargylated 
indoles, can be achieved under various mild conditions. All the following alkylate indoles at C - 3, at room 
temperature: allyl halides with zinc trifl ate,  61   allyl and benzyl halides in aqueous acetone (with also ca. 
20% attack at C - 2),  62   allyl alcohols under ruthenium(IV) catalysis,  63   allylic and propargylic acetates with 
iodine  64   and propargyl tertiary alcohols with  p  - toluenesulfonic acid.  65   1 - Bromo - 2 - benzoylethyne directly 
alkynylates indole at room temperature on alumina.  66          
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 Tryptophans can be obtained directly from indoles by reaction of serine with the indole, in the presence 
of acetic anhydride.  67          

 Indoles react with epoxides and aziridines in the presence of Lewis acids (see  20.4.1  for reaction of 
indolyl anions with such reactants) with opening of the three - membered ring and consequent 3 - (2 -
 hydroxyethylation) and 3 - (2 - aminoethylation) of the heterocycle. Both ytterbium trifl ate and phenylboronic 
acid are good catalysts for reaction with epoxides under high pressure;  68   silica gel is also an effective cata-
lyst, but reactions are slow at normal pressure and temperature.  69   Reaction with aziridines can be catalysed 
by zinc trifl ate or boron trifl uoride.  70   

 Indoles react with homochiral aryloxiranes at the benzylic carbon in high optical yield, under very mild 
conditions (1% InBr 3 , CH 2 Cl 2 , rt).  71   Reactions with  N  - Cbz aziridines are similarly catalysed by scandium 
trifl ate.  72           

  20.1.1.7   Reactions with  α , β  - Unsaturated Ketones, Nitriles and Nitro - Compounds 

 Such reactions are usually effected using acid (see below), or one of a number of mild Lewis acids, such 
as scandium iodide (with microwave heating),  73   indium bromide  74   or hafnium trifl ate,  75   and can be looked 
on as an extension of the reactions discussed in  20.1.1.6 . In the simplest situation, indole reacts with methyl 
vinyl ketone in a conjugate fashion in acetic acid/acetic anhydride.  76    

       Analogous alkylations with unsaturated ketones can also be effected with silica - supported benzenesul-
fonic acid sodium salt  77   or, with some stereoselectivity, using a chiral imidazolidinone organo - catalyst.  78   
Optical induction can also be achieved in the addition of indole to alkylidene malonates using bisoxazoline 
copper(II) complexes.  79   

 The use of Montmorillonite clay  80   or ytterbium trifl ate,  81   allows  α  - alkylation of  β  - substituted indoles. 
This contrasts with the different, but very instructive, reaction pathway followed when mesityl oxide and 
1,3 - dimethylindole are combined in the presence of sulfuric acid  –  electrophilic attack at the already sub-
stituted  β  - position is followed by intramolecular nucleophilic addition of the enol of the side - chain ketone, 
to C - 2.  82          
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 An extension of this methodology allows the synthesis of tryptophans by aluminium - chloride - catalysed 
alkylation with an iminoacrylate.  83          

 Nitroethene is suffi ciently electrophilic to substitute indole without the need for acid catalysis.  84   Despite 
this, it has been shown that silica - gel - supported CeCl 3 .7H 2 O/NaI brings about such reactions at room tem-
perature under solvent - free conditions  85   or, to take another solvent extreme, the reaction occurs in water 
with a catalytic amount of a  ‘ heteropoly acid ’  (H 3 PW 12 O 40 ).  86   The employment of 2 - dimethylamino - 1 - 
nitroethene in trifl uoroacetic acid leads to 2 - (indol - 3 - yl)nitroethene  –  the reactive species is the protonated 
enamine and the process is similar to a Mannich condensation ( 20.1.1.9 ).  87   The use of 3 - trimethylsilyl -
 indoles, with  ipso  - substitution of the silicon,  88   is an alternative means for effecting alkylation, avoiding the 
need for acid catalysis.        

 The formation of a nitroethene electrophile  in situ , is believed to be involved in the reaction between an 
indole, paraformaldehyde and ethyl nitroacetate, giving precursors for tryptophans.  89           

  20.1.1.8   Reactions with Aldehydes and Ketones 

 Indoles react with aldehydes and ketones under acid catalysis  –  with simple carbonyl compounds, the initial 
products, indol - 3 - yl - carbinols are never isolated, for in the acidic conditions they dehydrate to 3 - alkylidene -
 3 H  - indolium cations; those from aromatic aldehydes have been isolated in some cases;  90   reaction of 
2 - methylindole with acetone under anhydrous conditions gives the simplest isolable salt of this class.  91   
Reaction with 4 - dimethylaminobenzaldehyde (the Ehrlich reaction, see  16.1.1.7   ) gives a mesomeric and 
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highly coloured cation. Only where dehydration is inhibited have 3 - (hydroxyalkyl) - indoles been isolated, 
for example from reaction with diethyl mesoxalate  92   or ethyl glyoxylate.  93          

 3 - Alkylidene - 3 H  - indolium cations are themselves electrophiles and can react with more of the indole, 
as illustrated for reaction with formaldehyde.  94          

 The introduction of a sugar moiety to the indole 3 - position proceeds best with 2 - substituted indoles; 
indium(III) chloride is used in combination with a glycosyl bromide.  95          

 3 - Alkylation of 2 - alkyl -  and 2 - aryl - indoles can be achieved by trifl uoracetic - acid - catalysed condensation 
with either aromatic aldehydes or aliphatic ketones in the presence of the triethylsilane, which reduces the 
intermediate 3 - alkylidene - 3 H  - indolium cations.  96           

  20.1.1.9   Reactions with Iminium Ions: Mannich Reactions   97    

 Under neutral conditions and at 0  ° C, indole reacts with a mixture of formaldehyde and dimethylamine by 
substitution at the indole nitrogen.  98   This  N  - substitution may involve a low equilibrium concentration of 
the indolyl anion ( 20.4.1 ) or may be the result of reversible kinetic attack followed by loss of proton. In 
neutral solution at higher temperature or in acetic acid, conversion into the thermodynamically more stable 
3 - dimethylaminomethylindole, gramine, takes place. Gramine is formed directly, smoothly and in high 
yield, by reaction in acetic acid.  99   The Mannich reaction is useful in synthesis because not only can the 
electrophilic iminium ion be varied widely, but also the product gramines are themselves intermediates for 
further manipulation ( 20.11 ).        
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 The iminium ion electrophile can also be prepared separately, as a crystalline solid known as  ‘ Eschen-
moser ’ s salt ’  (Me 2 N +  = CH 2  I  −  )  100   and, with this, the reaction is normally carried out in a non - polar solvent. 
Examples that illustrate the variation in iminium ion structure that can be tolerated include the reaction of 
indole with quinolines, catalysed by indium(III) chloride,  101   with benzylidene derivatives of arylamines, 
catalysed by lanthanide trifl ates,  102   with ethyl glyoxylate imines  103   (no catalyst required) and with 
dihydro - 1,4 - oxazin - 2 - ones.  104          

 A related, and possibly more versatile, process can be carried out using an aldehyde and an arylsulfi nic 
acid; the resulting sulfone can be displaced by a range of nucleophiles.  105          

 In the mineral - acid - catalysed  ‘ dimerisation ’  of indole,  106   the indole is attacked by  protonated  indole, i.e. 
the iminium ion is protonated indole. In all manipulations of indoles it is necessary to be aware of their 
sensitivity to acidic conditions.        

 When protonated 3 - bromoindole is employed as electrophile, a fi nal elimination of hydrogen bromide 
gives rise to re - aromatised 2 - substituted indoles; pyrrole (illustrated) or indoles will take part in this type 
of process.  107          
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 Conducted in an intramolecular sense, Mannich reactions have been much used for the construction of 
tetrahydro -  β  - carbolines.  108   Tryptamines carrying a 2 - carboxylic acid group, which can be conveniently 
prepared ( 20.16.6.3 ), but are not easily decarboxylated as such, undergo cyclising Mannich condensation 
with aldehydes and ketones, with loss of the carbon dioxide in a fi nal step.  109          

 These cyclisations may proceed by direct electrophilic attack at the  α  - position, or by way of  β  - attack, 
then rearrangement. It may be signifi cant that Mannich processes, as opposed to the alkylations discussed 
in Section  20.1.1.6 , are reversible, which would allow a slower, direct  α  - substitution to provide the principal 
route to the  α  - substituted structure. 

 The cyclisation of nitrones derived from tryptamines is a similar process and can be carried out enanti-
oselectively using a chiral Lewis acid.  110   A similar enantioselective intermolecular process is the copper -
 catalysed reaction of indoles with tosyl - imines of aromatic aldehydes.  111           

  20.1.1.10   Diazo - Coupling and Nitrosation 

 The high reactivity of indole is shown up well by the ease with which it undergoes substitution with weakly 
electrophilic reagents, such as benzenediazonium chloride and nitrosating agents. Indoles react rapidly with 
nitrous acid; indole itself reacts in a complex manner, but 2 - methylindole gives a 3 - nitroso substitution 
product cleanly. This can also be obtained by a base - catalysed process using amyl nitrite as a source of the 
nitroso group; these basic conditions also allow 3 - nitrosation of indole itself. 3 - Nitroso - indoles exist pre-
dominantly in the oximino 3 H  - indole tautomeric form.  112    

  20.1.1.11   Electrophilic Metallation 

    Mercuration   ( CAUTION: mercury salts are highly toxic ) 

 Indole reacts readily with mercuric acetate at room temperature to give a 1,3 - disubstituted product.  113   
Even  N  - sulfonyl - indoles are substituted under mild conditions; the 3 - mercurated compounds thus produced 
are useful in palladium - catalysed couplings  114   and can be used to prepare boronic acids ( 4.1.5.3 ).  115   
1 - Phenylsulfonyl - 3 - substituted indoles mercurate at C - 4, subsequent reaction with iodine giving 
4 - iodo - indoles.  116    
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           Thallation   ( CAUTION: thallium salts are highly toxic ) 

 Thallium trifl uoroacetate reacts rapidly with simple indoles, but well - defi ned products cannot be isolated. 
3 - Acyl - indoles, however, undergo a very selective substitution at C - 4, due to chelation and protection of 
the heterocyclic ring by the electron - withdrawing 3 - substituent.  117   The products are good intermediates for 
the preparation of 4 - substituted indoles, for example 4 - iodo -  and thence 4 - alkoxy - ,  117b   4 - alkenyl -   118   and 
4 - methoxycarbonyl,  119    via  palladium - mediated couplings. The regiochemistry is neatly complemented 
by thallation of  N  - acetylindoline, which goes to C - 7, allowing introduction of substituents at this carbon  120   
(cf.  20.5.1 ).            

  20.2   Reactions with Oxidising Agents 
 Autoxidation occurs readily with alkyl - indoles, thus, for example, 2,3 - diethylindole gives an isolable 
3 - hydroperoxy - 3 H  - indole. Generally, such processes give more complex product mixtures resulting from 
further breakdown of the initial hydroperoxide; singlet oxygen also produces hydroperoxides, but by a 
different mechanism. If the indole carries a side - chain capable of trapping the indolenine by intramolecular 
nucleophilic addition, then tricyclic hydroperoxides can be isolated.  121          

 The reagent MoO 5 .HMPA, known as  ‘ MoOPH ’ , brings about addition of the elements of methyl hydro-
gen peroxide to an  N  - acyl - indole, and these adducts in turn, can be utilised: one application is to induce 
loss of methanol, and thus the overall transformation of an indole into an indoxyl ( 20.13.2 ).  122          

 Oxidative cleavage of the indole 2,3 - double bond can be achieved with ozone, sodium periodate,  123   
potassium superoxide,  124   with oxygen in the presence of cuprous chloride  125   and with oxygen, photochemi-
cally in ethanolic solution.  126          
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 The conversion of 3 - substituted indoles into their corresponding oxindoles can be brought about 
by reaction with dimethylsulfoxide in acid; the scheme below shows a reasonable mechanism for the 
process  –  once again a small concentration of  β  - protonated indole is the key.  127   In a comparable sequence 
using Swern conditions, Me 2 S +  adds fi rst to the indole  β  - position.  128   Dimethyldioxirane converts  N  -
 methoxycarbonyl - indoles (or  - oxindoles) into 3 - hydroxy - oxindoles.  129                  

  20.3   Reactions with Nucleophilic Reagents  (see also  20.13.4 )  
 As with pyrroles and furans, indoles undergo very few nucleophilic substitution processes. Most of those 
that are known involve special situations:  N  - substituted benzene - ring - nitro - indoles undergo vicarious 
nucleophilic substitutions (VNS) ( 3.3.3 ).  130   A related process involves addition of stabilised enol(ate)s  ortho  
to a 5 - sulfoxide, with loss of the oxygen from sulfur. The reaction is highly selective for C - 4, even in the 
presence of 3 - substituents.  131          

 2 - Iodo -  and 2 - bromo -  N  - protected - indoles undergo displacement by reaction with silver nitrite to give 
the corresponding 2 - nitroindoles.  132           

  20.4   Reactions with Bases 
  20.4.1   Deprotonation of  N  - Hydrogen and Reactions of Indolyl Anions 

 As in pyrroles, the  N  - hydrogen in indoles is much more acidic (p K  a   16.2 ) than that of an aromatic amine 
(aniline has p K  a  30.7). Any very strong base will effect complete conversion of an  N  - unsubstituted indole 
into the corresponding indolyl anion, amongst the most convenient being sodium hydride,  n  - butyllithium 
or an alkyl Grignard reagent.        



Indoles: Reactions and Synthesis 387

 The indolyl anion has two main mesomeric structures showing the negative charge to reside mainly on 
nitrogen and the  β  - carbon. Electron - withdrawing substituents, particularly at the  β  - position, increase the 
acidity markedly, for example 3 - formylindole is about fi ve p K  a  units more acidic than indole and 2 - 
formylindole is some three units more acidic.  133          

 In its reactions, the indolyl anion behaves as an ambident nucleophile; the ratio of  N -   to  β  - substitution 
with electrophiles depends on the associated metal, the polarity of the solvent, and the nature of the elec-
trophile. Generally, the more ionic sodio and potassio derivatives tend to react at nitrogen, whereas mag-
nesio derivatives have a greater tendency to react at C - 3 (see also  20.1.1.4 ),  134   however, reaction of indolyl 
Grignards in HMPA leads to more attack at nitrogen.  135   Complimentarily, more reactive electrophiles show 
a greater tendency to react at nitrogen than less electrophilic species. 

  N  - Alkylation of indoles can utilise indol - 1 - ylsodiums,  136   generated quantitatively with sodium hydride, 
or it can involve a small concentration of an indolyl anion, produced by phase - transfer methods.  137   Dimethyl 
carbonate with DABCO can be used for  N  - methylation, and the acidity of indoles, especially carbazoles, 
is suffi cient for successful Mitsunobu alkylations.  138,139,140          

  N  - Aroyl - benzotriazoles react well with indolyl anions to give  N  - aroyl - indoles.  141    N  - Acylation  142   and 
 N  - arylsulfonylation  143   can also be achieved effi ciently using phase - transfer methodology.        

 Indolyl  N  - Grignards,  144   or even better their zinc analogues,  145   undergo reaction predominantly at C - 3 
with a variety of carbon electrophiles such as aldehydes, ketones and acid halides, or reactive halo - hetero-
cycles.  146   Including aluminium chloride in the zinc reactions produces high yields of 3 - acyl - indoles.  147   The 
copper - catalysed reactions of indolyl -  N  - Grignards with  N  -  t  - butoxycarbonyl - aziridines also proceed well at 
C - 3.  148                 
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 1 - Lithio - indoles are equally useful; again, the position of attack depends on both solvent and the nature 
of the electrophile.  149   It is important to note that when an  N  - metallated 3 - substituted indole alkylates at 
carbon, necessarily a 3,3 - disubstituted - 3 H  - indole is formed, which cannot re - aromatise to form an indole 
(see  20.1.1.6  for rearrangements of 3,3 - disubstituted indolenines).          

  20.5    C  - Metallation and Reactions of  C  - Metallated Indoles 
  20.5.1   Direct Ring  C  –  H  Metallation 

 C - Metallation of indoles has, in nearly all cases, been conducted in the absence of the much more acidic 
 N  - hydrogen i.e. the presence of an  N  - substituent like methyl,  156   or if required, a removable group: phenyl-
sulfonyl,  157   lithium carboxylate  158   and  t  - butoxycarbonyl  159   have been used widely; also recommended are 
dialkylaminomethyl,  160   trimethylsilylethoxymethyl  161   and methoxymethoxy  162   (the  N  - substituent cannot be 
introduced into an indole  –  it requires a pre - formed 1 - hydroxy - indole  –  but it is possible to reduce it off 
to leave an  N  - hydrogen - indole). Each of these removable substituents assists lithiation by intramolecular 
chelation and in some cases by electron withdrawal, reinforcing the intrinsic tendency for  metallation to 

proceed at the  α  - position .        

 When  N  - acyl or  N  - sulfonyl groups are utilised as protecting groups during indole manipulations, it is 
important that there be effi cient means for their fi nal removal. Both types can be removed with hot base, 
providing the rest of the molecule is sturdy enough, but milder methods are available. Carbamates can be 
removed by reaction with hot aqueous methanolic potassium carbonate  150   or with  t  - butylamine in refl uxing 
methanol,  151   and  N  - tosyl groups can be cleaved with thioglycolic acid at room temperature,  152   cesium car-
bonate in hot THF/methanol  153   or by photo - induced electron transfer from triethylamine.  154   Removal of 
 N,N  - dimethylaminosulfonyl groups can be achieved by electrolysis.  155   

 Magnesiation at C - 2 can be carried out at room temperature; as well as serving in the usual way as 
nucleophiles, magnesio - indoles can also be used directly for palladium - catalysed couplings.  163          
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 One of the most convenient  N  - protecting groups in indole  α  - lithiations is carbon dioxide  158   because the 
 N  - protecting group is installed  in situ  and, further, falls off during normal work - up. This technique has 
been used to prepared 2 - halo - indoles  32   and to introduce a variety of substituents by reaction with appropri-
ate electrophiles  –  aldehydes, ketones, chloroformates, etc.  158          

 Given below are some  α  - substitutions achieved with various  N  - blocking/activating groups.  39,157,164,165                               

 Direct 3 - lithiation can be accomplished with  ortho  - assistance from a 2 - (2 - pyridyl) -   184   or a 2 - carboxyl 
group.  166   Direct 3 - lithiation even  without  a substituent at C - 2 can be achieved with an  N  - di( t  - butyl)
fl uorosilyl - ,  167    N  - tri -  i  - propylsilyl -   168   or  N  - (2,2 - diethylbutanoyl) - substituent in place, the latter using  sec  -
 butyllithium in the presence of  N,N,N ′ ,N ″ ,N ″  -  pentamethyldiethylenetriamine.  169   Other directed metallation 
processes in the hetero - ring include: 2 - lithiation of 1 - substituted indole - 3 - carboxylic acids and amides,  170   
and of 3 - hydroxymethyl - 1 - phenylsulfonylindole.  171          
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 The dimethylamino group of gramine directs lithiation to C - 4 when the indolic nitrogen is protected by 
the bulky TIPS group, but metallation occurs normally at C - 2 when this nitrogen bears a simple methyl.  172   
Comparable regioselectivity is found with 3 - methoxymethyl - 1 - tri -  iso  - propylsilylindole.  173   4 - Lithiation 
of 5 - (dimethylcarbamoyloxy) - 1 - ( t  - butyldimethylsilyl)indole and the 6 - lithiation of 4 - substituted - 5 -
 (dimethylcarbamoyloxy) - 1 - ( t  - butyldimethylsilyl) - indoles depend on  ortho -  directing effects.  174          

 Metallation at C - 7 can be achieved using a bulky  N  - 2,2 - diethylbutanoyl group, when a 3 - substituent is 
also present to further discourage metallation at C - 2.  175   An  N  - di -  t  - butylphosphinoyl group also directs 
metallation to C - 7, but the  N  - substituent is diffi cult to remove, so a blocking strategy can be employed: 
the desired affect is achieved  via  a one - pot sequence from 1 - (diethylaminocarbonyl)indole involving 
2 - lithiation, reaction with trimethylsilyl chloride (at C - 2), and then  peri  - directed C - 7 - metallation.  176    

  20.5.2   Metal – Halogen Exchange 

 The two halogens in 2,3 - dibromo - 1 - methylindole can be exchanged selectively  –  fi rst that at the  α  - position 
and then that at C - 3  177   indeed 2,3 -  di lithio - 1 - methylindole can also be generated from 2,3 - diiodo - 1 - methy-
lindole using  t  - butyllithium at  − 100  ° C. It is signifi cant that 2,3 - diiodo - 1 - phenylsulfonylindole undergoes 
comparable double metal – halogen exchange, but the dilithio - derivative ring opens, with the nitrogen anion 
acting as a leaving group (cf.  17.4.2 ), even at  − 100  ° C, to lithium 2 - ( N  - lithiophenylsulfonamido)
phenylacetylide. 

 3 - Lithio - indoles can be prepared by halogen exchange;  178,179,180,181   the  N  -  t  - butyldimethylsilyl - derivative 
is regiostable, even at 0  ° C,  182   whereas 3 - lithio - 1 - phenylsulfonylindole isomerises to the 2 - isomer at 
temperatures above  − 100  ° C, although hetero - ring opening and production of an alkyne is not a problem 
at that temperature.  183,184   The corresponding  N  - phenylsulfonyl - 3 - magnesium  185   and  - 3 - zinc  186   species are 
regiostable, even at room temperaure; they can be prepared from the 3 - iodoindole by reaction with 
ethylmagnesium bromide and lithium trimethylzincate respectively; the 2 - zinc - reagent is comparably 
prepared.                      
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 2 - Iodoindole can be converted, using three equivalents of  n  - butyllithium, into the 1,2 - dilithio compound, 
which reacts normally at C - 2 with electrophiles.  187   

 Lithium – bromine exchange can be achieved with each of the benzene - ring bromo - indoles after formation 
of the  N  - potassium salt, i.e.  N  - protection.  188            

  20.6   Reactions with Radicals 
 Radicals such as benzyl and hydroxyl are unselective in their interaction with indoles, resulting in mixtures 
of products, so such reactions are of little synthetic use. On the other hand, benzoyloxylation of  N  - 
substituted indoles gives benzoates of indoxyl,  189   i.e. it effectively oxidises the indole heterocyclic ring,  via  
 β  - attack by the strongly electrophilic benzoyloxy - radical. In contrast, the weakly electrophilic radical 
derived from malonate reacts selectively at C - 2,  via  an atom - transfer mechanism.  190          

 Some effi cient oxidative  191   and reductive  192   intramolecular carbon - radical additions can be carried out. 
 Ipso  - replacement of toluenesulfonyl by tributylstannyl radical occurs readily at C - 2  193   (but not at C - 3) as 
does intramolecular replacement by carbon radicals.  194          
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 2 - Indolyl radicals can be generated under standard conditions by reacting 2 - bromoindole with tributyltin 
hydride.  195   3 - Methyl - 1 - tosylindole can be cyanated at C - 2 in good yield by a mixture of TMSCN and PIFA 
 via  oxidation of the indole to a cation radical, then addition of cyanide anion.  196    

  20.7   Reactions with Reducing Agents 
 The indole ring system is not reduced by nucleophilic reducing agents, such as lithium aluminium hydride 
or sodium borohydride; lithium/liquid ammonia does, however, reduce the benzene ring; 4,7 - dihydroindole 
is the main product.  197          

 Reduction with lithium in the presence of trimethylsilyl chloride, followed by re - aromatisation, produces 
4 - trimethylsilylindole, an intermediate useful for the synthesis of 4 - substituted indoles  via  electrophilic 
 ipso  - replacement of silicon.  198          

 Reduction of the heterocyclic ring is readily achieved under acidic conditions; formerly, metal – acid 
combinations  199   were used, but now much milder conditions employ relatively acid - stable metal hydrides, 
such as sodium cyanoborohydride. Triethylsilane in trifl uoroacetic acid is another convenient combination; 
2,3 - disubstituted indoles give 2,3 -  cis  - indolines by this method.  200   Such reductions proceed by hydride attack 
on the  β  - protonated indole  –  the 3 H  - indolium cation.  201   Catalytic reduction of indole, again in acid solution, 
produces indoline initially, further slower reduction completing the saturation.  202   Rhodium - catalysed high -
 pressure hydrogenation of indoles with a  t  - butoxycarbonyl group on nitrogen proceeds smoothly to give 
2,3 -  cis  - indolines.  203           

  20.8   Reactions with Carbenes 
 No cyclopropane - containing products have been isolated from the interaction of an indole 2,3 - double bond 
with carbenes (cf.  16.9   ). Methoxycarbonyl - substituted carbenes give rise only to a substitution product, at 
C - 3 if available and at C - 2 from 3 - substituted indoles.  204,205           
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  20.9   Electrocyclic and Photochemical Reactions 
 The heterocyclic double bond in simple indoles will take part in cycloaddition reactions with dipolar 4 π  
components,  206   and with electron - defi cient dienes (i.e. inverse electron demand), in most reported cases, 
held close using a tether;  207   a comparable effect is seen in the intermolecular cycloaddition of 2,3 - 
cycloalkyl - indoles to  ortho  - quinone generating a 1,4 - dioxane.  208   The introduction of electron - withdrawing 
substituents enhances the tendency for cycloaddition to electron - rich dienes: 3 - acetyl - 1 - phenylsulfonylin-
dole, for example, undergoes aluminium - chloride - catalysed cycloaddition with isoprene,  209   and 3 - nitro - 1 -
 phenylsulfonylindole reacts with 1 - acylamino - buta - 1,3 - dienes without the need for a catalyst.  210   Both 3 -  and 
2 - nitro - 1 - phenylsulfonyl - indoles undergo dipolar cycloadditions with azomethine ylides.  211                 

 Both 2 -  and 3 - vinylindoles can take part as 4 π  components in Diels – Alder cycloadditions;  212   mostly, 
but not always,  213   these employ  N  - acyl -  or  N  - arylsulfonyl - indoles, in which the interaction between nitrogen 
lone pair and  π  - system has been reduced.  214   The example shows how this process can be utilised in the 
rapid construction of a complex pentacycle.  215          

 When tethered 1,2,4 - triazines are used, their interaction with the indole 2,3 - double bond generates car-
bolines. The tether can be incorporated into the product molecule,  216   or be designed to be broken  in situ , 
as in the example below.  217   1,2,4,5 - Tetrazines react with the indole 2,3 - bond in an intermolecular sense; 
the initial adduct loses nitrogen and then is oxidised to the aromatic level by a second mole equivalent of 
the tetrazine.  218                 
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 A 1 - vinylamino - indole undergoes a 3,3 - sigmatropic rearrangement giving the tricyclic ring system of 
the eseroline alkaloids.  219          

 Claisen ortho - ester rearrangement of indol - 3 - yl - alkanols introduces the migrating group to the indole 
2 - position.  220          

 Under the infl uence of UV light,  N  - methylindoles add dimethyl acetylenedicarboxylate, generating 
cyclobuteno - fused products,  221   and even simple alkenes add in an apparent 2   +   2 fashion to  N  - acyl - indoles, 
but the mechanism probably involves radical intermediates.  222   Other photochemical additions to form  N  -
 benzoyl - indolines fused to four - membered rings include addition to the carbonyl group in benzophenone 
and the double bond in methyl acrylate.  223           

  20.10   Alkyl - Indoles 
 Only alkyl groups at indole  α  - positions show any special reactions. Many related observations confi rm that 
in a series of equilibria,  β  - protonation can lead to 2 - alkylidene - indolines, and hence reactivity towards 
electrophiles at an  α  - , but not a  β  - alkyl group, for example in DCl at 100  ° C 2,3 - dimethylindole exchanges 
H for D only at the 2 - methyl. This same phenomenon is seen in Mannich condensation  224   and trifl uoro-
acetylation  225   of 1,2,3 - trimethylindole at the  α  - methyl.        
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 Side - chain lithiation is again specifi c for an  α  - substituent,  via  an  N  - lithium carboxylate,  226   or even 
without  N  - protection.  227          

 A quite different side - chain acylation can be achieved with aluminium chloride catalysis: here, associa-
tion of the Lewis acid with the indole  α  - position is assumed to lead to a styrene intermediate, which is 
acylated.  228           

  20.11   Reactions of Indolyl -  C  –  X  Compounds 
 Gramine and, especially, its quaternary salts are useful synthetic intermediates in that they are easily pre-
pared and the dimethylamino group is easily displaced by nucleophiles  –  reactions with cyanide  229   and 
acetamidomalonate  230   anions, and boronic acids with rhodium(I) catalysis,  231   are typical.        

 The easy displacement of the amine (ammonium) group proceeds by way of an elimination, involving 
loss of the indole hydrogen, and thus the intermediacy of a  β  - alkylidene - indolenine that then readily adds 
the nucleophile, regenerating the indole system. This mechanism has been verifi ed by observing: (i) very 
much slower displacement with a corresponding 1 - methyl - gramine, and (ii) racemisation on displacement 
using a substituted gramine in which the nitrogen - bearing carbon was a chiral centre.  232          

 Utilising tri -  n  - butylphosphine to displace the dimethylamino group generates,  in situ , a zwitterion which, 
by proton transfer, becomes a Wittig intermediate and thus can be utilised to prepare 3 - vinyl - indoles.  233          
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 A related sequence is involved in the lithium aluminium hydride reduction of indol - 3 - yl - carbinols (which 
can be obtained from the corresponding ketones using milder reducing agents), with formation of the alkyl -
 indole. This constitutes a useful synthesis of 3 - alkyl - indoles.  234   The one - pot conversion of 3 - formylindole 
into 3 - cyanomethylindole with a mixture of sodium cyanide and sodium borohydride probably involves a 
comparable elimination from the cyanohydrin, then reduction.  235          

 Yet another use for ( N  - protected) gramines is conversion into 3 - bromo - indoles: this involves  β  -
 bromination and then retro - Mannich loss of the original substituent.  236   Combined with the directing ability 
of the original dimethylamino group ( 20.5.1 ) this provides a route to 4 - substituted 3 - bromo - indoles.        

 Although indolylic halides are generally unstable and not synthetically useful,  N  - acylated derivatives are 
much more stable, can be prepared by side - chain radical substitution, and can be utilised in nucleophilic 
substitution processes.  237           

  20.12   Indole Carboxylic Acids 
 Both indole - 3 - carboxylic  238   and indol - 2 - yl - acetic acids are easily decarboxylated in boiling water. In each 
case carbon dioxide is lost from a small concentration of  β  - protonated 3 H  - indolium cation, the loss being 
analogous to the decarboxylation of a  β  - keto - acid. Indole - 1 - carboxylic acid also decarboxylates very easily, 
but is suffi ciently stable to allow isolation and use in acylation reactions.  239   Indole - 2 - carboxylic acids can 
only be decarboxylated by heating in mineral acid or in the presence of copper salts.  240          
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 3 - Trifl uoroacetyl - indoles, very simply obtained from indoles by electrophilic substitution, are useful 
stable equivalents of indol - 3 - yl - carboxylic acid chlorides, giving amides or acids in reactions with lithium 
amides or aqueous base respectively. The reactivity of the  N  - hydrogen compounds is greater than of those 
with  N  - alkyl, indicating the intermediacy of a ketene in the reactions of the former.  241          

 In a nice exemplifi cation of the mesomeric interaction between indole nitrogen and a 3 - carbonyl, which 
renders the 3 - carbonyl somewhat amide - like (see also  20.11 ), 2,3 - dicarboxylic acid anhydrides react with 
some nucleophiles selectively at the 2 - carbonyl; inductive withdrawal by the ring nitrogen may also play 
a part in achieving this selectivity.  242    

  20.13   Oxy - Indoles 
 Indoles with a hydroxyl group on the benzene ring behave like normal phenols; indoles with an oxygen at 
either of the heterocyclic ring positions are quite different. 

  20.13.1   Oxindole 

 Oxindole exists as the carbonyl - tautomer, the hydroxyl - tautomer ( ‘ 2 - hydroxyindole ’ ) being undetectable. 
There is nothing remarkable about the reactions of oxindole; for the most part it is a typical 5 - membered 
lactam, except that deprotonation at the  β  - carbon (p K  a     ∼    18) occurs more readily than with simple amides, 
because the resulting anion is stabilised by an aromatic indole resonance contributor. Such anions will react 
with electrophiles like alkyl halides and aldehydes  243,244   at the  β  - carbon, the last with dehydration and 
the production of aldol condensation products. Oxindoles can be oxidised to isatins ( 20.13.3 )  via  
easy 3,3 - dibromination, then hydrolysis.  245   Bromination of oxindole with  N  - bromosuccinimide gives 
5 - bromooxindole. 193         

 The interaction of oxindole with the Vilsmeier reagent produces 2 - chloro - 3 - formylindole effi ciently;  246   
this difunctional indole has considerable potential for elaboration, for example nucleophilic displacement 
of the halogen, activated by the  ortho  - aldehyde, can produce indoles carrying a nitrogen substituent at 
C - 2.  247          
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 Of potential in palladium(0) - catalysed coupling processes to the indole 2 - position is the 1 - phenylsulfo-
nylated 2 - trifl ate readily obtained from 1 - phenylsulfonyloxindole (see also  4.2.3 ).  248    

  20.13.2   Indoxyl   249           

 3 - Hydroxyindole certainly contributes in the tautomeric equilibrium with the carbonyl form, though it is 
the minor component. Indoxyl, p K  a  10.46,  250   is more acidic than oxindole, the anion produced is ambident; 
reactions with electrophiles at both oxygen and carbon are known.  251          

 The indoxyl anion is particularly easily autoxidised, producing the ancient blue dye, indigo. The mecha-
nism probably involves dimerisation of a radical formed by loss of an electron from the anion.        

  O  - Acetylindoxyl  252   and  N  - acyl - indoxyls are more stable substances; the latter undergo normal ketone -
 carbonyl reactions, such as the Wittig reaction.  253          

 Mirroring oxindoles, aldol - type condensation at the 2 - position in indoxyls can be accomplished either 
using the acetate of the enol form and base catalysis,  254   or with indoxyl itself, in either acid or basic condi-
tions.  255   Borohydride reduction and dehydration allows these alkylidene condensation products to be con-
verted into 2 - substituted indoles. 
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 Peroxide oxidation of  N  - phenylsulfonylindole - 3 - boronic acid gives  N  - phenylsulfonylindoxyl, which can 
be converted into the trifl ate of the 3 - hydroxyindole tautomer.  256   The same  N  - protected indoxyl can be 
prepared by ring synthesis, as shown below.         

  20.13.3   Isatin   257    

 Isatin is a stable, bright orange solid that is commercially available in large quantities. Because it readily 
undergoes clean aromatic substitution reactions at C - 5,  N  - alkylation  via  an anion, and ketonic reactions at 
the C - 3 - carbonyl group, for example enolate addition,  258   it is a very useful intermediate for the synthesis 
of indoles and other heterocycles.        

 Conversion of isatins into oxindoles can be achieved by catalytic reduction in acid,  259   or by the Wolff –
 Kischner process.  260,261   3 - Substituted indoles result from Grignard addition at the ketone carbonyl, followed 
by lithium aluminium hydride reduction of the residual amide, then dehydration.  262   The reaction of isatin 
with triphenylphosphine provides an easy synthesis of 3 - (triphenylphosphorylidene)oxindole, a Wittig 
reagent.  263          

 A process that produces pyrroles, from ketones and hydroxyproline, works well with isatins.  264           

  20.13.4   1 - Hydroxyindole   265    

 1 - Hydroxyindole can be prepared in solution, but attempted purifi cation leads to dimerisation  via  its nitrone 
tautomer; however,  O  - alkyl - derivatives can be formed easily and are stable.  266          
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 Lithiation of 1 - methoxyindole takes place at C - 2 and thus substituents can be introduced. Various 
nucleophilic substitutions, with departure of the 1 - substituent can take place. One of the reactions below 
shows the introduction of a hydroxyl group onto the indole 5 - position by aqueous acid treatment of a 
1 - hydroxyindole.  267   1 - Methoxy groups allow nucleophilic attack on the heterocyclic ring, as illustrated by 
the second example.  268          

  Cine  - nucleophilic substitution of methoxy in a 1 - methoxy - 3 - formyl - indole produces the 2 - substituted 
product.  269            

  20.14   Amino - Indoles 
 2 - Aminoindole exists mainly as the 3 H  - tautomer, presumably because of the energy advantage conveyed 
by amidine - type resonance. 3 - Aminoindole is very unstable, and easily autoxidised.  270   Both 2 -  and 3 - 
acylamino - indoles are stable and can be obtained by catalytic reduction of nitro - precursors in the presence 
of anhydrides.  271   1 - Amino - indoles can be prepared by direct amination of the indolyl anion.  272           

  20.15   Aza - Indoles   273,274           

 The (mono) - aza - indoles, or more correctly pyrrolo - pyridines, where a carbon of the six - membered ring 
has been replaced by nitrogen, are of interest as bicyclic systems comprising an electron - rich ring fused to 
an electron - poor ring. Simple aza - indoles are not known in nature, but polycyclic products containing 
azaindole units have been isolated from sea sponges. Aza - indoles have elicited signifi cant interest in 
medicinal chemistry as isosteres of indoles, particularly as components of azatryptamine analogues and 
even as di - deaza - purines. 

 Aza - indoles show the typical reactivity of both component heterocycles, but to a reduced and varying 
degree, with reduced electron density in the fi ve - membered ring and increased electron density in the six -
 membered ring. 
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 The p K  aH s for protonation on the pyridine nitrogen, of the four parent systems, demonstrate the degree 
of push – pull interaction between the two rings. For example, the p K  aH s of 5 -  and 7 - azaindoles refl ect, but 
to a greater degree, the p K  aH s of 4 - aminopyridine (9.1) and 2 - aminopyridine (7.2), respectively, and are 
partly explained by the more favourable  γ  - interaction between the donating and accepting groups in the 
former. This differential reactivity is exaggerated in mildly acidic solutions, such as are used in Mannich 
reactions, where the 5 - azaindole is present predominantly in protonated form, while the 7 - azaindole is 
mainly present in the form of its free base. 

         20.15.1   Electrophilic Substitution 

 Reactions with electrophilic reagents take place with substitution at C - 3 or by addition at the pyridine 
nitrogen. All the aza - indoles are much more stable to acid than indole (cf.  20.1.1.9 ), no doubt due to the 
diversion of protonation onto the pyridine nitrogen, but the reactivity towards other electrophiles at C - 3 is 
only slightly lower than that of indoles. Bromination and nitration occur cleanly in all four parent systems  275   
and are more controllable than in the case of indole. Mannich and Vilsmeier reactions can be carried out 
in some cases, but when the latter fails, 3 - aldehydes can be prepared by reaction with hexamine, possibly 
 via  the anion of the azaindole. Alkylation under neutral conditions results in quaternisation on the pyridine 
nitrogen and reaction with sodium salts allows  N  - 1 - alkylation. Acylation under mild conditions also occurs 
at N - 1. The scheme below summarises these reactions for the most widely studied system  –  7 - azaindole. 
Acylation at C - 3 in all four systems can be carried out at room temperature in the presence of excess alu-
minium chloride.  276           

  20.15.2   Nucleophilic Substitution 

 Only a few examples of nucleophilic substitution have been reported  –  displacement of halogen  α  and  γ  
to the pyridine nitrogen can be carried out under vigorous conditions or with long reaction times. No 
Chichibabin substitutions have been reported. Reaction of 4 - chloro - 7 - azaindole with a secondary amine 
results in normal substitution of the halogen, but reaction with primary amines gives 5 - azaindole rearrange-
ment products by the sequence shown below.  277          
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 4 - Chloro - 7 - azaindole undergoes nucleophilic displacement with cyanide; the halide is available  via  the 
 N  - oxide.  278          

 The reactivity of 4 - chloro - 1 - methyl - 5 - azaindole, for which data is available, towards nucleophilic sub-
stitution of chlorine by piperidine  279   can be usefully compared with that of some related systems: it is 
signifi cantly less reactive than the most closely related bicyclic systems, probably due to increased electron 
density in the six - membered ring resulting from donation from N - 1.    

     Relative rates for nucleophilic displacement with piperidine in MeO(CH 2 ) 2 OH at 100  ° C  280    

 1 - Phenylsulfonyl - 7 - azaindole is lithiated at C - 2 by lithium diisopropylamide; subsequent reactions of 
the lithiated azaindole are normal, for example the preparation of a stannane.  281     

  20.16   Synthesis of Indoles   282    
  20.16.1   Ring Synthesis of Indoles 

 Indoles are usually prepared from non - heterocyclic precursors by cyclisation reactions on suitably substi-
tuted benzenes; they can also be prepared from pyrroles by construction of the homocyclic aromatic ring, 
and from indolines by dehydrogenation. 

 Because of the importance of indoles in natural product synthesis and pharmaceutical chemistry, reports 
of new routes to indoles and improvements to older reactions appear frequently. This section discusses the 
most important methods now available, often those that have been used most frequently and are the most 
adaptable. 
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  20.16.1.1   From Aryl - hydrazones of Aldehydes and Ketones 

 Still the most widely used route, heating an arylhydrazone, usually with acid, sometimes in an inert solvent 
gives an indole with the loss of ammonia.  

        The Fischer Synthesis 

 The Fischer synthesis,  283   fi rst discovered in 1883, involves the acid -  or Lewis - acid - catalysed rearrangement 
of an arylhydrazone with the elimination of ammonia. The preparation of 2 - phenylindole illustrates the 
process in its simplest form.  284          

 In many instances the reaction can be carried out simply by heating together the aldehyde or ketone and 
arylhydrazine in acetic acid;  285   the formation of the arylhydrazone and its subsequent rearrangement take 
place without the necessity for isolation of the arylhydrazone. Toluenesulfonic acid, cation - exchange resins, 
acidic clays and phosphorus trichloride have all been recommended for effi cient cyclisations, sometimes 
even at or below room temperature.  286   Electron - releasing substituents on the benzene ring increase the rate 
of Fischer cyclisation, whereas electron - withdrawing substituents slow the process down,  287   though even 
arylhydrazones carrying nitro groups can be indolised satisfactorily with appropriate choice of acid 
and conditions, for example a two - phase mixture of toluene and phosphoric acid,  288   or boron trifl uoride in 
acetic acid.  289   Electron - withdrawing substituents  meta  to the nitrogen give rise to roughly equal amounts 
of 4 -  and 6 - substituted indoles; electron - releasing groups similarly oriented produce mainly the 6 -
 substituted indole.  216    N a   - Aroyl -   290   and  N a   - Boc -   291   arylhydrazones undergo normal Fischer closures, the latter 
with loss of the Boc group  in situ.  The Fischer process can be conducted on solid support in traceless mode 
by attaching the non - aromatic nitrogen to the support  292   (this is lost in the conversion  –  see below). 

 The mechanistic details of the multi - step Fischer sequence are best represented by the sequence shown 
below. Labelling studies proved the loss of the non - aromatic nitrogen as ammonia, and in some cases 
intermediates have been detected by  13 C and  15 N NMR spectroscopy.  293   The most important step  –  the one 
in which a carbon – carbon bond is made, marked  A   –  is electrocyclic in character and analogous to the 
Claisen rearrangement of aryl allyl ethers.        
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 Support for this sequence also comes from the observation that, in many cases indolisation can be 
achieved thermally, at a temperature as low as 110  ° C, in the special case of pre - formed ene - hydrazines, 
i.e. in which the fi rst step of the normal sequence  –  acid - catalysed tautomerisation of imine to enamine  –  
has already been accomplished.  294   The reaction does, however, still occur more rapidly in the presence 
of acid and this is interpreted as protonation of the nitrogen, as shown above, facilitating the electro-
cyclic step.        

 Fischer cyclisations can be achieved thermally, but generally much higher temperatures are required 
and proton transfer from solvent (typically a glycol) may be involved. However, using pre - formed  N  - 
trifl uoroacetyl - ene - hydrazines allows thermal cyclisation at temperatures as low as 65  ° C.  295   As the example 
below shows, in the case of derivatives of cyclopentanones, the 2 - aminoindoline intermediate can be iso-
lated at lower temperatures; subsequent elimination of trifl uoroacetamide is easy and effi cient.        

 An extreme case of acid catalysis is the indolisation of phenylhydrazones of  β  - dicarbonyl - compounds 
in concentrated sulfuric acid;  296   in milder acid, only pyrazolones are produced from the interaction of  β  -
 keto - esters with hydrazines ( 25.12.1.1 ).        

 An aspect of the Fischer reaction that is of considerable practical importance is the ratio of the two pos-
sible indoles formed from unsymmetrical ketones; in many instances, mixtures result because ene - hydrazine 
formation occurs in both directions. It appears that strongly acidic conditions favour the least substituted 
ene - hydrazine.  297          

 Cyclic enol ethers, enamides and related compounds are very useful stable aldehyde equivalents, as they 
can be precursors for tryptamine derivatives and analogues.  298,299                 
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 Indolenines (3 H  - indoles) are formed effi ciently on Fischer cyclisation of the arylhydrazones of branched 
ketones; note, again, the use of a weaker acid medium to promote formation of the more substituted ene -
 hydrazine required for indolenine formation.  300   Subjected to higher temperatures of reaction, the aryl -
 hydrazones of branched ketones give rise to 2,3 - disubstituted indoles,  via  a 2    →    3 migration (cf.  20.1.1.6 ) 
in the fi rst - formed indolenine.  301   

        An important extension to the Fischer route is the ability to prepare arylhydrazones in ways other than 
from ketones/aldehydes. A generally applicable process is the palladium(0) - catalysed coupling of benzo-
phenone hydrazone with aryl halides, which allows the convenient preparation of a wide range of aryl -
 hydrazones of benzophenone, then the benzophenone arylhydrazone can be either hydrolysed to the 
arylhydrazine, or even more conveniently, used directly in the Fischer cyclisation, where exchange occurs 
with the ketone.  302          

 In another variant,  N  - Boc - hydrazine ( t  - BuOCONHNH 2 ) is coupled with an aryl halide  via  the carbamate 
nitrogen; the subsequent Fischer sequence can be conducted in the same pot after addition of acid, with 
loss of the Boc group.  303   Hydroamination of alkynes  via  various protocols  304   also produces arylhydrazones, 
ready for the Fischer process. 

 Transformations that are mechanistically analogous to the Fischer, and also produce indoles, use aryl -
 hydroxylamines instead of arylhydrazines, as shown below.  305   
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          The Grandberg Synthesis 

 An exceptionally useful adaptation is the Grandberg synthesis of tryptamines from 4 - halo - butanals, or more 
often in practice their acetals,  306   in which the nitrogen usually lost during the Fischer process is incorporated 
as the nitrogen of the aminoethyl side - chain.  307            

  20.16.1.2   From ortho - (2 - Oxoalkyl) - Anilines and Equivalents 

 Cyclisation of  ortho  - (2 - oxoalkyl) - anilines by simple intramolecular condensation with loss of water, occurs 
spontaneously. There are several ways of generating the intermediate amino - ketone, or its equivalent; the 
prototype is the Reissert synthesis.  

        The Reissert Synthesis 

 The acidity of a methyl group  ortho  to nitro on a benzene ring is the means for condensation with oxalate 
in this route; the nitro group is then reduced to amino.  308          

 With the nitrogen already at the oxidation level of amine, but carrying a  t  - butoxycarbonyl group to assist 
the  ortho  - methyl (alkyl) lithiation, reaction with oxalate as in the classical sequence and fi nal removal of 
the  N  - substituent with acid, again leads to an indole - 2 - ester.  309   The synthesis of 2 - unsubstituted indoles is 
achieved by reaction of the  N,C  - dilithiated species with dimethylformamide.  310          
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 Various other routes produce Reissert - type ring - closure precursors. For example, the palladium - catalysed 
coupling, in the presence of a methoxyphenol additive, of  ortho  - halo - nitroarenes with methyl ketones, 
followed by titanium trichloride reduction of the products, leads directly to 3 - unsubstituted indoles.  311   More 
obviously,  ortho  - halo trifl uoroacetanilides can be coupled with  β  - keto esters or amides, the base incorpo-
rated in the mixture leading to hydrolysis and closure to the indole.  312          

 Coupling reactions using  N  - protected  ortho  - halo - anilines have been widely used to prepare  ortho - 

(2 -  oxoalkyl) - anilines; in these instances no reductive step is required though the carbonyl - unit is sometimes 
incorporated in masked form, such as a 2 - ethoxyvinyl - boronate, requiring deprotection.  313          

 Aromatic nitro - compounds can be made to condense  314   with silyl - enol - ethers using tris(dimethylamino)
sulfur (trimethylsilyl)difl uoride (TASF); a non - aromatic nitronate intermediate is aromatised by reaction 
with bromine, without isolation, to provide a 2 - ( ortho  - nitroaryl) - ketone and thence an indole after nitro 
group reduction.  315   

          Leimgruber – Batcho Synthesis 

 The Leimgruber – Batcho synthesis  316   is one of the most widely used variations and also depends on the 
acidity of methyl groups  ortho  to aromatic nitro to allow introduction of the future indole  α  - carbon as an 
enamine and thence the synthesis of pyrrole - ring - unsubstituted indoles. Condensation with hot dimethyl-
formamide dimethyl acetal (DMFDMA) (no added base being necessary) leads to an enamine; the conden-
sation can be enhanced by microwave irradiation in the presence of a catalyst, such as ytterbium trifl ate.  317   
Subsequent reduction of the nitro group, usually in acid conditions, leads directly to the hetero - ring -
 unsubstituted indole probably  via  a C - protonated amino - enamine. Mechanistically, this process is depen-
dent on ionisation of the reagent producing methoxide (which deprotonates the aromatic methyl) and an 
electrophilic component, MeOCH = N + Me 2 , which combines with the side - chain - deprotonated aromatic. 
Both tris(piperidin - 1 - yl)methane and bis(dimethylamino) -  t  - butoxymethane (Bredereck ’ s reagent) can func-
tion even better than DMFDMA.  318   A variety of benzene substituents are tolerated and the approach has 
been utilised for the syntheses of, amongst others, 4 -  and 7 - indole - carboxylic esters.  319          
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 A Leimgruger – Batcho - type amino - enamine intermediate is likely to be involved following reduction of 
2 - ( ortho  - nitroaryl) - nitroethenes.  320   Reduction, traditionally with metal/acid combinations, but now with 
reagents such as palladium/carbon with ammonium formate and formic acid,  321   iron with acetic acid and 
silica gel,  322   or titanium(III) chloride,  323   gives the indole.          

  20.16.1.3   From  ortho  - Nitro - Styrenes 

 It is convenient to include here some ring closures involving  ortho  - nitro - styrenes, i.e. with the future C - 2 
at a lower starting oxidation level.  ortho  - Nitro - styrenes are readily available by a number routes: (i) reac-
tion of an ( ortho  - bromomethyl) - nitroarene with a phosphine then Wittig condensation with an aldehyde; 
(ii) Wittig reaction employing an ( ortho  - nitro) - araldehyde as the carbonyl component; (iii) base - catalysed 
condensation of a methyl group  ortho  to an aromatic nitro group with an aldehyde and (iv)  ortho  - nitration 
of a styrene. Reduction of the nitro group over a catalyst, in the presence of carbon monoxide leads to the 
indole.  324          

 Methods involving ruthenium - catalysed condensations of arylamines with alcohols give indoles: the 
mechanism involves hydride transfer giving aldehyde intermediates. The process can be carried out intra-
molecularly  325   or intermolecularly, for example by the reaction of aniline with triethanolamine.  326   At a still 
lower oxidation level, 2 - ( ortho  - aminoaryl) - ethanols can be converted  327   directly into indoles with a catalyst 
that can oxidise the alcohol to a carbonyl group, with expulsion of hydrogen.         
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  20.16.1.4   From  ortho  - Alkynyl - Arylamines 

 Cyclisation of  ortho  - alkynyl - arylamines can be achieved in various ways; Sonogashira reactions (4.2) 
provide the starting  ortho  - alkynyl - anilines.        

 Sonogashira reactions allow easy access to arenes with an alkynyl substituent  ortho  to nitrogen, for 
example from  ortho  - iodo -  and  - bromo - nitrobenzenes,  328,329   or  ortho  - iodo -  and  - bromo -  N  - acyl -  (or  N  -
 sulfonyl) - arylamines,  330   or even by coupling acetylenes with 2 - iodoaniline itself.  331   Conversion of 
 ortho  - alkynyl - nitrobenzenes and  - arylamines into indoles can be achieved in several ways, for example 
alkoxides add to the triple bond and form nitro - acetals, nitro - group reduction then acetal hydrolysis 
bringing ring closure.  329          

 Direct cyclisation of  ortho  - alkynyl - anilines can be effected simply by treatment with tetra -  n  - butylam-
monium fl uoride,  332   potassium  t  - butoxide or potassium hydride,  333   or simply with gold(III) chloride.  334   
Treatment of 1 - (2 - arylethynyl) - 2 - nitroarenes with indium and aqueous hydrogen iodide produces 2 - 
aryl - indoles, the reagent combination both reduces the nitro to amine and then the acid activates the alkyne 
for the ring closure.  335   Copper(II) salts  336   or diethylzinc in refl uxing toluene  337   can be utilised with 
 N  - sulfonyl -  ortho  - alkynyl - anilines.        

 3 - Iodo - indoles can be prepared simply by using the halogen (or bis(pyridine)iodonium(I) tetrafl uorobo-
rate  338  ) to activate the alkyne for nucleophilic attack by the nitrogen.  339   Even  N,N  - dimethyl  ortho  - alkynyl -
 anilines take part in such closures, iodomethane being lost in the fi nal stage, with formation of an  N  - methyl 
indole.  340   

 When palladium is used to effect ring closure, the organopalladium intermediate can be either protono-
lysed, producing a 3 - unsubstituted indole, or trapped out with consequent insertion of a substituent at the 
indole  β  - position.  341           
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  20.16.1.5   From  ortho -Halo Aryl - Amines and Alkynes        

 Some reaction conditions using terminal alkynes and  ortho  - halo - anilines lead directly through to indoles, 
but probably these involve initial alkynylation of the aromatic and then ring closure  in situ  ( 20.16.1.4 ).  342,343,344   
Using titanium tetrachloride, the two steps  in situ  are hydroamination then Heck cyclisation.  345          

 Disubstituted acetylenes can be utilised in a palladium - catalysed cyclo - condensation of  ortho  - halo - 
anilines giving the indole directly; the larger group (or hydroxyl - containing group) fi nishes at C - 2.  346   A 
pyridin - 2 - yl - substituent tends to end at C - 2, also, by coordinating the metal in the intermediate.  347           

  20.16.1.6   From  ortho  - Toluidides 

 Base - catalysed cyclo - condensation of an  ortho  - alkyl - anilide gives an indole.  

        The Madelung Synthesis 

 In its original form, this route employed very harsh conditions (typically  348   sodium amide or potassium  t  -
 butoxide at 250 – 350  ° C) to effect condensation between an unactivated aromatic methyl and an  ortho  -
 acylamino substituent, and was consequently limited to situations having no other sensitive groups. With 
the advent of the widespread use of alkyllithiums as bases, these cyclocondensations can now be brought 
about under much milder conditions.  349          
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 Modifi cations in which the benzylic hydrogens are acidifi ed also allow the use of mild conditions; one 
example is the generation of a phosphonium ylide and then an intramolecular Wittig - like reaction, involv-
ing the amide carbonyl;  350   another variant uses a benzyl - silane.  351   The use of an amino - silane permits 
reaction at both nitrogen and benzylic carbon to take place in one pot.  352          

 Formation of the 2 – 3 bond is also possible using the anion from an aryl - amino - nitrile adding intramo-
lecularly to an unsaturated ketone or ester; the nitrile serves to acidify the future C - 2 - hydrogen and also to 
bring about aromatisation  via  fi nal loss of hydrogen cyanide.  353          

 Finally, in this category there must be included cyclisations of the benzylic anions derived from  ortho  -
 isocyano - toluenes; the scheme shows this route in its simplest form. However, the synthesis is very fl exible, 
for example the initial benzylic anion can be alkylated with halides or epoxides before the ring closure, 
thus providing 3 - substituted indoles and, additionally, the fi nal  N  - lithioindole can be  N  - alkylated by adding 
a suitable electrophile before work - up.  354            

  20.16.1.7   From  α  - Arylamino - Carbonyl Compounds 

 An  α  - arylamino - ketone is cyclised by electrophilic attack onto the aromatic ring.  

        The Bischler Synthesis 

 In the original method, the Bischler synthesis, harsh acidic treatment of 2 - arylamino - ketones (produced 
from a 2 - halo - ketone and an arylamine) was used to bring about electrophilic cyclisation onto the aromatic 
ring; these conditions often result in mixtures of products  via  rearrangements.  355   However,  N  - acylated 
2 - arylamino - ketones and, particularly, acetals can be cyclised under much more controlled conditions, and 
in contrast to earlier work, this approach to indoles can even be used to produce hetero - ring - unsubstituted 
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indoles.  356   Lithium bromide, as a Lewis acid, will catalyse the ring closure of dimethoxyarylamino - ketones, 
without rearrangement, under essentially neutral conditions, indeed a one - pot procedure will take a dime-
thoxyaniline and the chloro - ketone through to the indole.  357                 

 There is also a palladium(0) catalytic route involving formation of the 3 – 3a bond: assembly of an  N  -
 alkynyl -  ortho  - iodoaniline - tosylamide is followed by exposure to the catalyst and an amine, which becomes 
incorporated into the indole at C - 2.  358            

  20.16.1.8   From Pyrroles  (see also  16.8 )  

 Several unrelated strategies have been utilised for the fusion of a benzene ring onto a pyrrole to generate 
an indole;  359   most follow a route in which a pyrrole, carrying a four - carbon side - chain at the  α  - carbon, is 
cyclised  via  an electrophilic attack at the adjacent pyrrole  β  - position; one of these is shown.  360   Another 
route involves the electrocyclisation of 2,3 - divinyl - pyrroles.  361           

  20.16.1.9   From  ortho  - Substituted Nitro - Arenes 

  Bartoli Synthesis        

 In the extraordinary, but nonetheless effi cient and extremely practically simple process now known as 
the Bartoli synthesis,  ortho  - substituted nitrobenzenes  362   treated with three mole equivalents of vinylmag-
nesium bromide give 7 - substituted indoles. The process works best when the 7 - substitutent is large  363   
(a bromine can be used as a removable  ‘ large ’  group  364  ) and it is thought that initial attack by the vinyl 
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Grignard is at the nitro group oxygen with subsequent elimination of magnesium enolate producing the 
nitroso equivalent of the original  –  it seems likely that this step is encouraged by non - planarity of the nitro 
group and the aromatic system, forced on the molecule by the large  ortho  - substituent. A second mole 
equivalent of vinyl Grignard then adds, again to oxygen generating an intermediate which undergoes a 
3,3 - sigmatropic rearrangement, much like that involved in the Fischer sequence, and fi nally hetero - ring 
closure occurs.  362,365            

  20.16.1.10   From  N  - Aryl Enamines 

 It is not clear whether the palladium - mediated cyclisations of anilino - acrylates and related systems  366   
operate  via  a Heck sequence or  via  an electrophilic palladation of the enamine.        

 In a very useful modifi cation, simple ketones with CH 2  adjacent to the carbonyl (cyclic ketones work 
much better than acyclic ketones) and  ortho  - iodo - arylamines react under palladium catalysis to give indoles 
directly. The use of dimethylformamide as solvent and DABCO as the base are crucial to the success of 
the route. Mechanistically, the sequence certainly proceeds through the enamine. As well as being concep-
tually and practically simple, this method tolerates functional groups that would be sensitive to the acid of 
the traditional Fischer sequence.  367   This method can also be applied to aldehydes, thus providing a direct 
route to 2 - unsubstituted indoles, including side - chain - protected tryptophans.  368           

  20.16.1.11   From Enamines and  p  - Benzoquinones 

  The Nenitzescu Synthesis 

 The Nenitzescu synthesis  369   is another process about which some of the mechanistic details remain unclear,  370   
but which can be used for the effi cient synthesis of certain 5 - hydroxy - indoles.  371            
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  20.16.1.12   From Aryl - Amines 

  The Gassman Synthesis 

 The Gassman synthesis  372   produces sulfur - substituted indoles, but these can easily be hydrogenolysed if 
required.          

  20.16.1.13   From  ortho  - Acyl - Anilides 

  The F ü rstner Synthesis   373    

 This fl exible synthesis depends on the reductive cyclisation of  ortho  - acyl - anilides with low - valent titanium 
 –  the conditions used for the McMurray coupling of ketones. In the example below, the cyclisation precur-
sor was built up  via  the acylation of 2 - tri -  n  - butylstannylthiazole.  374            

  20.16.1.14   From  ortho  - Isocyano - Styrenes 

  The Fukuyama Synthesis   375    

  ortho  - Isocyano - styrenes, which are readily prepared by dehydration of the corresponding formamides, 
undergo tin - promoted radical cyclisation to give unstable 2 - stannyl - indoles, which can either be hydrolysed 
to afford the corresponding 2 - unsubstituted indole, or used without isolation for coupling with aryl halides 
using palladium(0) catalysis,  376   or converted into 2 - iodoindoles  via ipso -  substitution with iodine.  377            
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  20.16.1.15   By Cyclisation of Nitrenes 

 Thermolysis of  ortho  - azido - styrenes gives nitrenes that insert into the side - chain to form indoles.  378   Similar 
nitrenes have been generated by reaction of nitro - compounds with trialkyl phosphites. The azide thermoly-
sis method can be used to prepare 2 - nitroindoles.  379          

 In a complementary sense, thermolysis of  β  - azido - styrenes also gives indoles, but here the intermediate 
may be an azirine;  380   this method, the  Hemetsberger – Knittel synthesis , is particularly useful for the fusion 
of a pyrrole ring onto rings other than a benzene ring, as illustrated.  381           

  20.16.1.16   By Formation of the  N  –  C  - 7a Bond 

 The formation of indoles by making the N – C - 7a bond is relatively undeveloped. One method is to activate 
the nitrogen using phenyliodine bis(trifl uoroacetate): a radical sequence is believed to operate.  382          

 Intramolecular displacement of an  ortho  - halogen can be achieved at high temperature  383   or with copper(I) -
 catalysis.  384   Palladium - catalysed aminations of halide can be used to form either the N – C - 2 or N – C - 7a 
links, or both, for example in the double displacement shown below.  385           

  20.16.1.17   From Indolines 

 Indolines are useful intermediates for the synthesis of indoles with substituents in the carbocyclic ring. 
In electrophilic substitutions, they behave like anilines; the example shows  N  - acetylindoline undergoing 
regioselective 7 - thallation. Nitration of indoline 2 - carboxylic acid gives the 6 - nitro - derivative; separation 
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from the 5 - nitro minor product is readily achieved by controlled pH extraction. The  N  - acetyl - derivative 
nitrates at C - 5.  386   

 Indolines can be obtained easily from indoles by reduction (see  20.7 ) and can be cleanly oxidised back 
to indoles using a variety of methods, including oxygen with cobalt catalysis (salcomine),  387   hypochlorite/
dimethyl sulfi de,  388   Mn(III)  389   and Au(III) compounds,  390   DDQ or manganese dioxide.  386          

 An attractive variant is to utilise certain products of reversible addition to 3 H  - indolium cations, such as 
the indole bisulfi te adduct, or where there has been an intramolecular nucleophilic addition ( 20.1.1.2 ): such 
compounds, though they are indolines, are still at the oxidation level of indoles, needing only mild acid 
treatment to regenerate the aromatic system.  391            

  20.16.2   Ring Synthesis of Oxindoles   392    

 The main synthesis of oxindoles is simple and direct and involves an intramolecular Friedel – Crafts alkyla-
tion reaction as the cyclising step.  393   Also straightforward in concept is the displacement of halogen from 
an  ortho  - halo - nitroarene with malonate, this leading to an oxindole after decarboxylation and reduction of 
the nitro group with spontaneous lactamisation.  261                 

 An alternative route to oxindoles depends on the intramolecular insertion of a rhodium carbenoid, derived 
from a 2 - diazo - 1,3 - ketoamide, into an adjacent aromatic C – H bond.  394          
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 Oxindoles can also be prepared by palladium - catalysed enolate cyclisation of  ortho  - halo - anilides.  395           

  20.16.3   Ring Synthesis of Indoxyls 

 Indoxyls are normally prepared from anthranilic acids  via  alkylation with a haloacetic acid followed by a 
cyclising condensation with loss of carbon dioxide.  396,397   Indoxyl itself is best prepared by Friedel – Crafts 
type ring closure of  N  - phenylglycine activated with triphenylphosphine oxide/trifl ic anhydride in the pres-
ence of triethylamine at room temperature.  398          

 It is possible to directly chloroacylate an aniline using chloroacetonitrile and boron trifl uoride,  ortho  to 
the nitrogen. After  N  - acylation, ring closure produces  N  - acetyl - indoxyls. The  Sugasawa synthesis  of indoles 
utilises these same  ortho  - chloroacetyl - anilines,  via  borohydride reduction and ring closure.  399           
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  20.16.4   Ring Synthesis of Isatins 

 An isatin can be readily prepared  via  the reaction of an aniline with chloral, the resulting product converted 
into an oxime, and this cyclised in strong acid.  400   An alternative route to the oximinoacetanilide intermedi-
ates involves acylation of the aniline with 2,2 - diacetoxyacetyl chloride and then reaction with 
hydroxylamine.  401          

  N,N  - Dialkyl - anilines react with oxalyl chloride producing  N  - alkyl isatins.  402    

  20.16.5   Synthesis of 1 - Hydroxy - Indoles 

 The oxidation of indolines with sodium tungstate/hydrogen peroxide both aromatises and also oxidises the 
nitrogen, resulting in 1 - hydroxy - indoles.  162   1 - Hydroxy - indoles can also be obtained  via  ring synthesis 
involving lead - promoted reductive cyclisation of  ortho  - nitrobenzyl - ketones (or  - aldehydes).  403           

  20.16.6   Examples of Notable Indole Syntheses 

  20.16.6.1   Ondansetron 

 Ondansetron is a selective, 5 - hydroxytryptamine antagonist, used to prevent vomiting during cancer che-
motherapy and radiotherapy.         
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  20.16.6.3   Serotonin 

 Serotonin has been synthesised by several routes; the method shown  405   relies on a Fischer indole synthesis, 
the requisite aryl - hydrazone being constructed by a process known as the  Japp – Klingemann reaction  in 
which the enol of a 1,3 - dicarbonyl compound is reacted with an aryl - diazonium salt, with subsequent 
cleavage of the 1,3 - dicarbonyl unit.         

  20.16.6.2   Staurosporine Aglycone   404    

 Staurosporine and related molecules are under active investigation as potential anti - tumour agents. The 
synthesis illustrates several aspects of heterocyclic chemistry, including a 2 - pyrone acting as a diene in an 
intramolecular Diels – Alder reaction, and the use of nitrene insertion for the formation of 5 - membered 
nitrogen rings.         

  20.16.6.4   Chuangxinmycin   406    

 This synthesis uses the approach of starting from a pyrrole: the cyclic ketone intermediate is in general a 
useful intermediate for the synthesis of 4 - substituted indoles  –  in this case a sulfur substituent  –  it is already 
at the aromatic oxidation level needing only the loss of the 4 - chlorophenylthiol.         
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  20.16.6.5   Dragmacidin  D    407    

 A synthesis of dragmacidin D, isolated from sea sponges, a selective inhibitor of threonine protein 
phosphatases, illustrates indole, pyrazine and imidazole chemistry. The fi nal stages of the synthesis 
rest on palladium(0) - catalysed couplings: a bromo - iodo - pyrazine entered regioselectively into coupling 
with two indoles; the fi nal stage, making the imidazole ring involved a 2 - amino - ketone reacting with 
cyanamide.                 
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  20.16.7   Synthesis of Aza - Indoles  (see also  8.4.1 )  
 Most syntheses of aza - indoles start from pyridines and parallel the standard indole syntheses discussed 
above. However, the Fischer reaction using pyridyl - hydrazones is much less consistent and useful than for 
arylhydrazones; the Madelung reaction is also not as useful, however the Bartoli route  408   ( 20.16.1.9 ) 
and the Gassman approach  409   ( 20.16.1.12 ) can be used to effect. The most successful methods involve 
palladium - catalysed coupling of acetylenes with amino - halo - pyridines either as one -   410   or two - step  333,411   
processes. The starting amino - halo - pyridines are generally available  via  directed metallations.               

 Syntheses utilising nitro - pyridines by Leimgruber – Batcho processes work well  412   and can be modifi ed 
by the introduction of a further substituent at the enamine stage.  413          
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 Synthesis from pyrroles is useful in particular cases.  412,417           

 Exercises    
  Straightforward revision exercises (consult Chapters  19  and  20 ):  

   (a)   What is the p K  aH  of indole as a base and where does it protonate? What is the p K  a  of indole as an acid?   
   (b)   At what position is electrophilic substitution of indole fastest? Cite two examples.   
   (c)   What are the structures of the intermediates and fi nal product in the following sequence: indole with 

(COCl) 2     →    C 10 H 6 ClNO 2 , then this with ammonia    →    C 10 H 8 N 2 O 2 , then this with LiAlH 4     →    C 10 H 12 N 2 ? 
Explain the last transformation in mechanistic terms.   

   (d)   How could one prepare from indole: (i) 3 - formylindole; (ii) 3 - (2 - nitroethyl)indole; (iii) 3 - 
dimethylaminomethylindole; (iv) 1 - methylindole.   

   (e)   At what position does strong base deprotonate an  N  - substituted indole? Name two groups that can be 
used to block the 1 - position for such deprotonations and that could be removed later. How would these 
blocking groups be introduced onto the indole nitrogen?   

   (f)   What is the mechanism of the conversion of 3 - dimethylaminomethylindole into 3 - cyanomethylindole 
on reaction with NaCN?   

   (g)   Which phenyl - hydrazones would be required for the Fischer indole synthesis of: (i) 3 - methylindole; 
(ii) 1,2,3,4 - tetrahydrocarbazole; (iii) 2 - ethyl - 3 - methylindole; (iv) 3 - ethyl - 2 - phenylindole?   

 7 - Aza - indoles can be prepared from 2,6 - dichloropyridin - 3 - yl - epoxides by reaction with primary amines  414   
and 5 - , 6 - , and 7 - azaindole - 2 - esters can be made  415    via  the Hemetsberger – Knittel route. Note that 4 - aza -
 indoles cannot be made this way since cyclisation of the appropriate precursor takes place preferentially 
onto the ring nitrogen generating a pyrazolo[1,5 -  a ] - pyridine.        

 The sequence below shows the assembly of a ring - closure precursor using a VNS ( 3.3.3 ) reaction.  416          
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   (h)   How could one convert 2 - bromoaniline into 2 - phenylindole (more than one step is required)?   
   (i)   What are the advantages of using an indoline (a 2,3 - dihydroindole) as an intermediate for the synthesis 

of indoles?   

  More advanced exercises:  

   1.   Indole reacts with a mixture of  N  - methyl - 2 - piperidone and POCl 3 , followed by NaOH work - up to give 
C 14 H 18 N 2 O. What is its structure?   

   2.   Suggest a structure for the tetracyclic product, C 18 H 19 NO, formed when 3 - methylindole is treated with 
2 - hydroxy - 3,5 - dimethylbenzyl chloride.   

   3.   When indole dimer is subjected to acid treatment in the presence of indole,  ‘ indole trimer ’ , C 24 H 21 N 3 , 
is produced. Suggest a structure for the  ‘ trimer ’ . (Hint: consider which of the two reactants would be 
most easily protonated, and at which atom.)   

   4.   Starting from indole, and using a common intermediate, how could one prepare: (i) indol - 3 - ylacetic 
acid and (ii) tryptamine?   

   5.   What would be the products from the reactions of 5 - bromo - 3 - iodo - 1 - phenylsulfonylindole with: 
(i) PhB(OH) 2 /Pd(PPh 3 ) 4 /aq. Na 2 CO 3 ; (ii) ethyl acrylate/Pd(OAc) 2 /Ph 3 P/Et 3 N?   

   6.   Deduce a structure, and write out the mechanism for the conversion of 2 - formylindole into a tricyclic 
compound, C 11 H 9 N, on treatment with a combination of NaH and Ph 3 P + CH   =   CH 2  Br  −  .   

   7.   When 3 - ethyl - 3 - methyl - 3 H  - indole is treated with acid, two products, each isomeric with the starting 
material, are formed  –  deduce their structures and explain the formation of two products.   

   8.   Suggest a structure for the salt C 15 H 13 N 2  +  Br  −   formed by the following sequence: 2 - (2 - pyridyl)indole 
reacted fi rst with  n  - BuLi then PhSO 2 Cl ( →    C 19 H 14 N 2 O 2 S), then this sequentially with  t  - BuLi at 
 − 100    ° C, then ethylene oxide ( →    C 21 H 18 N 2 O 3 S), aq. NaOH ( →    C 15 H 14 N 2 O), and this fi nally reacted 
with PBr 3 .   

   9.   What are the products formed in the following sequence: indole/ n  - BuLi, then I 2 , then LDA, then 
PhSO 2 Cl    →    C 14 H 10 INO 2 S, then this with LDA, then I 2     →    C 14 H 9 I 2 NO 2 S.   

   10.   When indol - 3 - yl - CH 2 OH is heated with acid, di(indol - 3 - yl)methane is formed: suggest a mechanism 
for this transformation.   

   11.   What product, C 10 H 11 NO, would be obtained from refl uxing a mixture of phenylhydrazine and 2,3 - 
dihydrofuran in acetic acid?   

   12.   Draw structures for the aza - indoles resulting from treatment of 2 - methyl - 3 - nitro -  and 4 - methyl - 3 - nitro -
 pyridines, respectively, with (EtO 2 C) 2 /EtONa, followed by H 2 /Pd – C. Both products have the molecular 
formula C 10 H 10 N 2 O 2 .   

   13.   Heating DMFDMA with the following aromatic compounds led to condensation products; subsequent 
reduction with the reagent shown gave indoles. Draw the structures of the condensation products and 
the indoles: (i) 2,6 - dinitrotoluene then TiCl 3  gave C 8 H 8 N 2 ; (ii) 2 - benzyloxy - 6 - nitrotoluene then H 2 /Pt 
gave C 15 H 13 NO; (iii) 4 - methoxy - 2 - nitrotoluene then H 2 /Pd gave C 9 H 9 NO; (iv) 2,3 - dinitro - 1,4 - 
dimethylbenzene then H 2 /Pd gave C 10 H 8 N 2 .     
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 Benzo[ b ]thiophene  1   and benzo[ b ]furan,  2   frequently (and in the rest of this chapter) referred to simply as 
benzothiophene and benzofuran, are respectively the sulfur and oxygen analogues of indole, but have been 
much less fully studied.  

  21.1   Reactions with Electrophilic Reagents 
  21.1.1   Substitution at Carbon 

 The electrophilic substitution of these systems is much less regioselective than that of indole, for which 
there is effectively complete selectivity of attack at C - 3, even to the extent that the hetero - ring positions 
are only a little more reactive than some of the benzene ring positions. Measurements of detritiation of 
2 -  and 3 - tritiobenzothiophenes in trifl uoroacetic acid showed rates which are effectively the same for both 
hetero - ring positions.  3   Nitric acid nitration of benzothiophene gives a mixture in which, although the main 
product is the 3 - nitro derivative, lesser quantities of 2 - nitro - , 4 - nitro -  6 - nitro -  and 7 - nitrobenzothiophenes 
are also all produced  4   however ceric ammonium nitrate in acetic anhydride at room temperature produces 
a high yield of 3 - nitrobenzothiophene.  5   2 - Nitrobenzothiophene and 2 - nitrobenzofuran can be obtained in 
good yields by the photo - promoted reaction of the corresponding 2 - trimethylstannyl - heterocycles with 
dinitrogen tetroxide and tetranitromethane.  6   Friedel – Crafts acetylation  7   of benzothiophene gives a mixture 
or 3 -  and 2 - acetyl - derivatives in a ratio of 7   :   3, however in other electrophilic substitutions the 3 - isomer 
is the only product  –  iodination  8   falls into this category. Controlled reaction of benzothiophene with bromine 
produces 3 - bromobenzothiophene in moderate yield,  9   however this compound is better prepared by room 
temperature, high - yielding 2,3 - dibromination then regioselective metallation at C - 2 and protonation.  10                 
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 Benzofuran displays a lesser selectivity for 3 - substitution: formylation of benzofuran gives only the 
2 - formyl - derivative,  11   and nitric acid nitration  12   produces 2 - nitrobenzofuran, as does a combination of 
sodium nitrite and ceric ammonium nitrate (CAN)  13   or in high yield, CAN in acetic anhydride.  5   Dinitrogen 
tetroxide nitration produces a 5:2 mixture of 3 -  and 2 - nitrobenzofurans, but an activating group on the 
benzene ring tips the balance and leads to benzene - ring substitution.  14   Treatment of benzofuran with halo-
gens results in 2,3 - addition products; reaction with the interhalogen BrCl gives 2 - bromo - 3 - chloro adducts; 
from these addition products, by base - promoted hydrogen halide elimination, 3 - monohalo - benzofurans can 
be obtained in high yields.  15    N  - Bromosuccinimide smoothly 3 - brominates 2 - substituted benzofurans.  16   
Friedel – Crafts substitution is complicated for hetero - ring - unsubstituted benzofurans because typical cata-
lysts tend to cause resinifi cation, but 3 - acylations  17   are achieved using ferric chloride. Ytterbium - trifl ate -
 catalysed hydroxyalkylation by ethyl glyoxylate is effi cient, and regioselective for C - 3 for both 
benzothiophene and benzofuran.  18                 

 With substituents already present, the pattern of electrophilic substitution can be diffi cult to predict: some 
examples serve to illustrate this. Nitration of 2 - bromobenzothiophene results in  ipso  - substitution and thus 
the formation of 2 - nitrobenzothiophene, whereas 2 - chlorobenzothiophene gives the 3 - nitro - substitution 
product;  19   nitration of 3 - bromobenzothiophene proceeds in moderate yield to give the 2 - nitro derivative.  20   
On the other hand, 3 - carboxy -  or 3 - acyl - benzothiophenes nitrate mainly in the benzene ring.  21   Bromination  22   
and Friedel – Crafts substitution  23   of 3 - methyl -  and 2 - methylbenzothiophenes takes place cleanly at the 
vacant hetero - ring position; similarly 2 - bromobenzothiophene undergoes Vilsmeier formylation at C - 3.  24   
3 - Methoxybenzothiophene gives the corresponding 2 - aldehyde under Vilsmeier conditions.  25    

  21.1.2   Addition to Sulfur in Benzothiophenes 

 Benzothiophenium salts  26   are produced by the reaction of the sulfur heterocycle with powerful alkylating 
reagents such as Meerwein salts; benzothiophenium salts can themselves act as powerful alkylating agents 
with fi ssion of the C – S +  bond.  27          

  S  - Oxidation produces 1,1 - dioxides, which readily undergo cycloadditions as dienophiles,  28   or photodi-
merisation, the head - to - head dimer being the major product.  29    S  - Oxidation of the sulfur using a microbio-
logical method gives the  S  - oxide.  30            
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  21.2   Reactions with Nucleophilic Reagents 
 Halogen at a benzothiophene 2 - position is subject to displacement with amine nucleophiles,  31   and, more 
easily than halogen at the 3 - position.         

  21.3   Metallation and Reactions of  C  - Metallated Benzothiophenes and Benzofurans 
 In some of the earliest uses of  n  - butyllithium, 2 - lithiobenzofuran was obtained by metal – halogen 
exchange between the 2 - bromo - heterocycle and  n  - butyllithium,  32   or by metallation of benzofuran.  33   
The generation of 3 - metallated benzofurans generally results in fragmentation with the production of 
2 - hydroxyphenylacetylene at room temperature,  34,98   though the 3 - lithio derivative  can  be utilised by main-
taining a very low temperature.  35   2,3 - Dibromobenzofuran lithiates at C - 2.  36          

 Sodium amide causes ring cleavage of benzothiophene to produce 2 - ethynylphenyl thiol.  37   Ring opening 
in a rather different manner results from exposure of the heterocycle to lithium dimethylamide, followed 
by trapping with iodomethane, producing an enamine which must result from initial  addition  at C - 2, perhaps 
by a minor pathway, but one which then leads to irreversible ring - opening elimination.  38          

 A ring opening can also be observed  via  butyllithium attack at sulfur.  39   

        3 - Lithio - benzothiophenes can be generated, and reacted with electrophiles, if the temperature is kept 
low.  40   Direct deprotonation of benzothiophenes follows the usual pattern for fi ve - membered heterocycles 
and takes place adjacent to the heteroatom,  41   and in concord with this pattern, metal – halogen exchange 
processes favour a 2 -  over a 3 - halogen; the sequence below shows how this can be utilised to develop 
substituted benzothiophenes.  42   2 - Lithiated reagents react with electrophiles: for example with  p  -
 toluenesulfonyl cyanide, 2 - cyano derivatives are produced  43   and similarly, 2 - trimethylstannylbenzofuran 
and  - benzothiophene  6   and benzofuran - 2 -   44   and benzothiophene - 2 - boronic acids  45   can be prepared.               
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 Metallation of thiophene 2 -  and 3 - esters takes place adjacent to the ester functionality, i.e. at C - 3 and 
C - 2, respectively.  46    

  21.4   Reactions with Radicals 
 There are few examples of radical substitution of benzofuran or benzothiophene: perfl uoroalkylation of 
benzofuran is one such, as illustrated.  47   This process can also be applied to 2 - substitution of thiophene, 
pyrrole, imidazole and indole.         

  21.5   Reactions with Oxidising and Reducing Agents 
 Hydrodesulfurisation of benzothiophenes is conveniently achieved using Raney nickel.  48   Reduction of the 
hetero - rings of both benzofuran and benzothiophene giving 2,3 - dihydro derivatives, notably with retention 
of the sulfur in the latter case, can be achieved using triethylsilane in acidic solution,  49   or with hydrogen 
over colloidal rhodium.  50   Reductive cleavage of benzofuran to 2 - hydroxystyrene is caused by lithium with 
4,4 ′  - di -  t -  butylbiphenyl (DTBB).  51          

 2,3 - Dihydroxylation of benzofuran and benzothiophene giving  cis  - 2,3 - dihydro - 2,3 - dihydroxy deriva-
tives can be achieved using  Pseudomonas putida .  52   Benzofurans can be epoxidised at the hetero - ring double 
bond with dimethyl dioxirane, or alternatively converted into dioxetanes by reaction of that double bond 
with singlet oxygen. Both oxidised species are unstable and undergo a variety of complex further 
processes.  53    

  21.6   Electrocyclic Reactions 
 2 -   54   and 3 - Vinyl -   55   benzofurans and benzothiophenes will serve as dienes in Diels – Alder cycloadditions, 
though under forcing conditions. The fusion of a pyridine ring onto benzothiophene can be achieved  via  a 
Staudinger reaction, using either 2 -  or 3 - azides, to give phosphinimines, which undergo aza - Wittig con-
densations with unsaturated aldehydes, the ensuing electrocyclisation being followed by spontaneous 
dehydrogenation.  56          
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 Rhodium - catalysed carbenoid addition to benzofuran using a chiral catalyst proceeds with high ee.  57           

  21.7   Oxy -   58   and Amino - Benzothiophenes and  - Benzofurans 
 Benzothiophen - 2 - ones can be conveniently accessed by oxidation of 2 - magnesio - benzothiophenes.  59   
Benzothiophen - 2 - one will condense at the 3 - position with aromatic aldehydes;  60   benzothiophen - 3 - one 
reacts comparably at its 2 - position.  61          

 Both benzofuran - 2 - one, known trivially in the older literature as coumaranone, and best viewed as a 
lactone, and the isomeric benzofuran - 3 - one, form ambident anions by deprotonation at a methylene group, 
the former  62   requiring a stronger base than the latter.  63   Trifl ates suitable for metal - catalysed coupling pro-
cesses are easily obtained from benzofuran - 3 - ones.  64          

 Little is known of simple 2 -  and 3 - amino derivatives; 2 - dialkylamino - benzothiophenes can be obtained 
by reaction of benzothiophene - 2 - thiol with secondary amines.  23a   In many ways 2 - aminobenzothiophene 
behaves like a normal aromatic amine, but diazotisation leads directly to benzothiophen - 2 - one.  65    

  21.8   Synthesis of Benzothiophenes and Benzofurans 
  21.8.1   Ring Synthesis 

  21.8.1.1   From 2 - Arylthio -  or 2 - Aryloxy - Aldehydes,  - Ketones or  - Acids 

 Cyclisation of 2 - arylthio -  or 2 - aryloxy - aldehydes,  - ketones or  - acids  via  intramolecular electrophilic attack 
on the aromatic ring, with loss of water, creates the heterocyclic ring; this route is a common method for 
the ring synthesis of benzothiophenes.        
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 In order to produce hetero - ring unsubstituted benzothiophenes  66   an arylthioacetaldehyde acetal is gener-
ally employed, prepared in turn, from bromoacetaldehyde acetal and the thiophenol. An exactly parallel 
sequence produces 2,3 - unsubstituted benzofurans.  67   2 - Aryloxy - acetates (or 1 - aryloxy - acetones) heated with 
DMFDMA, produce enamines which cyclise on treatment with zinc chloride, giving 3 - unsubstituted 
benzofuran - 2 - carboxylates (3 - unsubstituted 2 - acetyl - benzofurans).  68                 

 Comparable acid -  (or Lewis acid)  - catalysed ring closures of 2 - arylthio -   69   and 2 - aryloxy -   70    - ketones, and 
 - 2 - arylthio -   71   and 2 - aryloxyacetyl -   72   chlorides lead to 3 - substituted heterocycles and 3 - oxygenated hetero-
cycles, respectively. It is possible to combine the preparation of the arylthio - ketone and the ring closure 
steps utilising two solid - supported reagents in a one - pot procedure, as illustrated.  73   Formation of 3 -  aryl -

  benzothiophenes by this route can be complicated by partial or complete isomerisation to the 2 - aryl - 
heterocycle,  74   however using boron trifl uoride as the Lewis acid produces  only  the 3 - aryl - isomer.  75   
3 - Tosylamino - benzofurans can be prepared from aryl glyoxal hydrates.  76                                
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  21.8.1.2   From 2 - ( ortho  - Hydroxy(or Mercapto)aryl) - Acetaldehydes,  - Ketones or  - Acids 

 Cyclising dehydration of 2 - ( ortho  - hydroxyaryl) - acetaldehydes,  - ketones or  - acids (and in some cases sulfur 
analogues) give the heterocycles; this route is important for benzofurans.        

 Claisen rearrangement of allyl phenolic ethers, followed by oxidation of the alkene generates  ortho  -
 hydroxy - arylacetaldehydes which close to give benzofurans under acid catalysis, the example showing the 
synthesis of 8 - methoxypsoralen ( 33.8.1 ).  77   The formation of 2 - substituted benzofurans from 2 - ( ortho  -
 hydroxyaryl) - ketones is also very easy.  78          

 The employment of aryl 2 - chloroprop - 2 - enyl sulfi des (or ethers) as thio - Claisen rearrangement substrates 
neatly eliminates the necessity for an oxidative step, thus providing a route to 2 - methyl - benzothiophenes 
( - benzofurans).  79          

 Propargyl aryl ethers undergo a Claisen rearrangement and then ring closure to produce 2 - methyl - 
benzofurans directly.  80          

 The electrocyclic rearrangement of  O  - aryl - ketoximes produces benzofurans. The acid - catalysed rear-
rangement  81   exactly parallels the rearrangement of phenylhydrazones, which gives indoles  –  the classical 
Fischer indole synthesis ( 20.16.1.1 ).        
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 Another route to compounds of the same oxidation level involves Suzuki coupling of enol ether 
boronates  82   or Heck reaction with 2,5 - dihydro - 2,5 - dimethoxyfuran, which leads to methyl benzofuran - 
3 - acetate.  83           

  21.8.1.3   From 2 - ( ortho  - Haloaryl) - Ketones or  - Thioketones 

 Utilising various catalytic procedures, ring closure of ketones (thioketones), with replacement of an  ortho  -
 halogen, can be achieved.        

 Copper(I)  84   and palladium(0)  85   catalysis can be used to ring close 2 - ( ortho  - haloaryl) - ketones and the 
latter method has also been applied to thioketones.        

 Furo[2,3 -  b ]pyridin - 4(7 H ) - ones can be generated from 2 - pyridones carrying an alkynyl substituent at 
C - 3.  86          

 Conveniently included in this section is the ring closure (and subsequent decarboxylation if required) of 
2 - mercapto - 3 - arylprop - 2 - enoic acids with iodine and heating, best applied using microwaves.  87   This process 
probably involves  S  - iodination and then electrophilic cyclisation onto the benzene ring.         
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  21.8.1.4   From  ortho  - Acylaryloxy -  or  - Arylthioacetic Acids, Esters or Ketones 

 Cyclising condensation of  ortho  - acylaryloxy -  or  - arylthioacetic acids (esters) or ketones gives the bicyclic 
heterocycles.        

 Intramolecular aldol/Perkin type condensation of  ortho  - formylaryloxyacetic acids and arylthioacetic 
esters produces benzofuran -   88   and benzothiophene - 2 - esters  89   respectively, as illustrated below. The synthe-
sis can be performed in one pot, thus  ortho  - hydroxyaryl - aldehydes or  - ketones, are  O  - alkylated with  α  - halo -
 ketones, then intramolecular aldol condensation  in situ  produces 2 - acyl or 2 - aroyl - benzofurans.  90,91   For 
benzothiophenes, the ring - closure substrates can also be obtained  via  methyl thioacetate displacement of 
fl uoride from  ortho  - fl uoro - araldehydes.  92                        

  ortho  - Haloaryl benzyl ethers react with  t  - butyllithium resulting in lithium – halogen exchange  and  metal-
lation of the benzylic methylene group; addition of a carboxylic ester now leads to 3 - hydroxy - 2,3 - dihydro -
 benzofurans requiring dehydration.  93          
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  ortho  - Formyl -  or  ortho  - acylaryl benzyl ethers, can be comparably closed to produce 2 - aryl - benzofurans, 
using potassium fl uoride or caesium fl uoride on alumina when the benzyl group carries an electron - 
withdrawing substituent,  94   or with simpler benzyl groups, using a phosphazene base.  95   Even the  S  - methyl 
groups of  ortho  - methylthio - arylcarboxamides can be deprotonated leading by cyclisation to 
benzothiophen - 3 - ones.  96           

  21.8.1.5   From  ortho  - Halophenols; From  ortho  - Alkynyl - phenols 

 Palladium(0) - catalysed coupling of an  ortho  - halophenolic ether (thioether) with a terminal alkyne (or with 
an alkynylboronic ester  97  ) and ring closure promoted with an electrophile  –  iodine has been most often 
used  –  is an excellent method to make both benzothiophenes  98,99,100,101   and benzofurans.  102,103    ortho  - Alkynyl -
 phenols can be comparably closed with palladium catalysis in the presence of copper(II) halides to give 
the corresponding 3 - halo - benzofurans,  104   and  ortho  - alkynyl pyridin - 2 -  and  - 3 - yl acetates likewise ring close 
with iodine, generating furopyridines.  105          

 Variations on the theme include the use of gold(I) chloride to transform  ortho  - alkynylphenylthio - silanes 
into 3 - trialkylsilyl - benzothiophenes,  106   carbonylative closures to produce 3 - aroyl - benzofurans,  107   and cycli-
sation with hot lithium chloride.  108          

 However, it is possible to produce the furan ring of a benzofuran  directly  by interaction between an 
 ortho  - iodo - phenol and an alkyne, the two carbon atoms of the triple bond providing C - 2 and C - 3 of the 
furan ring and the larger substituent of the alkyne (often SiR 3 ) ending up at the heterocyclic 
2 - position.  109           
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  21.8.1.6   From Partially Reduced Benzofurans and Benzothiophenes 

 It can be an advantage for the introduction of benzene ring substitutents to operate with hetero - ring - 
reduced derivatives, the aromatic heterocycle being obtained by a fi nal dehydrogenation. 2,3 - 
Dihydrobenzothiophenes can be oxidised up with sulfuryl chloride or  N  - chlorosuccinimide;  110   
2,3 - dichloro - 5,6 - dicyanobenzoquinone has been employed to dehydrogenate 2,3 - dihydrobenzofurans.  111   
In the example shown, a benzene ring substitution is followed by aromatisation  via  elimination of 
hydrogen iodide and isomerisation of the double bond into the aromatic position.  112              

 Exercises    
  Straightforward revision exercises (consult Chapters  19  and  21 ):  

   (a)   In the electrophilic substitution of benzothiophene and benzofuran there is less selectivity than for 
comparable reactions of indole  –  why?   

   (b)   What is the principal method for the effi cient introduction of substituents to the 2 - positions of benzo-
furan and benzothiophene?   

   (c)   Beginning from a phenol carrying no substituents  ortho  to the hydroxyl, describe two methods for the 
synthesis of benzofurans.   

   (d)   How can salicaldehydes be used for the synthesis of benzofurans?   

  More advanced exercises:  

   1.   Suggest structures for the compounds formed at each stage in the following sequence: PhSH with 
ClCH 2 COCH 2 CO 2 Et ( →  C 12 H 14 SO 3 ), then PPA/heat ( →  C 12 H 12 SO 2 ), then NH 3  ( →  C 10 H 9 NSO), then 
LiAlH 4  ( →  C 10 H 11 NS), then HCO 2 H/heat, ( →  C 11 H 11 NSO), then POCl 3 /heat giving fi nally a tricylic 
substance, C 11 H 9 NS.   

   2.   Draw structures for the heterocycles formed from the following combinations: (i) C 13 H 16 O from 2,4,5 - tri-
methylphenol with 3 - chloro - 2 - butanone then the product with c. H 2 SO 4 ; (ii) C 12 H 8 O 4  from 7 - hydroxy -
 8 - methoxycoumarin with CH 2  = CHCH 2 Br/K 2 CO 3 , then the product heated strongly giving an isomer, 
then reacted successively with O 3  then H + ; (iii) 4 - trifl uoromethylfl uorobenzene with LDA then DMF 
( →  C 8 H 4 F 4 O), then with HSCH 2 CO 2 Me/NaH giving C 11 H 7 F 3 O 2 S; (iv) C 9 H 7 NO 3  from 4 - fl uoronitroben-
zene with Me 2 C = NONa then c. HCl/heat.   

   3.   Deduce structures for the bi -  and tetracyclic heterocycles formed in the following two steps respectively: 
4 - chlorophenylthioacetic acid with PCl 3  then AlCl 3  ( →  C 8 H 5 ClOS), then this with phenylhydrazine in 
hot AcOH    →    C 14 H 8 ClNS.     
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 Isoindole,  1   benzo[ c ]thiophene  2   and isobenzofuran  3   are much less stable than their isomers, indole, and 
benzo[ b ]thiophene and benzo[ b ]furan. This is undoubtedly associated with their lower aromaticity, which 
can be appreciated qualitatively by noting that in these [ c ] - systems, the six - membered ring is not a complete 
benzenoid unit. Of the three unsubstituted heterocycles, benzo[ c ]thiophene is the most stable  –  it survives 
as a solid for a few days at  − 30  ° C  –  but most chemistry has been carried out with substituted derivatives. 
The instability manifests itself in a strong tendency to add reagents so as to generate products that do have 
a complete benzene ring, in particular these heterocycles are susceptible to cycloaddition of dienophiles. 
In this context, then, it is not surprising that for isoindole, for which an alternative tautomer (1 H  - isoindole, 
sometimes called  ‘ isoindolenine ’ ) is possible, which does have a complete benzenoid unit, an appreciable 
percentage of that alternative exists in equilibrium.  4   Indeed, some isoindoles exist largely as the tautomer 
with a C – N double bond  –  1,3,4,7 - tetramethylisoindole is an example  5    –  but 1 - phenylisoindole favours the 
2 H  - tautomer to the extent of 91%.  6   Substituents on the benzenoid ring can also infl uence both the stability 
of the isoindole and the position of tautomeric equilibrium, for example 4,5,6,7 - tetrabromoisoindole is a 
stable crystalline solid which exists wholly as the 2 H  - tautomer;  7   a pivaloyl substituent at C - 5, though remote 
from the sensitive heterocyclic ring, can also stabilise an isoindole.  8   The position of such tautomeric equi-
libria can be altered by changing solvent  –  solvents such as dimethylsulfoxide tend to favour the  N  - hydrogen 
tautomer, where protic solvents like alcohols favour the imine tautomer.         

  22.1   Reactions with Electrophilic Reagents 
 Isoindoles protonate to generate only one cation;  5   this electrophilic addition of protons sets the pattern for 
substitution in these systems, but there are relatively few clear cut examples, no doubt partly because of 
the instability of less substituted isoindoles, isobenzofurans and benzo[ c ]thiophenes. Detritiation studies 
showed the intrinsic reactivity of 2 - methylisoindole in this electrophilic substitution to be 10 4  greater than 
that of 1 - methylindole.  9   
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 2 - t - Butylisoindole is much more stable than the unsubstituted heterocycle or other 2 - substituted isoin-
doles, thus its reactions can be used as a measure of intrinsic reactivity, set aside from instability: even 
weak electrophiles such as aryl - diazonium ions attack it and it undergoes alkylation, in each case at the 
1 - position.  10          

 An interesting example of electrophilic substitution is the conversion of phthalimidine (2,3 - dihydro - 1 H  -
 isoindol - 1 - one) into 1 - bromo - 3 - formylisoindole under Vilsmeier conditions (formation of 1 - bromo - 
2 H  - isoindole may be the fi rst step).  11   Mannich substitution of 2 - methyl - 1 - phenylisoindole is another 
straightforward example.  12           

  22.2   Electrocyclic Reactions 
 Each of the three systems has a strong tendency for cycloaddition with dienophiles across the 1 -  and 3 - 
positions, thereby gaining the stabilising contribution of a complete benzene ring, isobenzofuran itself, for 
example, reacts instantly at 0  ° C with maleic anhydride.  13   Isobenzofuran has been dubbed  ‘ the most reac-
tive isolable diene ’ . More typically, the synthesis of one of these non - isolable, or extremely reactive 
systems, is immediately followed by a trapping with a dienophile, so that discussion of synthesis must 
inevitably involve discussion of the product cycloaddition chemistry. 

 Reactions of 1,3 - diphenylisobenzofuran, which is much more stable, are typical: it undergoes Diels –
 Alder cycloaddition with diethyl acetylenedicarboxylate  14   and adds singlet oxygen,  15   indeed this commer-
cially available isobenzofuran has been very frequently used as a trapping reagent for alkenes and alkynes, 
both stable and transient. Less stable isobenzofurans are traditionally generated and reacted  in situ : the 
reactions shown below of 1 - methyl - 3 - phenylisobenzofuran  16   and 1 - phenylisobenzofuran  17   are typical.               
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 More modern methods for the production of isobenzofurans in solution have allowed detailed study of 
the rates of various substituted derivatives with  N  - methylmaleimide.  18   Diels – Alder additions are also known 
for benzo[ c ]thiophene  19,20   and isoindoles.  4    

  22.3   Phthalocyanines   21    
 The phthalocyanine macrocyclic system, formally derived from four isoindoles, is the basis for many blue 
dyestuffs. Metal derivatives have a cation complexed at the centre, much like the iron atom in heme (see 
 32.3 ). Phthalocyanine can be produced by the reductive cyclisation of 2 - cyanobenzamide or, in a route 
which makes its relationship to isoindole more obvious, by the combination of four molecules of 1,3 - 
diiminoisoindoline with the elimination of ammonia.  22           

  22.4   Synthesis of Isoindoles, Benzo[ c ]thiophenes and Isobenzofurans 
  22.4.1   Isoindoles 

 Isoindoles can be produced by eliminations from  N  - substituted isoindolines (1,3 - dihydro - isoindoles), them-
selves readily produced by the reaction of a nitrogen nucleophile and a 1,2 - bis(bromomethyl) - benzene:  23   
examples are the pyrolytic elimination of acetic acid from the cyclic hydroxylamine acetate,  4   or, at a much 
lower temperature, of benzyl alcohol from an  N  - hydroxy - isoindoline benzyl ether,  24   or of methanesulfonic 
acid from a corresponding mesylate.  25    N  - substituted isoindoles, too, have generally been made from an 
isoindoline by elimination processes, thus  N  - oxides can be made to lose water by pyrolysis,  26   or better, by 
treatment with acetic anhydride.  27          

 A synthesis of 1 - phenylisoindole represents a classical approach to the construction of a heterocycle: a 
precursor is assembled in which there is an amino group (initially protected in the form of a phthalimide) 
fi ve atoms away from a carbonyl group with which it must interact and form a cyclic imine.  28          
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 Several routes involve cycloreversions as fi nal steps;  29   each of the starting materials shown below is 
available from the cycloadduct (cf.  16.8 ) of benzyne and 1 - methoxycarbonylpyrrole.        

 1,3 - Diaryl - isoindoles can be constructed from 1,2 - diaroyl - benzenes by reaction with an amine and a 
reducing agent.  30           

  22.4.2   Benzo[ c ]thiophenes 

 Elimination from dihydrobenzo[ c ]thiophene  S  - oxides has been successfully applied, as for isoindoles, for 
the preparation of benzo[ c ]thiophenes, including the parent compound  20,31   and isolable 4,6,7 - tri -  t  -
 butylbenzo[ c ]thiophene.  32          

 A general route to 1,3 - diaryl - benzo[ c ]thiophenes starts with the synthesis of an aryl - substituted phthalide, 
reaction of this with an aryl (heteroaryl) Grignard reagent, then thionation using Lawesson ’ s reagent.  33          

 It is comparatively rare for the construction of a benzanellated heterocycle to involve formation of the 
benzene ring as a fi nal step, however benzo[ c ]thiophenes can be made by this strategy, utilising a double 
Friedel – Crafts - type alkylation of a 2,5 - disubstituted (to prevent attack at  α  - positions) thiophene with a 
1,4 - diketone.  34           
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  22.4.3   Isobenzofurans 

 Isobenzofuran can be isolated by trapping on a cold fi nger, following thermolysis of a suitable 
precursor such as 1,4 - epoxy - 1,2,3,4 - tetrahydronaphthalene,  13,35   but although isolable, for trapping experi-
ments it can be conveniently produced by either acid -  or base - catalysed elimination of methanol from 
1 - methoxyphthalan in the presence of the intended dienophile.  36          

 1 - Methoxyphthalan is obtained by partial oxidation of 1,2 - bis(hydroxymethyl)benzene with hypochlorite 
in methanol; treatment with lithium diisopropylamide gives isobenzofuran.  37   Conditions have been defi ned 
whereby this elimination can be run in such a way as to allow immediate ring lithiation; the lithiated iso-
benzofuran can then be further reacted to give alkylated isobenzofurans, which can be characterised by 
reaction with dimethyl acetylendicarboxylate.  38   This same starting material can be converted into isoben-
zofuran under neutral conditions, by reaction with a catalytic amount of Pd 2 (dba) 3 .CHCl 3  at 100  ° C, again 
in the presence of dimethyl acetylenedicarboxylate.  39          

 A spectacular demonstration of this approach is provided by the synthesis of the  ‘ stretched ’  isobenzofuran 
shown below.  40   Note that the fi rst cycloaddition is with a dienophile able to provide the  ortho  - related car-
binol/aldehyde arrangement ready for the formation of another furan ring.        

 Most of the stable isobenzofurans are 1,3 - diaryl - substituted, and are deep yellow. Such compounds are 
available  via  the partial reduction, and dehydrating cyclisation of 1,2 - diaroyl - benzenes.  41   Both 1 - mono -  and 
1,3 - disubstituted isobenzofurans are available from phthalides by Grignard addition  42   and symmetrical 
1,3 - diaryl - isobenzofurans are effi ciently formed from 3 - methoxy - 3 H  - isobenzofuran - 1 - one on reaction 
with two equivalents of aryl Grignard reagents, each process requiring fi nal acid - catalysed elimination 
of water.  43           
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 Exercises    
  Straightforward revision exercises (consult Chapters  19  and  22 ):  

   (a)   The [ c ] - fused heterocycles considered in this chapter are much less stable than the [ b ] - fused isomers 
 –  why?   

   (b)   What factors favour 1 H  - isoindoles over 2 -  H  - isoindoles?   
   (c)   What is the most characteristic reactivity of the [ c ] - fused heterocycles considered in this chapter? Give 

three examples of this typical reactivity.   
   (d)   Describe one method each for the ring synthesis of isoindoles, benzo[ c ]thiophenes and 

isobenzofurans.   

  More advanced exercises:  

   1.   Deduce structures for the compounds formed at each stage in the following sequence: (i) 
1,2 - bis(bromomethyl) - 4 - pivaloylbenzene with H 2 NH 2 CC = CH/Et 3 N    →    C 16 H 19 NO, which was then 
heated at 500    ° C producing C 13 H 15 NO, which was trapped with  N  - phenylmaleimide    →    C 23 H 22 N 2 O 3  (what 
is the mechanism of the high temperature reaction?)   

   2.   What products would be formed when: (i) phthalaldehyde is reacted, in sequence, with 2    ×    NaHSO 3 , 
then MeNH 2 , then 2    ×    KCN    →    C 10 H 8 N 2 ; (ii) benzoic acid  N,N  - diethylamide is treated with  n  - BuLi, then 
PhCH = O then acid    →    C 14 H 10 O 2 , then this with PhMgBr then acid    →    C 20 H 14 O and fi nally this with O 2 /
methylene blue/h ν / – 50    ° C    →    C 20 H 14 O 3 .   

   3.   Phthalaldehyde reacts with HO(CH 2 ) 2 OH/CuSO 4  to give C 10 H 10 O 3   –  what is its structure? This product 
can be reduced with NaBH 4 , and when followed by TsOH with MeO 2 CC = CCO 2 Me in hot toluene, 
C 14 H 12 O 5  is formed  –  deduce a structure.   

   4.   What would be the result of reacting benzo[ c ]thiophene with maleic anhydride, then hot NaOH, then 
acid  –  the product has the formula C 12 H 8 O 4 ?     
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 The 1,3 -  and 1,2 - azoles each contain one heteroatom in an environment analogous to that of the nitrogen 
in pyridine  –  an imine nitrogen  –  and one heteroatom like the nitrogen in pyrrole, or the sulfur in thiophene 
or the oxygen in furan. Consequently, the chemical reactions of the 1,2 -  and 1,3 - azoles present a fascinating 
combination and mutual interaction of the types of reactivity that have been described earlier in this book 
for azines, on the one hand, and for pyrrole, thiophene and furan, on the other, with the variation in elec-
tronegativity of the fi ve - membered - type heteroatom having a substantial differentiating effect.    

     Typical reactions of 1,3 - azoles  
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 Many of the lessons to be learnt apply to both 1,3 -  and 1,2 - azoles, though the direct linking of the two 
heteroatoms in the latter has a substantial inductive infl uence, altering properties in degree. Thus the 1,2 -
 azoles tend to be less nucleophilic and less basic at the imine nitrogen than their 1,3 - isomers. That such 
electrophilic additions occur readily, illustrates, as for pyridine, that an imine nitrogen lone pair is not 
involved in the aromatic sextet of electrons.    

     Typical reactions of 1,2 - azoles  

 Electrophilic substitution in the azoles is intermediate in facility between pyridine on the one hand and 
pyrroles, thiophenes and furans on the other; the presence of the electron - withdrawing imine unit has an 
effect on the fi ve - membered aromatic heterocycles just as it does when incorporated into a six - membered 
aromatic framework, i.e. the comparison is like that between benzene and pyridine (Chapter  7 ). The order 
of reactivity  –  pyrrole    >    furan    >    thiophene  –  is echoed in the azoles, though the presence of the basic 
nitrogen complicates such comparisons. The regiochemistry of electrophilic attack can be rationalised 
nicely by comparing the  ‘ character ’  of the various ring positions  –  those that are activated in being fi ve -
 membered in character and those that are deactivated by their similarity to  α  -  and  γ  -  positions in 
pyridine.    

     Infl uences on the positional reactivities of 1,3 -  and 1,2 - azoles towards electrophilic substitution  

 The converse of electrophilic substitution following the fi ve - membered pattern, is that nucleophilic 
substitution of halogen follows the pyridine pattern i.e. it is much faster at the 2 - position of 1,3 - azoles and 
at the 3 - position of 1,2 - azoles, than at other ring positions. Resonance contributors to the intermediates for 
such substitutions make the reason for this plain: the imine nitrogen can act as an electron sink for the 
attack,  only  at these positions.    

     Intermediates for nucleophilic displacements on azoles  
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 The utility of palladium(0) - catalysed processes for the elaboration of azoles has been developed exten-
sively; one typical example serves to point up the importance of such process in azole chemistry (see 
Section  4.2  for a detailed discussion of palladium - catalysed processes).        

 Continuing the analogy with pyridine reactivity, methyl groups at the 2 - positions of 1,3 - azoles and the 
3 - positions of 1,2 - azoles carry acidifi ed hydrogen atoms and can be deprotonated with strong bases. In 
further analogy with pyridines, quaternisation of the imine nitrogen makes such deprotonations even easier; 
the resulting enamines react with electrophiles at the side - chain carbon.    

     Deprotonation of 2 - methyl - 1,3 - azolium salts  

 Ring deprotonation using a strong base is regioselective for the 2 - position in the 1,3 - azoles and for the 
5 - position in the 1,2 - azoles.    

     Preferred position of ring - deprotonation of azoles  

 The facility with which 1,3 - azolium cations form ylides by 2 - deprotonation is central to the biological 
activity of thiamine pyrophosphate ( 32.2.4 ). Such ylides have a neutral carbene resonance contributor.    

     Thiazolium ylide resonance contributors  

 The benzo - 1,3 -  and  - 1,2 - azoles do not undergo electrophilic substitution on the hetero - ring; some 
examples of electrophilic halogenations are known in the benzene ring. These bicyclic systems are slightly 
weaker bases than the azoles, but react easily with alkyl halides to give salts. N - Deprotonation of indazoles 
or benzimidazoles allows substitution on nitrogen.       
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     Typical reactions of benzo - 1,3 - azoles  

     Typical reactions of benzo - 1,2 - azoles  

 It has long been known that 1,3 - azoles can be assembled from a component providing the two hetero-
atoms, for example a thioamide or an amidine, and an  α  - haloketone. A more recent route employs the 
interaction between the anion of an isonitrile and an aldehyde, thioaldehyde or imine. 

    To produce a 1,2 - azole, a 1,3 - dicarbonyl - compound needs to be condensed with a unit providing the two 
heteroatoms  –  a hydrazine or hydroxylamine. The 1,3 - dipolar cycloaddition of nitrile oxides or nitrile 
imines to alkynes provides an important route to isoxazoles and pyrazoles.    

     Two routes for the ring synthesis of 1,3 - azoles  
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     Two routes for the ring synthesis of 1,2 - azoles  

 The benzo - 1,3 - azoles are commonly prepared from  ortho  - disubstituted benzenes by reaction with a 
carboxylic acid anhydride, or equivalent.    

     The usual ring synthesis route for benzo - 1,3 - azoles  

 Some of the routes to benzo - 1,2 - azoles require a heteroatom – heteroatom bond formation, but these are 
diffi cult to categorise generally, being of various mechanistic types. In one example, the generation of a 
sulfenyl chloride allows N – S bond formation.            

     A benzisothiazole synthesis  
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 The three 1,3 - azoles, imidazole,  1   thiazole and oxazole,  2   are all very stable compounds that do not autoxidise. 
Oxazole and thiazole are water - miscible liquids with pyridine - like odours. Imidazole, which is a solid at 
room temperature, and 1 - methylimidazole are also water soluble, but are odourless. They boil at much 
higher temperatures (256    ° C and 199    ° C) than oxazole (69    ° C) and thiazole (117    ° C); this can be attributed 
to stronger dipolar association resulting from the very marked permanent charge separation in imidazoles 
(the dipole moment of imidazole is 5.6 D; cf. oxazole, 1.4 D; thiazole, 1.6 D) and for imidazole itself, in 
addition, extensive intermolecular hydrogen bonding. The dihydro -  and tetrahydro - 1,3 - azoles are named 
imidazoline/imidazolidine, thiazoline/thiazolidine and oxazoline/oxazolidine.         

  24.1   Reactions with Electrophilic Reagents 
  24.1.1   Addition at Nitrogen 

  24.1.1.1   Protonation. 

 Imidazole, thiazole and alkyl - oxazoles, though not oxazole itself, form stable crystalline salts with strong 
acids, by protonation of the imine nitrogen, N - 3, known as imidazolium, thiazolium and oxazolium 
salts.        

 Imidazole, with a p K  aH  of 7.1, is a very much stronger base than thiazole (2.5) or oxazole (0.8). That 
it is also stronger than pyridine (5.2) is due to the amidine - like resonance that allows both nitrogens to 
participate equally in carrying the charge. The particularly low basicity of oxazole can be understood as a 
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combination of inductive withdrawal by the oxygen and weaker mesomeric electron release from it. The 
1,3 - azoles are stable in hot, strong aqueous acid. 

  Hydrogen Bonding in Imidazoles 

 Imidazole, like water, is both a good donor and a good acceptor of hydrogen bonds; the imine nitrogen 
donates an electron pair and the  N  - hydrogen, being appreciably acidic (see  24.4 ), is an acceptor. This 
property is central to the mode of action of several enzymes that utilise the imidazole ring of a histidine 
( 32.1 ) one of the 20 amino acids found in proteins.        

 Imidazoles with a ring  N  - hydrogen are subject to tautomerism, which becomes evident in unsymmetri-
cally substituted compounds such as the methylimidazole shown. This special feature of imidazole chem-
istry means that to write simply  ‘ 4 - methylimidazole ’  would be misleading, for this molecule is in rapid 
tautomeric equilibrium with 5 - methylimidazole. All such tautomeric pairs are inseparable and the con-
vention used to cover this phenomenon is to write  ‘ 4(5) - methylimidazole ’ . In some pairs, one tautomer 
predominates, for example 4(5) - nitroimidazole favours the 4 - nitro - tautomer by 400   :   1.           

  24.1.1.2   Alkylation at Nitrogen 

 The 1,3 - azoles are quaternised easily at the imine nitrogen with alkyl halides; the relative rates are: 1 - me
thylimidazole:thiazole:oxazole, 900   :   15   :   1.  3   Microwave irradiation makes the process particularly rapid.  4   
In the case of imidazoles that have an  N  - hydrogen, the immediate product is a protonated  N  - alkyl - imidazole; 
this can lose its  N  - hydrogen to unreacted imidazole (acting as a base) and react a second time, meaning 
that reactions with alkyl halides give mixtures of imidazolium, 1 - alkyl - imidazolium and 1,3 - dialkyl - 
imidazolium salts. The use of a limited amount of the alkylating agent, or reaction in basic solution,  5   
when it is the imidazolyl anion ( 24.4.1 ) that is alkylated, can minimise these complications. A 4(5) -
 substituted imidazole can give two isomeric 1 - alkyl - derivatives: generally the main product results from 
alkylation of that tautomer which minimizes steric interactions, i.e. 4(5) - substituted imidazoles give 1 - alkyl -
 4 - substituted imidazoles mainly. Formation of doubly  N  - alkylated derivatives can be achieved by reacting 
1 - trimethylsilylimidazole with an alkyl halide.  6          

 Tautomerism in imidazoles 
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  N  - Alkylation of oxazoles,  7   or imidazoles carrying, for example, a phenylsulfonyl or acyl  8   group on 
nitrogen, is more diffi cult, requiring methyl trifl ate or a Meerwein salt (e.g. Et 3 O + BF 4   –  ) for smooth reaction. 
Subsequent simple alcoholysis of the imidazolium - sulfonamide (acylamide) releases the  N  - substituted 
imidazole.  9   Moreover, since acylation of 4(5) - substituted imidazoles gives the sterically less crowded 
1 - acyl - 4 - substituted imidazoles, subsequent alkylation, then hydrolytic removal of the acyl group, produces 
1,5 - disubstituted imidazoles.  10   Complementarily, the 1,4 - disubstitution pattern can be achieved by alkylat-
ing 1 - protected - 5 - substituted imidazoles (see  24.4.1 ) at N - 3, then removing the  N  - protection.  11   Such pro-
tecting groups include trityl, removal of the triphenylmethyl group after alkylation requiring only simple 
acid treatment,  12   or 2 - cyanoethyl, fi nal elimination of acrylonitrile being the reverse of the Michael - type 
reaction used to introduce this group.  13          

 Another device to control the position of  N  - alkylation is applicable to histidine and histamine: a cyclic 
urea is fi rst prepared by reaction with carbonyl dimidazole ( 24.1.1.3 ), forcing the alkylation onto the other 
nitrogen, methanolytic ring opening then providing the  N  - 1 - alkylated, carbamate - protected derivative.  14          

 Exposure of imidazole to  ‘ normal ’  Mannich conditions leads to  N  - (dimethylaminomethyl)imidazole, 
presumably  via  attack at the imine nitrogen, followed by loss of proton from the other nitrogen.  15   

  N  - Arylation or  N  - vinylation of imidazoles or benzimidazole can be achieved effi ciently with metal 
catalysis  16   (see  4.2 ).         

  24.1.1.3   Acylation at Nitrogen 

 Acylation of imidazole produces  N  - acylimidazoles  via  loss of proton from the initially - formed  N  - 3 - acyl-
imidazolium salt.  17    N  - Acyl - imidazoles are even more easily hydrolysed than  N  - acyl - pyrroles; moist air is 
suffi cient. The ready susceptibility to nucleophilic attack at carbonyl carbon has been capitalised upon: 
commercially available 1,1 ′  - carbonyldiimidazole (CDI), prepared from imidazole and phosgene, can be 
used as a safe, phosgene synthon, and also in the activation of acids for formation of amides and esters  via  
the  N  - acyl - imidazole.  18          
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 In another application,  N  - acyl - imidazoles react with lithium aluminium hydride at 0  ° C to give aldehydes, 
providing a route from the acid oxidation level.  19   In a similar way, 1 - cyanoimidazole acts as a mild and 
effi cient  N  - ,  S  -  and  C  - cyanating agent.  20     

  24.1.2   Substitution at Carbon 

  24.1.2.1   Protonation 

 In acid solution,  via  a protonation - deprotonation sequence, hydrogen at the imidazole 5 - position exchanges 
about twice as rapidly as at C - 4 and  > 100 times faster than at C - 2.  21   An altogether faster exchange, which 
takes place at room temperature in neutral or weakly basic solution, but not in acidic solution, brings about 
C - 2 – H exchange;  22   oxazole and thiazole also undergo this regioselective C - 2 – H exchange, the relative rates 
being in the order: imidazole    >    oxazole    >    thiazole.  23   The mechanism for this special process involves fi rst, 
formation of protonic salt, then C - 2 – H deprotonation of the salt, producing a transient ylide, to which a 
carbene form is an important resonance contributor. It follows from this mechanism that quaternary salts 
of 1 - alkyl - imidazoles, and of oxazole and thiazole will also undergo regioselective C - 2 – H exchange, and 
this is indeed the case. The relative rates of exchange,  via  the ylide mechanism, are in the order: oxazo-
lium    >    thiazolium    >     N  - methylimidazolium, in a ratio of about 10 5    :   10 3    :   1.  24   Much attention  25   has been paid 
to thiazolium salts because of the involvement of exactly such an ylide in the mode of action of thiamin 
in its role as a component of a coenzyme in several biochemical processes  26   ( 32.2.4 ).  ‘  N  - Heterocyclic 
carbenes ’ , C - 2 - ylides from imidazolium salts, have become very important ligands in palladium catalysis 
(see  24.10  and  4.2.2 ).        

 In the thermal decarboxylation of 1,3 - azole - 5 - acids, the order of ease of loss of carbon dioxide is again 
oxazole -     >    thiazole -     >     N  - methylimidazole - 5 - acids, but about 10 6  more slowly, than decarboxylation of the 
2 - acids.  27    

  24.1.2.2   Nitration 

 Imidazole is much more reactive towards nitration than thiazole, substitution taking place  via  the salt,  28   as 
does nitration of alkyl - thiazoles.  29   Thiazole itself is untouched by nitric acid/oleum at 160  ° C, but methyl -
 thiazoles are suffi ciently activated to undergo substitution, the typical regioselectivity being for formation 
of more 5 - nitro than 4 - nitro derivatives;  30   the 2 - position is not attacked: 4,5 - dimethylimidazole is resistant 
to nitration. The much less reactive oxazoles do not undergo nitration.         
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  24.1.2.3   Sulfonation 

 Here again, thiazoles are much less reactive than imidazoles,  31   generally requiring high temperatures and 
mercury(II) sulfate as catalyst for any reaction to take place;  32   oxazole sulfonations are unknown.         

  24.1.2.4   Halogenation 

 Imidazole,  33   and 1 - alkyl - imidazoles,  34   are brominated with remarkable ease at all free nuclear positions. It 
is, at fi rst sight, somewhat surprising that such relatively mild conditions allow bromination of imidazole 
at C - 2, but it must be remembered that the neutral imidazole, not its protonic salt (cf. nitration and sulfona-
tion), is available for attack, thus electrophilic addition of bromine to imine nitrogen, then addition of 
bromide at C - 2 and fi nally elimination of hydrogen bromide may be the key to the 2 - bromination.        

 4(5) - Bromoimidazole can be obtained by reduction of tribromoimidazole with sodium sulfi te,  35    via  regi-
oselective exchange of the 2 -  and 5 - halogens using  n  - butyllithium, then water quenching,  36   or by bromina-
tion of imidazole with 4,4 - dibromocyclohexa - 2,5 - dienone.  37   Chlorination with hypochlorite in alkaline 
solution effects substitution only at the 4 -  and 5 - positions.  38   Iodination of imidazoles that have a free  N  -
 hydrogen, in alkaline solution and therefore  via  the imidazolyl anion, can also give fully halogenated 
products;  39   4,5 - diiodination of imidazole takes place in cold alkaline solution.  40   

 Thiazole does not undergo bromination easily, though 2 - methylthiazole brominates at C - 5; when the 
5 - position is not free, no substitution occurs, thus 2,5 - dimethylthiazole, despite its two activating substitu-
ents, is not attacked.  41   2 - Bromothiazole brominates to produce the 2,5 - dibromo - isomer.  42   Halogenation of 
simple oxazoles has not been reported, however addition products, mainly 1,4 - oriented and analogous to 
those obtained from furan (cf.  18.1.1.4 ), are obtained with substituted oxazoles.  43           

  24.1.2.5   Acylation 

 Friedel – Crafts acylations are unknown for the azoles, clearly because of interaction between the basic 
nitrogen and the Lewis - acid catalyst. It is, however, possible to 2 - aroylate 1 - alkyl - imidazoles  44   or indeed 
imidazole itself  45   by reaction with the acid chloride in the presence of triethylamine, the substitution pro-
ceeding  via  an  N  - acyl - imidazolium ylide. Trifl uoroacetylation of  N  - substituted imidazoles, and some 
oxazoles and thiazoles, also produces 2 - substituted products in good yields.  46   In the reverse sense, 2 - acyl -
 substituents can be cleaved by methanolysis, the mechanism again involving an imidazolium ylide.  47          
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 Another example of the utility of  N  - acyl - imidazolium ylides is a synthesis of 2 - formylimidazole: the 
electrophile which attacks the ylide is in this case an  N  - benzoylimidazolium cation.  48           

  24.1.2.6   Reactions with Aldehydes 

 The discovery of  ipso  - displacement of silicon from the thiazole 2 - position under mild conditions led to the 
development of this reaction as an essential component of a route to complex aldehydes. Subsequent qua-
ternisation, saturation of the heterocyclic ring using sodium borohydride, and then mercury(II) -  or copper(II) -
 catalysed treatment leads to the destruction of the thiazolidine and the formation of a new, homologous 
aldehyde; an example is shown below.  49           

  24.1.2.7   Reactions with Iminium Ions 

 The standard, acidic Mannich conditions do not allow simple  C  - substitutions of the imidazole, (cf.  24.1.1.2  
for  N  - substitution), thiazole or oxazole systems.    

  24.2   Reactions with Oxidising Agents 
 Resistance to oxidative breakdown falls off in the order thiazoles    >    imidazoles    >    oxazoles. 2 - Substituted 
thiazoles can be converted into  N  - oxides,  50   however peracids bring about degradation of imidazoles; 
oxazole  N  - oxides can only be prepared by ring synthesis. Substituted oxazoles are converted into imides, 
with loss of C - 5.  51    

  24.3   Reactions with Nucleophilic Reagents 
  24.3.1   With Replacement of Hydrogen 

 Generally speaking, the 1,3 - azoles do not show the pyridine - type reactions in which hydrogen is displaced 
on reaction with a strong nucleophile.  

  24.3.2   With Replacement of Halogen 

 There are many examples of halogen at a 2 - position undergoing nucleophilic displacement; examples 
chosen at random are 2 - halo - thiazoles with sulfur nucleophiles  52   (indeed, more rapidly than for 2 - halo -
 pyridines), 2 - halo - 1 - substituted imidazoles,  53   and 2 - chloro - oxazoles  54   with nitrogen nucleophiles.          
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  24.4   Reactions with Bases 
  24.4.1   Deprotonation of Imidazole  N  - Hydrogen and Reactions of Imidazolyl Anions 

 The p K  a  for loss of the  N  - hydrogen of imidazole is 14.2; it is thus an appreciably stronger acid than pyrrole 
(p K  a  17.5) because of the enhanced delocalisation of charge, involving both nitrogens in the imidazolyl 
anion. Salts of imidazoles can be alkylated or acylated on nitrogen. One convenient method is to use the 
dry sodium/potassium salt obtained by evaporation of an aqueous alkaline solution;  55   sodium hydride in 
dimethylformamide also serves very well for this purpose.        

 When there is a route for the entering group to be lost again, as in the addition to a cyano - conjugated 
alkene, a 4(5) - substituted imidazole will give the less hindered 1,4 - disubstituted product rather than the 
1,5 - isomer.  56            

  24.5   C - Metallation and Reactions of C - Metallated 1,3 - Azoles   57    
  24.5.1   Direct Ring  C  –  H  Metallation 

 The specifi c deprotonation of a C - 2 – hydrogen in the azoles, in neutral solution,  via  an ylide, has already 
been discussed ( 24.1.2.1 ). Preparative strong - base lithiation of oxazoles,  58   thiazoles  59   and  N  - methylimid-
azole  60   takes place preferentially at C - 2, or at C - 5 if the former position is substituted.  61   A variety of 
removable  N  - protecting groups have been used to achieve metallations for the eventual synthesis of  N  -
 unsubstituted imidazoles, including phenylsulfonyl,  62   dimethylaminosulfonyl,  63   dimethylaminomethyl,  15   
trimethylsilylethoxymethyl,  64   diethoxymethyl,  65   1 - ethoxyethyl  66   and trityl.  67   

 The intrinsic tendency to lithiate at C - 2, then C - 5, taken with metal – halogen exchange processes for the 
4 - position, are a powerful combination for elaborations of the 1,3 - azoles. For example, the sequence shown 
below produces SEM - protected 5 - substituted imidazoles,  63,68   with retention of a 2 - silyl - substituent if 
required.  69          

 Although oxazoles follow the pattern and lithiate at C - 2, 4 - substituted products are produced with some 
electrophiles; this is explained by a ring opening of the anion, to produce an enolate, which after  C  - 
electrophilic attack, recloses. An estimate by NMR spectroscopy showed the ring - cleaved tautomer to 
dominate the equilibrium.  70   Some electrophiles produce good yields of oxazole products: reaction of lithi-
ated oxazole with hexachloroethane produces 2 - chlorooxazole in good yield.  71   The open enolates can be 
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trapped by reaction with chlorotrimethylsilane; the open, enol trimethylsilyl ether will undergo a thermal 
rearrangement to form 2 - trimethylsilyloxazole.  72   More usefully, reaction with silyl trifl ates gives exclu-
sively the  C  - silylated oxazole. 2 - Triisopropylsilyloxazole, obtained in this way, is stable and can be lithiated 
at C - 5.  73                 

 The ring - opened products can also be avoided by transmetallation to a zinc compound,  74   or by metalla-
tion with lithium tri -  n  - butylmagnesate  75   or  iso  - propylmagnesium chloride.  76           

  24.5.2   Metal – Halogen Exchange 

 The regioselectivity of metal – halogen exchange processes mirrors the C – H metallations discussed above: 
thus 2,4 - dibromothiazole reacts at C - 2 fi rstly.  77          

 Metal – halogen exchange of 4(5) - bromoimidazole using  n  - butyllithium,  78   or of 4(5) - iodoimidazole, using 
methylmagnesium chloride with lithium chloride,  79   is possible without  N  - protection.          

  24.6   Reactions with Radicals 
 The preferred site for Minisci substitution of imidazoles in acid solution is C - 2,  80   however intramolecular 
alkylation of a 4 - formylimidazole in neutral solution occurs at C - 5.  81   Intramolecular displacement of tosyl 
as a C - 2 substitutent, has also been demonstrated.  82                  
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  24.7   Reactions with Reducing Agents 
 Of the 1,3 - azoles, oxazoles are the most easily reduced, catalytic sequences also bringing about C – O bond 
cleavage. 1,3 - Azolium salts are easily attacked by hydride reducing agents: thiazolium salts produce tetra-
hydro derivatives ( 24.1.2.6 ).  83    

  24.8   Electrocyclic Reactions 
 Oxazoles readily undergo Diels – Alder type cycloaddition across the 2,5 - positions, in parallel with the 
behaviour of furans ( 18.7 ). Thiazole and imidazole do not show this mode of reactivity, however they do 
react with highly electrophilic alkynes  via  initial electrophilic addition to the nitrogen, then nucleophilic 
intramolecular cyclising addition (cf. the comparable reactivity of quinolines,  9.13 ).  84          

 Oxazole cycloadditions have been reported with alkyne dienophiles  85   (tandem Diels – Alder addition and 
retro Diels – Alder loss of a nitrile leads on to furans), benzyne (the primary adduct can be isolated),  86   and 
with typical alkene dienophiles and the adducts can be transformed  87   into pyridines ( 8.14.1.4 ).        

 Electron - releasing substituents on the oxazoles increase the rate of reaction: 5 - alkoxy - oxazoles are com-
parable in reactivity to typical all - carbon dienes. 4 - (Trimethylsilyloxy) - oxazoles react smoothly to produce 
furans at modest temperatures.  88          
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 Particularly useful dienophiles are  N  - acyl - oxazolones  –  the products are protected  cis  - 1,2 - amino -
 alcohols.  89           

  24.9   Alkyl - 1,3 - Azoles 
 Protons on methyl groups at 1,3 - azole 2 - positions are suffi ciently acidic for strong - base deprotonation,  90   
and are more acidic than methyl groups at other positions; an  ortho  - tertiary carboxamide can overcome 
this intrinsic tendency.  91   The presence of a 5 - nitro group allows much milder base - catalysed condensations 
to occur by assisting in the stabilisation of the carbanion.  29   Condensation at the 2 - methyl of thiazoles 
proceeds in organic acid solution.  92    N  - Acylation also increases the acidity of 2 - methyl groups, allowing 
 C  - acylation  via  a non - isolable enamide.  93                  

  24.10   Quaternary 1,3 - Azolium Salts 
 1,3 - Dialkyl - imidazolium salts, for example 1 -  n  - Butyl - 3 - methylimidazolium hexafl uorophosphate (or tetra-
fl uoroborate) are a major group of ionic liquids (for a fuller discussion, see  31.5 ). 

  N  - Alkoxycarbonyl - 1,3 - azolium salts, generated  in situ  by reaction with chloroformates, will react with 
allylstannanes,  94   or allylsilanes  95   by addition of the equivalent of an allyl anion. In the same way, silyl enol 
ethers add the equivalent of an enolate to give 2,3 - dihydro - 2 - substituted imidazoles and thiazoles.  96          

 Azolium salts are readily attacked by hydroxide, addition at C - 2 being followed by ring opening.  97          
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 The C - 2 - exchange of azolium salts  via  an ylide mechanism was discussed in Section  24.1.2.1 . Thiamin 
pyrophosphate acts as a coenzyme in several biochemical processes and in these, its mode of action depends 
on the intermediacy of a 2 - deprotonated species ( 32.2.4 ). In the laboratory, thiazolium salts (3 - benzyl - 5 -
 (2 - hydroxyethyl) - 4 - methylthiazolium chloride is commercially available) will act as catalysts for the 
benzoin condensation, and in contrast to cyanide, the classical catalyst, allow such reactions to proceed 
with alkanals, as opposed to araldehydes; the key steps in thiazolium ion catalysis for the synthesis of 
2 - hydroxy - ketones are shown below and depend on the formation and nucleophilic reactivity of the C - 2 -
 ylide. Such catalysis provides acyl - anion equivalents.        

 Signifi cantly, replacing a thiazolium ring with an oxazolium ring gives a thiamin analogue in which there 
is no catalytic activity;  98   similarly 3,4 - dimethyloxazolium iodide does not catalyse a benzoin condensa-
tion.  99   Nature has selected the heterocyclic system with the correct balance  –  oxazolium ylides are formed 
faster, but because of the greater stability that this refl ects, do not then add to carbonyl groups as is required 
for catalytic activity. In keeping with the carbenoid character of thiazolium ylides, they dimerise; the dimers, 
either in their own right, or by reversion to monomer, are also catalysts for the benzoin condensation.  100   

 What have become known as  N  - heterocyclic carbenes (NHCs) are important ligands for transition metals 
(see  4.2 ), especially in catalytic processes.  101   Isolable, crystalline carbenes can be derived even from a salt 
as simple as 1,3,4,5 - tetramethylimidazolium. The NHC which has been most utilized in stabilizing both 
high -  and low - valency states of metals, is the 1,3 - bis(2,4,6 - trimethylphenyl)imidazole carbene.  102   The p K  aH s 
for NHCs, in the range of 22 – 24, show them to be amongst the most basic neutral compounds; they are 
strongly nucleophilic.  

  24.11   Oxy -    103,104    and Amino -    105   1,3 - Azoles 
 Amino - 1,3 - azoles exist as the amino tautomers. 2 - Amino - 1,3 - azoles tend to be more stable than other 
isomers. All amino - 1,3 - azoles protonate on the ring nitrogen. 2 - Aminothiazole has a p K  aH  of 5.39, which 
compares with the value for 2 - aminoimidazole of 8.46, refl ecting, in part, the symmetry of the resonating 
guanidinium type system in the latter.        

 The amino - 1,3 - azoles behave as normal arylamines, for example undergoing carbonyl condensation 
reactions, easy electrophilic substitutions  106   and diazotisation,  107   though 2 - amino - oxazoles cannot be diazo-
tised,  108   presumably due to the greater electron withdrawal by the oxygen.        
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 The oxygen - substituted 1,3 - azoles exist in their carbonyl tautomeric forms. The bromination of thiazol -
 2 - one, at C - 5, is a nice demonstration of relative reactivity: here the double bond carries both sulfur and 
nitrogen, and it is the latter, i.e. the enamide rather than the enethiol ester character, that dictates the site 
of electrophilic attack.  109          

 1,3 - Azol - 2 - ones can be converted into the 2 - halo - azoles by reaction with phosphorus halides.  53   Thiazoli-
dine - 2,4 - dione is converted effi ciently into 2,4 - dibromothiazole by heating with phosphoryl bromide.  42   
When accompanied by dimethylformamide, i.e. under Vilsmeier conditions, ring formylation also occurs 
and, after hydrogenolytic removal of halogen, the overall sequence can be seen to be a means for the 
preparation of 5 - hydroxymethylthiazole.  110          

 The 5 - ones condense in an aldol fashion at C - 4.  111   Alkylation of the 1,3 - azolones can take place either 
on the oxygen, giving alkyloxy - 1,3 - azoles, or on nitrogen; for example thiazol - 2 - one reacts with diazo-
methane giving 2 - methoxythiazole, but with methyl iodide/methoxide, to give 3 - methylthiazol - 2 - one.  112          

 4(5) - Oxazolones are simply cyclic anhydrides of  N  - acyl -  α  - amino acids, and are constructed in the way 
that this implies. If the nitrogen also carries an alkyl group, cyclisation  113   can only lead to an overall neutral 
product by adopting a zwitterionic structure, for which no neutral canonical form can be written  –  a 
mesoionic structure. Mesoionic oxazolones (named  ‘ m ü nchnones ’  by Huisgen after their discovery at the 
University of M ü nchen, Germany) undergo ready dipolar cycloadditions,  114   with loss of carbon dioxide 
from the initial adduct; the examples  115   show the conversion of a m ü nchnone into a mesoionic thiazolone 
and into an imidazole.         
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  24.12   1,3 - Azole  N  - Oxides 
 The chemistry of azole -  N  - oxides is relatively underdeveloped compared, for example, with that of pyridine 
 N  - oxides, largely because of diffi culty in their preparation from the azoles themselves.  116   Some ring syn-
thetic methods can be used, for example the reaction of 1,2 - dicarbonyl - mono - oximes with imines as 
shown.  117          

 1 - Benzyloxyimidazole undergoes useful 2 - lithiations; hydrogenolysis produces 2 - substituted 1 - hydroxy -
 imidazoles and these, in turn, can be converted into the 2 - substituted imidazoles by reduction with 
titanium(III) chloride.  118           

  24.13   Synthesis of 1,3 - Azoles   119,120,121    
  24.13.1   Ring Synthesis 

 Considerable parallelism emerges from an examination of the major methods for the construction of 
oxazole, thiazole and imidazole ring systems. 

  24.13.1.1   From an  α  - Halo - Carbonyl - Component (or an Equivalent) and a Three - Atom Unit Supplying 

C - 2 and Both of the Heteroatoms 

 This route is particularly important for thiazoles and imidazoles.        

 Simple examples of this strategy, which for the synthesis of thiazoles is known as the  Hantzsch synthesis , 
are shown below (note there is an important pyridine ring synthesis, also named a Hantzsch synthesis 
( 8.14.1.2 )): the syntheses of 2,4 - dimethylthiazole, where the heteroatoms are provided by thioacetamide,  122   
and 2 - aminothiazole, in which 1,2 - dichloroethyl ethyl ether is utilised as a synthon for chloroacetaldehyde 
and the heteroatoms derive from thiourea.  123   The use of thioureas as the sulfur component with 2 - chloro -
 acetamides as the second unit gives rise to 2,4 - diamino - thiazoles,  124   and  N  - acyl - thioureas with 2 - bromo -
 ketones produce 2 - ( N  - acylamino) - thiazoles.  125   The fi rst step in such ring syntheses is  S  - alkylation.  126   Useful 
variants include the use of an  α  - diazo - ketone in place of the  α  - halocarbonyl - component  127   and the conver-
sion of 1,3 - diketones into their 2 - phenyl - iodonium derivatives and reaction of these with thioureas produc-
ing 2 - amino - 5 - acyl - thiazoles.  128                 
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 The interaction of ammonia with carbon disulfi de produces ammonium dithiocarbamate in solution, 
which reacts with 2 - halo - ketones to produce thiazole - 2 - thiones;  129   similarly, methyl dithiocarbamate serves 
as a component for the construction of 2 - methylthiothiazole, reducable to thiazole itself by hydrogenolysis, 
thus providing a good route to the unsubstituted heterocycle.  130          

 Imidazole itself can be prepared effi ciently from bromoacetaldehyde ethylene acetal, formamide and 
ammonia; it is likely that displacement of halogen by ammonia occurs at an early stage.  131   A mono - enol 
ether of bromomalonaldehyde reacts with amidines giving 5 - formyl - imidazoles.  132   Amidines react with 
2 - bromo - ketones giving 2 - substituted imidazoles  133   and 2 - acetylamino - imidazoles are formed effi ciently 
from the interaction of 2 - bromo - ketones and  N  - acetylguanidine.  134   The 2 - hydroxy - aldehyde unit in sugars 
can be utilized in the synthesis of 4(5) - polyhydroxyalkyl - imidazoles, using ammonia and formamide: the 
reactions are carried out by heating at high pressure.  135                  

  24.13.1.2   By Cyclising Dehydration of  α  - Acylamino - Carbonyl - Compounds 

 Cyclising dehydration of an  α  - acylamino - carbonyl - compound is particularly important for oxazoles, and 
can be adapted for thiazole or imidazole formation.        
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 The classical method for making oxazoles, the  Robinson – Gabriel synthesis , which is formally analogous 
to the cyclising dehydration of 1,4 - dicarbonyl compounds to furans ( 18.13.1.1 ), is the acid - catalysed closure 
of  α  - acylamino - carbonyl - compounds and a simple example is shown below.  136          

 Amino acid - derived aldehydes can be converted into 5 - unsubstituted oxazoles  137   and in a related sense, 
imidazoles can be produced by introducing ammonia to an 2 - acylamino - ketone.  138          

 A route to all three ring systems depends on a rhodium - carbene insertion into the N – H of an amide, then 
direct dehydrative ring closure to an oxazole, or production of a thiazole with Lawesson ’ s reagent, or of 
an imidazole with ammonia or a primary amine.  139   

 The construction of an amide using aminomalononitrile and a carboxylic acid under typical peptide 
coupling conditions is accompanied by ring closure and thus the production of 5 - amino - oxazoles.  140          

 A synthesis shown below of ethyl oxazole - 4 - carboxylate illustrates a sophisticated use of this strategy, 
in which an imino ether and the potassium enolate of an aldehyde are involved;  141   iminoethers on reaction 
with aminoacetal give amidines, which close in acid to give 2 - substituted imidazoles.  142,143   The process can 
be conducted without isolation of the intermediate.  144                        
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  α  - Acylthioketones react with ammonia to give thiazoles.  145           

  24.13.1.3   From Isocyanides 

 Tosylmethylisocyanide (TosMIC), can be used for the synthesis of all three 1,3 - azole types.        

 Tosylmethylisocyanide reacts with aldehydes, affording adducts that lose toluenesulfi nate on heating, 
giving oxazoles;  146   with carbon disulfi de it produces 4 - tosyl - 5 - alkylthio - thiazoles (following a subsequent 
 S  - alkylation)  147   and, in analogy to its interaction with aldehydes, it adds to  N  - alkyl - imines  148,149   or  N  -
 dimethylaminosulfamyl - imines  150   when, following elimination of toluenesulfi nate, imidazoles are formed. 
The analogous benzotriazolylmethyl isocyanide (BetMIC) can serve in the same way and has advantages 
in some situations.  151          

 Anions derived from other isocyanides can be acylated (or thioformylated  152  ), the products spontaneously 
closing to oxazoles  153   (thiazoles).                

  24.13.1.4   Oxazoles from  α  - Diazocarbonyl Compounds   154    

 The carbene or carbenoid derived from an  α  - diazocarbonyl - compound cycloadds to nitriles to produce 
oxazoles with the nitrile R group at C - 2.        
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 The generation of a carbene (or when using a metal catalyst, a carbenoid) from an  α  - diazocarbonyl -
 compound, in the presence of a nitrile, results in overall cycloaddition and the formation of an oxazole. 
Both  α  - diazo - ketones and  α  - diazo - esters have been used, the examples in the sequence below showing that 
the result in the latter situation is the formation of a 5 - alkoxy - oxazole.  155   The exact sequence of events is 
not certain, but may involve a nitrile ylide, the result of electrophilic addition of the carbene to the nitrile 
nitrogen.         

  24.13.1.5   From 1,2 - Diketones, Aldehydes and Ammonia 

 The microwave assisted interaction of a 1,2 - diketone, an aldehyde and ammonia produces trisubstituted 
imidazoles.  156           

  24.13.1.6   By Dehydrogenation 

 The ring synthesis of the tetrahydro - 1,3 - azoles is simply the formation of  N,N - , N,O  -  or  N,S  - analogues of 
aldehyde cyclic acetals; the ring synthesis of the 4,5 - dihydro - heterocycles requires reaction with an acid 
oxidation level component or the inclusion of iodine in a reacting mixture of ethylene diamine or amino-
ethanol and an aldehyde. A good route to the aromatic systems is therefore the dehydrogenation of these 
reduced and partially reduced systems. Nickel peroxide,  157   manganese(IV) oxide,  158   copper(II) bromide/
base  159   and bromotrichloromethane/diazabicycloundecane  160   have been used. The example shown uses 
cysteine methyl ester with a chiral aldehyde to form the tetrahydrothiazole.          
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  24.13.2   Examples of Notable Syntheses Involving 1,3 - Azoles 

  24.13.2.1   4(5) - Fluorohistamine 

 4(5) - Fluorohistamine was synthesised  161    via  nucleophilic displacement of a side - chain leaving group (cf. 
pyrroles,  16.11 ).         

  24.13.2.2   Thieno[2,3 -  d ]imidazole   162    

 The synthesis of thieno[2,3 -  d ]imidazole illustrates again the selectivity in halogen – metal exchange pro-
cesses in imidazoles. In this sequence a vinyl was used as  N  - protecting group, and it includes a nucleophilic 
displacement of bromine from the 4 - position, activated by the 5 - aldehyde.         

  24.13.2.3   Inhibitor of Transforming Growth Factor  β 1, Type 1 Receptor 

 This sequence illustrates the interaction of an amidine and a 2 - bromo - ketone with subsequent ring haloge-
nation and palladium - catalysed coupling.  163              
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 Exercises    
  Straightforward revision exercises (consult Chapters  23  and  24 ):  

   (a)   Place the three 1,3 - azoles in order of basicity and explain this order.   
   (b)   What problems are associated with the  N  - alkylation of imidazoles in particular?   
   (c)   What is carbonyl diimidazole (CDI) used for and why does it function well in that role?   
   (d)   What factors must be considered in a discussion of electrophilic substitution of 1,3 - azoles? How do 

they compare in this regard with pyrrole, thiophene and furan, respectively?   
   (e)   What is the positional order of selectivity for deprotonation of 1,3 - azoles? How, then, would you make 

5 - methylthiazole from thiazole?   
   (f)   What is the most typical electrocyclic process undergone by the 1,3 - azoles and which of them show 

this tendency to the highest degree?   
   (g)   Describe one typical synthesis for: (i) an imidazole, (ii) a thiazole and (iii) an oxazole.   

  More advanced exercises:  

   1.   Suggest structures for the halo - compounds formed in the following ways: (i) imidazole with 
NaOCl    →    C 3 H 2 Cl 2 N; (ii) 1 - methylimidazole with excess Br 2  in AcOH    →    C 4 H 3 Br 3 N 2 , then this with 
EtMgBr followed by water    →    C 4 H 4 Br 2 N 2  and this in turn with  n  - BuLi, then (MeO) 2 CO gave C 6 H 7 BrN 2 O 2 .   

   2.   Draw structures for the intermediates and fi nal products that are formed when: (i) 4 - phenyloxazole 
is heated with but - 1 - yn - 3 - one    →    C 6 H 6 O 2 ; (ii) 5 - ethoxyoxazole is heated with dimethyl 
acetylenedicarboxylate    →    C 10 H 12 O 6 .   

   3.   Deduce structures for the products formed at each stage of the following syntheses: 1,2 - dimethyl - 5 -
 nitroimidazole heated with Me 2 NCH(O t  - Bu) 2     →    C 8 H 12 N 4 O 2 ; this then heated with Ac 2 O    →    C 10 H 14 N 4 O 3 . 
This product reacted: (i) with guanidine [H 2 NC(NH 2 ) = NH]    →    C 9 H 10 N 6 O 2  and (ii) with 
MeNHNH 2     →    C 9 H 11 N 5 O 2 .   

   4.   Deduce structures for the products formed in the following sequences: 1 - methylimidazole/ n  - BuLi/
 – 30    ° C, then TMSCl    →    C 7 H 14 N 2 Si, then  n  - BuLi/ – 30    ° C, then TMSCl    →    C 10 H 22 N 2 Si 2 , then this with 
MeOH/rt    →    C 7 H 14 N 2 Si, which was different to the fi rst product.   

   5.   Explain the following: 4 - bromo - 1 - methylimidazole treated with  n  - BuLi/ – 78    ° C, then DMF gave 
C 5 H 6 N 2 O. Carrying out the same sequence, but allowing the solution to warm to 0    ° C before addition 
of DMF gave an isomeric product.   

   6.   Thiazole - 2 - thione reacted with Br(CH 2 ) 3 Br to give, mainly, a salt C 6 H 8 NS 2  +  Br  –  ; suggest a structure and 
a mechanism for its formation.   

   7.   Deduce structures for the 1,3 - azoles that are produced from the following reactant combinations: 
(i) 1 - chlorobutan - 2 - one and thiourea; (ii) thiobenzamide and chloroacetaldehyde; (iii) thioformamide 
and ethyl bromoacetate.   

   8.   Write structures for the intermediates in the following synthesis of 3,4 - bis(acetoxymethyl)furan: phena-
cyl bromide/NH 4  +  HCO 2   –      →    C 9 N 7 NO; this then heated with AcOH 2 CC ≡ CCH 2 OAc.   
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   9.   What imidazoles would be formed from the following reactant combination: (i) MeN ≡ C/ n  - BuLi and 
PhC ≡ N; (ii) 2 - amino - 1,2 - diphenylethanone and H 2 NC ≡ N?     
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 The physical properties of the three 1,2 - azoles, pyrazole,  1   isothiazole  2   and isoxazole  3   can be usefully com-
pared and contrasted with those of their 1,3 - isomeric counterparts. Echoing the higher boiling point of 
imidazole, pyrazole, which is the only one of the trio to be solid at room temperature, also has a much 
higher boiling point (187    ° C) than isothiazole or isoxazole (114    ° C and 95    ° C), again refl ecting the inter-
molecular hydrogen bonding available only to pyrazole. This association probably takes the form of dimers, 
trimers and oligomers; dimeric forms are of course not available to imidazole. Each 1,2 - azole has a pyridine -
 like odour, but is only partially soluble in water. The dihydro -  and tetrahydro - heterocycles are named 
pyrazoline/pyrazolidine, isothiazoline/isothiazolidine and isoxazoline/isoxazolidine.        

 Rapid tautomerism, involving switching of hydrogen from one nitrogen to the other, as in imidazoles 
(see  24.1.1.1 ), means that substituted pyrazoles are inevitably mixtures, and a nomenclature analogous to 
that used for imidazoles is employed to signify this: 3(5) - methylpyrazole, for example. In some cases, one 
tautomer is predominant.  4           
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  25.1   Reactions with Electrophilic Reagents 
  25.1.1   Addition at Nitrogen 

  25.1.1.1   Protonation 

 Direct linking of two heteroatoms has a very marked base - weakening effect, as one can see by comparing 
ammonia with hydrazine and hydroxylamine (p K  aH s: NH 3 , 9.3; H 2 NNH 2 , 7.9; HONH 2 , 5.8), and this is 
mirrored in the 1,2 - azoles: pyrazole with a p K  aH  of 2.5 is some 4.5 pK a  units weaker than imidazole; iso-
thiazole ( − 0.5) and isoxazole ( − 3.0) are some three pK a  units weaker than their 1,3 - isomers. The higher 
basicity of pyrazole refl ects the symmetry of the cation, with its two equivalent contributing resonance 
structures. Clearly, again, oxygen has a larger electron - withdrawing effect than sulfur.         

  25.1.1.2   Oxidation at Nitrogen 

 The preparation of 1 - hydroxy - pyrazoles can employ peracidic conditions (i.e. imine  N  - oxidation then loss 
of  N  - hydrogen)  5   or basic conditions,  6   when it is the pyrazolyl  N  - anion ( 25.4.1 ) that reacts with the oxidising 
agent, dibenzoyl peroxide.  

  25.1.1.3   Alkylation at Nitrogen 

 The 1,2 - azoles are more diffi cult to quaternise than their 1,3 - analogues: isothiazoles, for example, require 
reactive reagents such as benzyl halides or Meerwein salts (e.g. Et 3 O + BF 4   –  ).  7   Additionally, isoxazolium 
salts are particularly susceptible to ring cleavage (see  25.10 ). 3(5) - Substituted pyrazoles that have an  N  -
 hydrogen, can, in principle, give rise to two isomeric  N  - alkyl - pyrazoles after loss of proton from nitrogen, 
and there is the further complication that this initial product can, in principle, undergo a second alkylation, 
producing an 1,2 - disubstituted quaternary salt.  8   However, the quaternisation of an already 1 - substituted 
pyrazole generally requires more vigorous conditions, no doubt because of steric impediment to reaction 
due to the substituent on the adjacent nitrogen. Thus, in the  N  - methylation of pyrazole using dimethyl 
carbonate at 140  ° C, a high yield of the mono - methylated product is obtained.  9   Microwave irradiation 
improves the rate of  N  - alkylation with phenacyl bromides, mono - alkylated salts being formed in high 
yields.  10   

 Exposure of pyrazole to Mannich conditions produces an  N  - protected pyrazole, presumably  via  attack 
at the imine nitrogen, followed by loss of proton from the other nitrogen   11   and an  N -  tetrahydropyranyl 
pyrazole can be similarly prepared.  12           

  25.1.1.4   Acylation at Nitrogen 

 The introduction of an acyl  13   or phenylsulfonyl  14   group onto a pyrazole nitrogen is usually achieved in the 
presence of a weak base, such as pyridine; such processes proceed  via  imine N - 2 acylation, then N - 1 +  – H 
deprotonation. Since acylation, unlike alkylation, is reversible, the more stable product is obtained.        
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  N  - Acyl - pyrazoles are useful acylating agents: although they are ca. 20 times less reactive than  N  - acyl -
 imidazoles and this can be an advantage in the greater stability of the  N  - acyl - pyrazoles as reagents.  15   

 Pyrazole reacts with cyanamide very effi ciently to produce an  N  - derivative that can be utilised, by reac-
tion with primary or secondary amines, to synthesise guanidines;  16   conversion to a doubly  t  - butoxycarbonyl -
 protected derivative allows this to be used for the direct synthesis of protected guanidines, as 
illustrated.  17            

  25.1.2   Substitution at Carbon 

  25.1.2.1   Nitration 

 Pyrazole,  18   isothiazole  19   and isoxazole  20   undergo straightforward nitration, at C - 4. With acetyl nitrate or 
dinitrogen tetraoxide/ozone,  21   1 - nitropyrazole is formed, but this can be rearranged to 4 - nitropyrazole in 
acid at low temperature.  22           

  25.1.2.2   Sulfonation 

 Electrophilic sulfonation of isoxazole is of no preparative value; the substitution of only the phenyl - 
substituent of 5 - phenylisoxazole with chlorosulfonic acid makes the same point.  23   Both isothiazole  24   
and pyrazole  25   can be satisfactorily sulfonated at C - 4.  

  25.1.2.3   Halogenation 

 Halogenation of pyrazole gives 4 - monohalo - pyrazoles, for example 4 - iodo - ,  26   or 4 - bromopyrazole  27   under 
controlled conditions. Poor yields are obtained on reaction of isothiazole  28   and isoxazole  29   with bromine, 
again with attack at C - 4, but with stabilising groups present, halogenation proceeds better  30   and effi cient 
4 - bromination of isoxazoles and pyrazoles is achieved using  N  - bromosuccinimide and microwave irradia-
tion.  31   3,4,5 - Tribromopyrazole is formed effi ciently in alkaline solution, presumably the pyrazolyl anion 
( 25.4.1 ) is the reacting species.  32           

  25.1.2.4   Acylation 

 Only for pyrazole, of the trio, have any useful electrophilic substitutions involving carbon electrophiles 
been described,  14,33   and, even here, only  N  - substituted pyrazoles react well.           
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  25.2   Reactions with Oxidising Agents 
 The 1,2 - azole ring systems are relatively stable to oxidative conditions, even allowing substituent alkyl -  or, 
more effi ciently, acyl - groups to be oxidised up to carboxylic acid.  34   Ozone cleaves the isoxazole ring.  35    

  25.3   Reactions with Nucleophilic Reagents 
 The 1,2 - azoles do not generally react with nucleophiles with replacement of hydrogen. In favourable 
situations, an  N  - nitro group in 1 - nitro - pyrazoles can act as a leaving group to allow substitution of 
hydrogen.  36          

 There is a limited number of examples of displacements of leaving groups from the isothiazole 5 - posi-
tion  37   when it is activated by a 4 - keto or similar group, but 3 - halo - groups are less easily displaced; 4 - halides 
behave like halo - benzenes.  

  25.4   Reactions with Bases 
  25.4.1   Deprotonation of Pyrazole  N  - Hydrogen and Reactions of Pyrazolyl Anions 

 The p K  a  for loss of the  N  - hydrogen of pyrazole is 14.2, thus it is an appreciably stronger acid than pyrrole 
(p K  a  17.5), and the same as that of imidazole; the anion has, like the imidazolyl anion, two, equally - 
contributing resonance forms.        

  N  - Alkylations can be conducted in strongly basic,  38   or phase - transfer conditions  39   or in the presence of 
4 - dimethylaminopyridine,  40   and it seems likely that under these conditions it is the pyrazolyl anion that is 
alkylated. The use of sodium hydrogen carbonate, without solvent, but with microwave heating, is also 
recommended.  41          

 3(5) - Substituted pyrazoles sometimes give a product isomeric with that which is obtained by reaction in 
neutral solution.  8          

  N  - Arylation of pyrazoles can be achieved effi ciently with metal catalysis (see  4.2 )   



1,2-Azoles: Pyrazoles, Isothiazoles, Isoxazoles: Reactions and Synthesis 489

  25.5   C - Metallation and Reactions of C - Metallated 1,2 - Azoles  42   
  25.5.1   Direct Ring C – H Metallation 

 The C - 5 - lithiation of pyrazoles requires the absence of the  N  - hydrogen: removable  N  - protecting groups 
that have been used include phenylsulfonyl,  43   trimethylsilylethoxymethyl,  44   hydroxymethyl,  45   methylsulfo-
nyl,  46   dimethylaminosulfonyl,  47   tetrahydropyran - 2 - yl,  12   and pyrrolidin - 1 - ylmethyl.  11   Lithiation of 1 - 
benzyloxypyrazole  48   or 3 - benzyloxyisothiazole  49   takes place at C - 5 and of 1 - substituted pyrazole  N  - oxides 
at C - 3.  50   

 Attempted  C  - lithiation of isoxazoles with hydrogen at C - 3 leads inevitably to ring opening, with 
the oxygen as anionic leaving group,  51   indeed this type of cleavage was fi rst recognised as long ago as 
1891, when Claisen found that 5 - phenylisoxazole was cleaved by sodium ethoxide  52   (see  25.10  for ring 
cleavage of isoxazolium salts). Comparable cleavages of isothiazoles that have a 3 - hydrogen can also be 
a problem.        

 An alternative ring cleavage results from 5 - lithiation of 3 - phenylisoxazole and leads on to azetidinone -
 containing structures.  53          

 3 - Methoxymethoxy - 5 - phenylisoxazole lithiates at C - 4,  54   as does 3 -  t  - butoxycarbonylamino - 5 - 
methylisoxazole (two equivalents of  n  - butyllithium required).  55   

 The reactions of 5 - lithiated isothiazoles and of 5 - lithiated - 1 - substituted pyrazoles allow the introduc-
tion of substituents at that position by reaction with a range of electrophiles; three examples are shown 
below.  11,56,57,58                  
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  25.5.2   Metal – Halogen Exchange 

 It is signifi cant that treatment of 4 - bromo - 1 - phenylsulfonylpyrazole with  n  - butyllithium results in 5 - 
lithiation and not metal – halogen exchange,  43   however 4 - bromo - 1 - triphenylmethylpyrazole undergoes 
normal exchange and in this way, for example, a tin derivative can be obtained.  40          

 Metal – halogen exchange can be achieved in the formation of 3 - lithio - 1 - methylpyrazole from the bromo -
 pyrazole,  59   and reaction of 4 - bromopyrazole with two equivalents of  n  - butyllithium produces a 1,4 - dilithio -
 pyrazole that reacts with electrophiles at C - 4.  60   4 - Iodoisothiazole can be converted into a magnesium 
compound that shows normal nucleophilic Grignard properties.  61            

  25.6   Reactions with Radicals 
 The interaction of 1,2 - azoles with radical reagents is an area in which little is known so far. Displacement 
of tosyl from the 5 - position of a protected pyrazole shows that there is potential for further 
development.  62           

  25.7   Reactions with Reducing Agents 
 Pyrazoles are relatively stable to catalytic and chemical reductive conditions, particularly when there is no 
substituent on nitrogen, though catalytic reduction can be achieved in acid solution.  63   Isothiazoles are 
reductively desulfurised using Raney nickel, with loss of the ring.  64   Catalytic hydrogenolysis of the N – O 
bond in isoxazoles takes place readily over noble - metal catalysts,  65   and this process is central to the strata-
gem in which isoxazoles are employed as masked 1,3 - dicarbonyl compounds. The immediate products of 
N – O hydrogenolysis,  β  - amino - enones, can often be isolated as such, or further processed. The use of this 
ring cleavage to provide routes to pyrimidinones,  66   and to pyrazoles, as illustrated.  67          
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 5 - Alkoxy - isoxazoles undergo ring contraction with iron(II) chloride, producing azirine esters.  68           

  25.8   Electrocyclic and Photochemical Reactions 
 There are examples of 1,2 - azoles being converted into their 1,3 - isomers by irradiation, though such pro-
cesses are of limited preparative value.   69          

 In a similar way, irradiation converts many simpler pyrazoles into imidazoles,  70   phenylisothiazoles  71   
and methylisothiazoles  72   partially into the corresponding thiazoles, and 3,5 - diarylisoxazoles into 2,5 - 
disubstituted oxazoles.  73   The transformation of 1,2 - azoles carrying, at C - 3, a side - chain of three atoms 
terminating in a doubly bonded heteroatom, into isomeric systems with a new fi ve - membered ring is a 
general process,  74   though there is no defi nitive view as to the details of its mechanism.        

 1,2 - Azoles do not act as 1 - azadienes in cycloadditions. 4 - Nitro - isoxazoles react with dienes across the 
4,5 - bond  75   and in processes useful for the synthesis of purine analogues, 3(5) - amino - pyrazoles add to 
electron - defi cient 1,3,5 - triazines, across the pyrazole 4,5 - bond, subsequent eliminations giving the fi nal 
aromatic product.  76           
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  25.9   Alkyl - 1,2 - Azoles 
 4 - Methyl - isothiazoles are not especially acidic, but it is rather surprising that 3 - methyl - isothiazoles are also 
not reactive, whereas 5 - methyl substituents will undergo condensation reactions.  77   This same effect is also 
found in isoxazoles: with the 3 - position blocked to prevent ring degradation ( 25.5.1 ), 3,5 - dimethylisoxazole 
exchanges, with methoxide in methanol, 280 times faster at the 5 -  than at the 3 - methyl group and prepara-
tive deprotonations proceed exclusively at the 5 - methyl substituent.  78   By working at low temperature, even 
5 - methylisoxazole can be deprotonated at the methyl without ring degradation.  79   Conversion to  N  - oxide  80   
activates adjacent methyl groups, for example subsequent reaction with trimethylsilyl iodide permits side -
 chain iodination.  81          

 On subjection of 3 - methyl - 5 - phenylisothiazole or 3 - methyl - 5 - phenylisoxazole to lithiation conditions, 
competitive side - chain and C - 4 deprotonation is observed, except when lithium  i  - propyl(cyclohexyl)amide 
(LICA) is used  –  this allows exclusive side - chain lithiation.  82    

  25.10   Quaternary 1,2 - Azolium Salts 
 The base - catalysed degradation of the ring of isoxazolium salts is particularly easy, requiring only alkali 
metal carboxylates to achieve it. The mechanism,  83   illustrated for the acetate - initiated degradation of 
2 - methyl - 5 - phenylisoxazolium iodide, involves initial 3 - deprotonation with cleavage of the N – O bond; 
subsequent rearrangements lead to an enol - acetate which rearranges to a fi nal keto - imide.        

 Isothiazolium salts  84   are often prepared by ring synthesis involving oxidative nitrogen - to - sulfur bond 
formation, however these quaternary salts can be prepared in the normal way from an isothiazole with a 
reactive electrophile. They are cleanly cleaved by reducing agents, for example sodium borohydride, pro-
ducing  β  - enamino - thioketones.  85           
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  25.11   Oxy -  and Amino - 1,2 - azoles 
 Only 4 - hydroxy - 1,2 - azoles can be regarded as being phenol - like.  86   3 -  and 5 - Hydroxy - 1,2 - azoles exist 
mainly in carbonyl tautomeric forms, encouraged by resonance involving donation from a ring heteroatom, 
and are therefore known as pyrazolones,  87   isothiazolones and isoxazolones, though for all three systems, 
and depending on the nature of other substituents, an appreciable percentage of hydroxy tautomer exists 
in solution.        

 The reactivity of the 3 -  and 5 - azolones centres mainly on their ability to react with electrophiles, such 
as halogens,  88   (giving 4,4 - dihalo derivatives with excess reagent  –  4,4 - dibromo - 3 - methylpyrazol - 5 - one is 
a  para  - selective brominating agent for phenols and anilines  89  ), or to nitrate,  90   or undergo Vilsmeier 
formylation;  91   the example shown below is the formylation of  ‘ antipyrine ’  once used as an analgesic. 
Many dyestuffs have been synthesised  via  coupling of aryldiazonium cations with 5 - pyrazolones at C - 4 
 –  tartrazine is such an example.        

 Pyrazolones also condense with aldehydes  92   in aldol - type processes, or react with other electrophiles, 
such as carbon disulfi de,  93   in each case reaction presumably proceeding  via  the enol tautomer, or its anion. 
In basic solution isoxazol - 3 - ones alkylate either on oxygen or nitrogen, and the choice of base can infl uence 
the ratio.  52   

 Amino - 1,2 - azoles  94   exist as the amino tautomers. Amino - pyrazoles and amino - isothiazoles are relatively 
well - behaved aromatic amines, for example 3(5) - aminopyrazole undergoes substituent -  N  - acetylation and 
easy electrophilic bromination at C - 4.  95   Diazotisation and a subsequent Sandmeyer reaction provides routes 
to halo - isothiazoles  61,19   and azido - pyrazoles.  96                 
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 Diazotisation of 4 - amino - pyrazoles, then deprotonation yields isolable diazo - pyrazoles.  97           

  25.12   Synthesis of 1,2 - Azoles  98   
  25.12.1   Ring Synthesis 

 There are parallels, but also methods unique to particular 1,2 - azoles, in the principal methods available for 
the construction of pyrazoles, isothiazoles and isoxazoles: neither the reaction of propene with sulfur 
dioxide and ammonia at 350  ° C, which gives isothiazole itself  99   in 65% yield, nor a synthesis  100   from 
propargyl aldehyde and thiosulfate (shown below) have direct counterparts for the other 1,2 - azoles.  

        25.12.1.1   From 1,3 - Dicarbonyl Compounds and Hydrazines or Hydroxylamine 

 Pyrazoles and isoxazoles can be made from a 1,3 - dicarbonyl component and a hydrazine or hydroxylamine, 
respectively.        

 This, the most widely used route to pyrazoles and isoxazoles rests on the doubly nucleophilic character 
of hydrazines and hydroxylamine, allowing them to react in turn with each carbonyl group of a 1,3 - dike-
tone  101   or 1,3 - keto - aldehyde, often with one of the carbonyl groups (especially when aldehyde) masked as 
enol ether,  102   acetal, imine  103   or enamine,  104,105   or other synthon for one of these.                      
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 When  β  - keto - esters are used, the products are pyrazolones  106   or isoxazolones;  107   similarly,  β  - keto - nitriles 
with hydrazines give 3(5) - amino - pyrazoles.  108   3(5) - Aminopyrazole itself is prepared  via  a dihydro precursor 
formed by addition of hydrazine to acrylonitrile then cyclisation;  109   hydrolysis of the fi rst cyclic intermedi-
ate in this sequence and dehydrogenation  via  elimination of  p  - toluenesulfi nate allows preparation of 
3(5) - pyrazolone.  110          

 Generally speaking, unsymmetrical 1,3 - dicarbonyl components produce mixtures of 1,2 - azole products.  86  
 This diffi culty can be circumvented in a number of ways: by the use of acetylenic aldehydes or ketones 
(as synthons), where a hydrazone or oxime can be formed fi rst by reaction at the carbonyl group, and 
this can then be cyclised in a separate, second step.  111,112   A nice example of this is the formation of 
5 - silyl - pyrazoles and  - isoxazoles using silyl - alkynones.  113   The regioselective reaction of arylhydrazines 
with 1,3 - diketones shows what can sometimes be achieved by careful choice of reaction conditions and 
solvent.  114          

 Pyrazole itself can be formed by the reaction of hydrazine with propargyl aldehyde.  10   Using  β  - chloro - ,  115   
 β  - alkoxy -   116    β  - amino -   117    - enones as 1,3 - dicarbonyl synthons are other ways to infl uence the regiochemistry 
of reaction.  118   2 - (Dimethoxymethyl) - ketones react with arylhydrazines at the ketonic carbonyl, thus revers-
ing the intrinsic reactivity of a  β  - keto - aldehyde.  119                  
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  25.12.1.2   Dipolar Cycloadditions of Nitrile Oxides and Nitrile Imines 

 Isoxazoles are produced by the dipolar cycloaddition of nitrile oxides to alkynes; pyrazoles result from the 
comparable interaction of alkynes with nitrile imines.        

 Nitrile oxides (R – C ≡ N +  – O  –  ),  120   which can be generated by base - catalysed elimination of hydrogen 
halide from halo - oximes (RC(Hal) = NOH), or by dehydration of nitro compounds  121   (RCH 2 NO 2 ), readily 
add to alkenes and to alkynes, generating fi ve - membered heterocycles. Addition to an alkene produces an 
isoxazoline, unless the alkene also incorporates a group capable of being eliminated in a step after the 
cycloaddition, as shown below.  122   However, isoxazolines can also be dehydrogenated to the aromatic 
system.  123,124          

 Cycloaddition of a nitrile oxide to an alkyne generates an aromatic isoxazole directly, but mixtures are 
sometimes obtained.   125,126          

 A useful route to 3 - bromo - isoxazoles rests on the cycloaddition of bromonitrile oxide.  127          

 Nitrile imines can be generated in a similar way: the dehydrohalogenation of hydrazonyl halides (from 
 N  - halosuccinimide and a hydrazone), or, as in the sequence below, elimination of benzenesulfonate.  128          
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 The cycloaddition of diazoalkanes to alkynes gives pyrazoles; the use of stannyl alkynes  129,130   produces 
tin derivatives of the heterocycle (cf.  4.1.6 ), for use in subsquent electrophilic  ipso  - displacements, or in 
palladium(0) - catalysed couplings. Aryl - diazomethanes can be generated  in situ , from tosylhydrazones, for 
formation of pyrazoles.  131           

  25.12.1.3   From Oximes and Hydrazones 

 Exposure of ketone oximes that have an  α  - hydrogen to two mole equivalents of  n  - butyllithium leads to 
 O  -  and  C  - lithiation ( syn  to the oxygen); reaction with dimethylformamide as electrophile then allows  C  -
 formylation and ring closure  in situ  to a 5 - unsubstituted isoxazole.  132   Similarly, reaction of the dianion to 
an acylating agent (an ester  133   or a Weinreb amide  134  ) leads through to 5 - substituted isoxazoles, or with 
diethyl oxalate, to isoxazole - 5 - esters.  135          

 Displacement of the halogen of an  α  - bromo - ketone oxime with an alkyne leads to an intermediate, which 
closes to an isoxazole simply on treatment with mild base.  136          

 An elegant route to pyrazoles, involves forming a ring closure precursor by Horner – Emmons con-
densation of a tosylhydrazone - phosphonate with an aldehyde, which becomes the 5 - substituent; intramo-
lecular Michael addition and then loss of toluenesulfi nate as the fi nal aromatising step, completes the 
sequence.  137              
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 Exercises    
  Straightforward revision exercises (consult Chapters  23  and  25 ):  

   (a)   Compare 1,2 -  with 1,3 - azoles in pairs  –  which is the more basic? Why?   
   (b)   What is incorrect about the name:  ‘ 3 - methylpyrazole ’ ?   
   (c)   Name some groups that can be used to mask the  N  - hydrogen in pyrazoles during  C  - lithiation.   
   (d)   For what functionality are isoxazoles synthons if the  N  –  O  bond is cleaved? How could one cleave the 

 N  –  O  bond?   
   (e)   How are 1,3 - dicarbonyl compounds used for the synthesis of isoxazoles and pyrazoles?   
   (f)   Describe a method involving an electrocyclic process for the ring synthesis of an isoxazole.   
   (g)   Describe a method for the utilisation of the oxime of a dialkyl ketone, to make an isoxazole.   

  More advanced exercises:  

   1.   Suggest structures for the isomeric products, C 9 H 7 N 3 O 2  formed when 1 - phenylpyrazole is reacted with: 
(i) c. H 2 SO 4 /c. HNO 3  or (ii) Ac 2 O/HNO 3 . Explain the formation of different products under the two 
conditions.   

   2.   Draw structures for the products obtained by reacting 3,5 - dimethylisoxazole with NaNH 2 , then: (i)  n  -
 PrBr; (ii) CO 2 ; or (iii) PhCO 2 Me.   

   3.   Deduce structures for the products obtained by treating 5 - methylisoxazole with SO 2 Cl 2     →    C 4 H 4 ClNO, 
and this with aqueous sodium hydroxide    →    C 4 H 4 ClNO (which contains no rings).   

   4.   Draw the structures of the products that would be formed from the reaction of BnNHNH 2  with 
MeCOCH 2 COCO 2 Me.   

   5.   Deduce structures for the products formed in the following sequence: pyrazole/Me 2 NSO 2 Cl/
Et 3 N    →    C 5 H 9 N 3 O 2 S, then this with  n  - BuLi/ – 70    ° C, then TMSCl    →    C 8 H 17 N 3 O 2 SSi, then this with 
PhCH = O/CsF    →    C 12 H 15 N 3 SO 3 .   

   6.   Draw the structures of the two products that are formed when hydroxylamine reacts with PhCOCH 2 CH=O; 
suggest an unambiguous route for the preparation of 5 - phenylisoxazole.   

   7.   Deduce the structures of the heterocyclic substances produced: (i) C 7 H 9 NO, from cyclohexanone oxime 
with 2 mole equivalents of  n  - BuLi, then dimethyl formamide; (ii) C 11 H 15 NOSSi from thien - 2 - ylC( = NOH)
CH 2 Br and Me 3 SiC ≡ CLi, then K 2 CO 3 /MeOH; (iii) C 11 H 12 N 2  from MeCOC( = NNHPh)Me with 
(EtO) 2 POCH 2 SEt/ n  - BuLi.   

   8.   Suggest a structure for the heterocyclic product, C 7 H 13 NOSi, formed by reaction of Me 3 SiC ≡ CC ≡ CSiMe 3  
and hydroxylamine.     
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 There is only one way in which a benzene ring can be fused to each of the three 1,3 - azoles, generating 
1 H  - benzimidazole,  1   benzoxazole and benzothiazole. Indazole  2   is the only possibility for the analogous 
fusion to a pyrazole; it exists as a 1 H  tautomer  –  the 2 H  - tautomer cannot be detected, though 2 - substituted 
2 H  - indazoles are known. Two distinct isomers each are possible for the other two benzo - fused 1,2 - azoles: 
1,2 - benzoisothiazole and 2,1 - benzoisothiazole,  3   1,2 - benzisoxazole and 2,1 - benzisoxazole,  4   respectively.  

  26.1   Reactions with Electrophilic Reagents 
  26.1.1   Addition at Nitrogen 

  26.1.1.1   Protonation 

 Benzimidazole is somewhat weaker as a base and stronger as an N – H acid, than imidazole. These trends 
are echoed in the other benzo - azoles: the bicyclic systems are weaker bases than the corresponding mono-
cyclic heterocycles and indazole is a slightly weaker acid than pyrazole.       

  26.1.1.2   Alkylation at Nitrogen 

 The neutral heterocycles form quaternary salts by reaction at nitrogen with alkyl halides. Normally, inda-
zoles react at the imine nitrogen, N - 2.  5        
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 Alkylation of 6 - methylindazole with dihydropyran and acid produces the  N  - 1 - tetrahydropyranyl deriva-
tive;  6   as in N - 1 - acylation of indazoles, this 1 - substituted product may be a thermodynamic product resulting 
from reversible alkylation.      

 A very useful alternative protection of indazoles is achieved using trimethylsilyl chloride in the presence 
of a hindered base, producing 2 - trimethylsilylindazole: it is the neutral indazole which is silylated by reac-
tion at the imine nitrogen, the hindered base being present to deprotonate the initially formed salt.  7    

  26.1.1.3   Acylation at Nitrogen 

 Acid anhydrides, with or without pyridine, bring about  N  - acylation of benzimidazoles,  N  - 1 - acylation of 
indazoles, and 1,3 - diacylation of benzimidazol - 2 - one.  8    N  - 2 - Acylation of indazole can be achieved in the 
presence of a hindered base.  7     

  26.1.2   Substitution at Carbon 

 The only known  C  - substitutions in the  heterocyclic  rings of any benzo - azole are the 2 - bromination of 
benzimidazole with  N  - bromosuccinimide,  9   the 2 - substitution of benzothiazole with bromine at 450  ° C  10   
and the 3 - nitration of indazole.  11   The general rule is that electrophilic nitrations and halogenations can be 
achieved only in the benzene ring at the 5 - , or 6 -  or 7 - positions, for example 5 - bromobenzimidazole can 
be obtained in high yield from the unsubstituted heterocycle.  12   The effi cient conversion of indazole into 
3 - iodoindazole  13   is achieved in the presence of base and probably involves iodination of the indazolyl anion 
(see  26.3 ).           

 2 - Bromobenzimidazole can be obtained from the reaction of benzimidazole - 2 - thiol with bromine,  14   but 
in general, hetero - ring halides are prepared from the corresponding oxygen - substituted heterocycle by 
treatment with thionyl chloride or phosphoryl chloride.  6   

 The reluctance to undergo electrophilic  C  - substitution in the fi ve - membered ring can be overcome 
using silylated derivatives, as illustrated.  15          
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  26.2   Reactions with Nucleophilic Reagents 
 The only position in these heterocycles where nucleophilic displacement of a leaving group is activated is 
that on the heterocyclic ring; conversion to thiol using thiourea as the nucleophile,  16   and amine displace-
ments on 2 - chloro - benzoxazoles  17   show the mildness of the conditions required.      

 Both oxygen and sulfur substituents can be easily displaced from benzoxazoles  18   or benzothiazoles  19   by 
organolithiums or amines.      

 Susceptibility to nucleophilic displacement is central to a method for removing benzothiazol - 2 - ylsulfonyl 
protecting groups  –  reaction with a thiol at the heterocyclic ring 2 - position releases the amine (either 
primary or secondary) as indicated, the sequence also being a reminder of the usual addition/elimination 
sequence for nucleophilic displacements at imine carbon.       

  26.3   Reactions with Bases 
  26.3.1   Deprotonation of  N  - Hydrogen and Reactions of Benzimidazolyl and Indazolyl Anions 

 The p K  a  for benzimidazole is 12.3 and for indazole, the value is 13.9. The benzimidazolyl and indazolyl 
anions react straightforwardly on nitrogen with electrophiles, though mixtures of N - 1 -  and N - 2 - substituted 
products can result in the latter case. For example, amination with hydroxylamine  O  - sulfonic acid gives a 
2   :   1 ratio of 1 - amino - 1 H  - indazole and 2 - amino - 2 H  - indazole  20   or to take another example, the ratio of N - 1 -  
to N - 2 - ethylated products from methyl indazol - 3 - ylcarboxylate can vary from 1   :   1 to 18   :   1 depending on 
the base and the solvent.  21   The  N - arylation  of benzimidazoles and indazoles can be achieved with palladium 
or copper catalysis (See  4.2.10 ).   

  26.4   Ring Metallation and Reactions of  C  - Metallated Derivatives 
 Benzothiazoles and benzimidazoles (blocked or protected on nitrogen) lithiate at the hetero - ring 2 - position. 
This allows subsequent reaction with the usual range of electrophiles; the examples below show the intro-
duction of iodine  22   and a silicon substituent;  23   2 - lithio - benzimidazoles also react effi ciently with simple 
esters to give ketones.  24        
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 Lithiation of benzoxazole leads to a mixture of the 2 - lithiated species and a ring - opened  ortho  - isocyano -
 phenolate. This diffi culty can be avoided by magnesation and good yields of 2 - substituted products obtained 
thereby.  25        

 1,2 - Benzisothiazole and 1,2 - benzisoxazole have not been lithiated in the heterocyclic ring, no doubt 
because attempts so to do would lead to fragmentation of the heterocyclic ring in a way analogous to that 
observed on exposure of isoxazoles to lithiating conditions ( 25.5.1 ), and when indazole - 3 - acids are heated 
in quinoline.  26   However, 3 - bromoindazole can be converted into an  N , C  - dithio species  –  this takes advan-
tage of the fact that following deprotonation of the  N  - hydrogen, N - 1 is no longer a leaving group.  27        

 Lithiation of 2 - alkyl - 2 H  - indazoles proceeds straightforwardly and thus 3 - substituted 2 H  - indazoles can 
be obtained  28   and comparable lithiations of 2 - trimethylsilyl - indazoles, followed by removal of the silicon 
substituent, produce 3 - substituted indazoles.       

  26.5   Reactions with Reducing Agents 
 The selective reduction of the hetero - ring of benzo - 1,3 - azoles or the benzo - 1,2 - azoles has not been reported, 
though benzazolium salts can be easily reduced to 1,2 - dihydro derivatives with sodium borohydride or 
lithium aluminium hydride.  29    

  26.6   Electrocyclic Reactions 
 2,1 - Benzisothiazole and 2,1 - benzisoxazole seem not to display the tendency to act as aza - dienes that might 
have been expected on the basis of comparison with the typical reactivity of isoindoles, benzo[ c ]thiophenes 
and isobenzofurans (cf.  22.2 ). In a different sense, electron - defi cient 2 - alkenyl - benzothiazoles react as 
1 - aza - 1,3 - dienes with electron - rich alkenes.  30    

  26.7   Quaternary Salts 
 Benzo - 1,3 - azolium salts are susceptible to nucleophilic addition at C - 2, for example, they are converted 
into the corresponding  ortho  - substituted benzene, with loss of C - 2, by aqueous base, a process that must 
involve addition of hydroxide at C - 2 as an initiating step.  31   

 By a sequence involving 2 - lithiation of benzothiazole, then reaction with an aldehyde, quaternisation, 
C - 2 -  addition  of an alkyllithium, and fi nally silver - promoted ring cleavage of the resulting dihydro - 
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benzothiazole, the heterocycle can be made the means for the construction of  α  - hydroxy - ketones.  32   Lithium 
enolates also add smoothly to benzothiazolium salts.  33        

 Reissert - type adducts (cf.  9.13 ) can be obtained from benzothiazole, benzoxazole and indazole, as 
exemplifi ed.  34        

  N  - Heterocyclic carbenes  35   (cf.  24.10 ) can be obtained from 1,3 - dialkyl - benzimidazole quaternary salts 
by 2 - deprotonation,  36   or from 1,3 - dialkyl benzimidazole - 2 - thione using sodium/potassium alloy.  37    

  26.8   Oxy -  and Amino - Benzo - 1,3 - Azoles 
 The benzo - 1,3 - azol - 2 - ones exist in the carbonyl tautomeric forms. Indazol - 3 - one, however, at least in 
dimethylsulfoxide solution, is largely in the hydroxy tautomeric form,  38   in contrast to 1,2 - benzisothiazol -
 3 - one, which is wholly in the carbonyl form, in the solid.  39        

 It is possible to be quite selective in the introduction of alkyl groups onto one of the two nitrogens of 
3 - hydroxyindazole. Reaction with a halide in neutral solution, no doubt involving the imine tautomer, is 
selective for N - 2;  40   the anion reacts at N - 1.  41   

 Hot aqueous base brings about hydrolytic cleavage of the heterocyclic ring of benzo - 1,3 - azol - 2 - ones 
giving the corresponding  ortho  - disubstituted benzene.  42   Alkylation in basic medium generally leads to  N  -  
and  O  - substitution; thiones alkylate on the thione sulfur.  43    

  26.9   Synthesis 
  26.9.1   Ring Synthesis of Benzo - 1,3 - Azoles 

  26.9.1.1   From  ortho  - Heteroatom - Substituted Arenes 

 The most important strategy for the synthesis of benzothiazoles, benzimidazoles and benzoxazoles is the 
insertion of C - 2 into a precursor with  ortho  - heteroatoms on a benzene ring. The component that is required 
for this purpose usually has the future C - 2 at the oxidation level of an acid, but many variants on this have 
been described.      
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 In the standard form of this route, a carboxylic acid is heated with the  ortho  - disubstituted benzene: 
 ortho  - amino - phenol,  - thiophenol or  - aniline. An iminoether will react at a much lower temperature  44   and 
iminochlorides, generated  in situ  using the acid, triphenylphosphine and hot carbon tetrachloride, can be 
used for benzimidazole or benzoxazole synthesis.  45   Orthoesters with a KSF clay is a highly recommended 
variant and can be used for the synthesis of all three unsubstituted benzo - 1,3 - azoles.  46        

 Important variants for the synthesis of benzimidazoles allow the use of aldehydes, rather than acids: 
ytterbium trifl ate  47   (best for aliphatic aldehydes) or scandium trifl ate  48   catalyse the condensation and the 
subsequent air oxidation of the dihydrobenzimidazole immediate product. Incorporating nitrobenzene in 
the reaction mixture as the oxidant can also be used.  49    ortho  - Nitroanilines can be used by incorporating a 
reducing agent in the reaction mixture  –  e.g. hydrogen over palladium  50   or sodium dithionite  51    –  for  in situ  
generation of the  ortho  - phenylenediamine. 2 - Aryl - benzothiazoles can be made from 2 - aminobenzenethiol, 
aromatic aldehydes and air, in the presence of activated carbon.  52        

 There are effi cient ways in which to use starting materials that have the carboxylic acid component 
already installed on  both  heteroatoms: conversion to bis(silyloxy) derivatives,  53   or simply heating with  p  -
 toluenesulfonic acid.  54   An excellent route to mono - acylated precursors utilises mixed anhydrides.  31   A very 
mild method for the dehydrative ring closure of  ortho -  hydroxyarylamino - amides utilises typical Mitsunobu 
conditions  –  triphenylphosphine and diethyl azodicarboxylate.  55   

 A device that has been frequently used to produce an  ortho  - acylamino - phenol synthon is to carry out a 
Beckmann rearrangement on an  ortho  - hydroxyaryl ketone, the Beckmann intermediate cyclising  in situ , as 
illustrated below.  56        

 Microwave irradiation can be used to make oxazolo[4,5 -  b ]pyridines  57   and allows reaction with amides 
in lieu of acids; when urea or thiourea are used, 2 - ones (2 - thiones) are obtained; carbon disulfi de with 
potassium hydroxide also leads to 2 - thiones. The use of triphosgene and 2,3 - diamino - pyridines can be 
used to made the analogous imidazo[4,5 -  b ]pyridin - 2 - ones.  58   Reaction with cyanogen bromide gives 
2 - amino - benzimidazoles.  16         
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  26.9.1.2   Other Methods 

 Chief amongst alternative methods, and of importance in that it does not require an  ortho  - diheteroatom 
starting material, is the oxidative ring closure of arylamine - thioamides giving benzothiazoles. Typically,  59   
potassium ferricyanide or bromine is utilized; DDQ  60   or Dess – Martin periodinane,  61   both at room tempera-
ture, also function to bring about oxidative ring closure. An oxidative ring closure giving benzimidazoles 
results when  N  - aryl - amidines are reacted with iodobenzene diacetate.  62        

 In substrates where a halogen is located  ortho  to nitrogen, ring closure to benzimidazoles can be achieved 
by palladium(0) - catalysed  63   or copper - catalysed  64   sequences; similar formation of benzothiazoles from 
 ortho  - haloarylamine - thioamides, does not require a metal catalyst.  65     

  26.9.2   Ring Synthesis of Benzo - 1,2 - Azoles 

  26.9.2.1   Ring Synthesis of 1 H  - Indazoles, 1,2 - Benzisothiazoles and 1,2 - Benzisoxazoles 

 The earliest syntheses of 1,2 - benzisoxazoles depended on the cyclisation of an  ortho  - haloaryl - ketone 
oxime, typical conditions are shown below and involve an intramolecular nucleophilic substitution of the 
halide.  66   Only one geometrical isomer of the oxime will ring close. Applying this approach to amidoximes 
is easier, because the two imine geometrical isomers in such compounds are easily interconvertible.  67   
Comparable reaction with hydrazones produces indazoles.  68        

 A number of routes involve formation of the bond between the two heteroatoms: typical is the conver-
sion of di(2 - cyanophenyl) disulfi de into 3 - chlorobenzoisothiazole with chlorine  69   and into 3 - amino - 
benzoisothiazoles with magnesium amides, as shown, one  ‘ half ’  of the starting material is converted directly 
into the heterocycle, the second  ‘ half ’  requiring oxidation.  70        

 Generally speaking, one of the heteroatoms must carry a leaving group  –  the hydroxyl of oximes has 
served this purpose either  via  protonation  71   or acetylation.  72   The generation of an aryl chlorosulfi de serves 
the purpose in the opposite sense.  73             
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 An excellent protocol for the cyclisation of salicylaldehyde oximes (or  ortho  - hydroxyaryl - ketoximes) is 
the application of Mitsunobu - type conditions;  74   the combination triphenylphosphine/DDQ is also very 
effi cient.  75   Phenyliodine(III) bis(trifl uoroacetate) (PIFA) can be used to effect ring closure of  ortho  - amino -
 arylcarboxamides giving indazolin - 3 - ones  76   or of  ortho  - thiol - arylcarboxamides, to give benzisothiazol - 
3 - ones.  77             

 Salicylaldehydes react with hydrazine to give 1 H  - indazoles,  78   and indazoles can also be formed from the 
reaction of  ortho  - fl uoro - benzaldehydes with hydrazine.  79   Rather similar ring closures of  N  - aryl -  N ′   - ( ortho  -
 bromobenzyl) - hydrazines require palladium catalysis.  80        

 Electrophilic cyclisation onto the aromatic ring achieves the synthesis of 3 - amino - indazoles when aryl -
 hydrazines are reacted with  N  - (dichloromethylene) -  N,N  - dimethylammonium chloride, as shown.  81        

 A classical,  82   but still used,  6,83   route to indazoles involves  N  - nitrosation of an acetanilide, followed by 
cyclisation onto an  ortho  - alkyl group  –  even unactivated methyl groups enter into reaction, though in the 
example shown below the  ortho  - substituent carries an activating ester. The sequence may involve a diazo -
 acetate as intermediate, as shown, with the acetate as leaving group. 3 - Methylindazole can be obtained  via  
diazotisation of 2 - ethylaniline, then ring closure with a mild base.  84        
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 Diazotisation of anthranilic acid and immediate reduction of the diazo group is a very simple route to 
indazolin - 3 - one.  2   Hydrolysis of the amide unit of isatin, then diazotisation and reduction produces indazole -
 3 - carboxylic acid;  85   adding the diazonium salt solution to the reducing mixture minimizes the formation of 
byproduct indazolin - 3 - ones.  86             

 A route to 3 - trimethylsilyl - indazoles involves the interaction of lithium trimethylsilyldiazomethane with 
benzynes, generated  in situ  from a halo - benzene.  87         

  26.9.2.2   Ring Synthesis of 2,1 - Benzisothiazoles and 2,1 - Benzisoxazoles 

 Appropriate oxidations of  ortho  - aminoaryl ketones  88   or esters  89   produce 2,1 - benzisoxazoles; these ring 
closures may involve the intermediate formation of a nitrene.      

 Involvement of a nitrene seems very likely in sequences where an  ortho  - azidoaryl ketone is decomposed 
thermally producing 3 - substituted 2,1 - benzisoxazoles.  90   In the opposite sense, reduction of  ortho  - nitro -
 araldehydes is a very effi cient route to 3 - unsubstituted 2,1 - benzisoxazoles. Both the zinc and the 2 - bromo -
 2 - nitropropane are essential components of the reducing mixture. Note the survival of the aromatic halogen 
in the example shown.  91        
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  ortho  - Amino - toluenes can be converted into 2,1 - benzisothiazoles by reaction with thionyl chloride  92   or 
with  N  - sulfi nylmethanesulfonamide.  93           
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 Purines are of great interest for several reasons, but in particular, together with certain pyrimidine bases, 
they are constituents of DNA and RNA, and consequently of fundamental importance in life processes (see 
 32.4 ). Additionally, as nucleosides and nucleotides they act as hormones and neurotransmitters and are 
present in some co - enzymes. The interconversion of mono - , di -  and triphosphate esters of nucleosides is 
at the heart of energy transfer in many metabolic systems and is also involved in intracellular signalling. 
This central biological importance, together with medicinal chemists ’  search for anti - tumour and anti - viral 
(particularly anti - AIDS) agents, have resulted in a rapid expansion of purine chemistry ( 33.6.3 ). 

 There are signifi cant lessons to be learnt from the chemistry of purines since their reactions exemplify 
the interplay of its constituent imidazole and pyrimidine rings, just as the properties of indole show 
modifi ed pyrrole and modifi ed benzene chemistry. Thus purines can undergo both electrophilic and nucleo-
philic attack at carbon in the fi ve - membered ring and mainly nucleophilic reactions at carbon in the six -
 membered ring.      

 The numbering of the purine ring system is anomolous and reads as if purine were a pyrimidine deriva-
tive. There are, in principle, four possible tautomers of purine containing an  N  - hydrogen; in the crystalline 
state, purine exists as the 7 H  - tautomer, however in solution both 7 H  -  and 9 H  - tautomers are present in 
approximately equal proportions; the 1 H  -  and 3 H  - tautomers are not signifi cant.  1   

 The majority of reported purine chemistry pertains to the naturally occurring purines, which are amino 
and/or oxygenated substances and, as a consequence, reactions of the simpler purines, such as in other 
chapters are given as typical, have received limited attention. A nomenclature related to the natural purines 
has evolved and is in general usage. A  ‘ nucleoside ’  is an  N  - sugar derivative of a purine (generally 9 - 
(riboside) or 9 - (2 ′  - deoxyriboside)), for example adenosine is the 9 - (riboside) of adenine, itself the generally 
used trivial name for 6 - aminopurine. A nucleotide is a 5 ′  - phosphate (or di -  or tri - phosphate) of a nucleoside 
 –  adenosine 5 ′  - triphosphate (ATP) is an example. Note that there are comparable pyrimidine nucleosides 
and nucleotides ( 32.4 ). ( NOTE : In some diagrams, to save space, for  β  -  d  - 2 - deoxyribofuranosyl,  β  -  d  -
 ribofuranosyl and a generalized sugar, we use dR R S   , respectively.)  
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  27.1   Reactions with Electrophilic Reagents 
  27.1.1   Addition at Nitrogen 

  27.1.1.1   Protonation 

 Purine is a weak base, p K  aH  2.5.  13 C NMR studies suggest that all three protonated forms are present in 
solution, but the predominant cation is formed by N - 1 - protonation.  2   In strong acid solution a dication is 
formed by protonation at N - 1 and on the fi ve - membered ring.  3        

 The presence of oxygen functionality does not seem to affect purine basicity to any great extent, thus 
hypoxanthine has a p K  aH  of 2.0. Amino groups increase the basicity, as illustrated by the p K  aH  of adenine, 
4.2, and oxo groups reduce the basicity of amino - purines, thus guanine has a p K  aH  of 3.3; the position of 
protonation of guanine in the solid state has been established by X - ray analysis  –  it is on the fi ve - membered 
ring, which nicely illustrates the extremely subtle interplay of substituents and ring heteroatoms, for 
although the 2 - amino group increases the basicity of the purine to which it is attached, this does not neces-
sarily mean that it is the associated N - 3 that is protonated.      

 Purine itself slowly decomposes in aqueous acid, to the extent of about 10% in 1N sulfuric acid at 
100  ° C. The stability of oxy - purines to aqueous acid varies greatly, for example xanthine is stable to aqueous 
1N sulfuric acid at 100  ° C, whereas purin - 2 - one is converted into 5,6 - diaminopyrimidin - 2 - one under the 
same conditions.  

  27.1.1.2   Alkylation at Nitrogen 

 As would be expected from systems containing four nitrogen atoms,  N  - alkylation of purines is complex 
and can take place on the neutral molecule or  via  an  N  - anion. Purine reacts with iodomethane to give a 
7,9 - dimethylpurinium salt.  4        

 Adenine gives mainly 3 - alkylated products under neutral conditions, but 7/9 - substitution when there is 
a base present. Adenosine derivatives on the other hand usually give 1 - alkylated products, presumably due 
to hindrance to N - 3 - attack by the  peri  - 9 - ribose substituent. That attack can still occur at C - 3 is shown by 
the intramolecular quaternisation of N - 3, which is an important side reaction when 5 ′  - halides are subjected 
to displacement conditions. 

 An effective method for effectively alkylating the 6 - amino group of adenosine is to bring about a Dimroth 
rearrangement of a 1 - alkyl - adenosinium salt, as illustrated below (see also  31.2.2 ).  5,6        
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 Alkylation of oxygenated purines in alkaline media, for example hypoxanthine, tends to occur both at 
amidic nitrogen and also at a fi ve - membered ring nitrogen, making selectivity a problem. Under neutral 
conditions, xanthines give 7,9 - dialkylated quaternary salts. The alkylation of 6 - chloropurine illustrates the 
complexity: in basic solution both 7 -  and 9 - substitution occurs,  7   whereas reaction with dihydrofuran under 
acidic conditions is selective for N - 9, perhaps as a thermodynamic product.  8        

 An  N  -  t  - butyldimethylsilyloxymethyl is a useful protecting group for adenines as it confers good solubility 
in organic solvents. It is introduced by stepwise conversion into the 9 - hydroxymethyl derivative, by 
reaction with formaldehyde and base, followed by  O  - silylation.  9        

 The ratio of N - 9 to N - 7 alkylation is also infl uenced by the size of a 6 - substituent, larger groups at C - 6 
lead to increased percentages of 9 -   versus  7 - alkylation.  10   

 In suitable cases, where N - 7/N - 9 selectivity is poor, alkylation can be directed to N - 9 by a bulky protect-
ing group installed on a C - 6 substituent.  11   Alternatively, a 6 - amino can be converted into an azole leaving 
group, such as a 1,2,4 - triazol - 4 - yl ( 29.1.1.2 ), which is a very effective hindering group for N - 7. Imidazoles 
can also be used similarly  12    –  unsubstituted imidazole or a 2 - butylimidazole are very effective, whereas the 
apparently much bulkier 2,5 - diphenylimidazole is much less so. This is explained by the simple imidazole 
(or triazole) being coplanar with the purine ring (and therefore very close to N - 7), but a diphenylimidazole 
substituent is rotated away from the nitrogen.  13        
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 The N - 9:N - 7 ratio of products varies with time when alkylations employ a Michael acceptor like methyl 
acrylate, for here the alkylation is reversible and the concentration of thermodynamic product can build 
up.  14   Regiospecifi c 7 - alkylations can be achieved  via  the quaternisation of a 9 - riboside followed by hydro-
lytic removal of the sugar residue, as illustrated by a reaction with ethylene oxide.  15   Alkylation on N - 7 
in nucleic acids is the mechanism of mutagenesis/carcinogenesis by some natural toxins, such as 
afl atoxin.  16        

 In the ribosylation of purines, in addition to the question of regioselectivity on the purine, there is the 
possibility of forming epimeric products at the linking C - 1 ′  of the ribose, and this is often the more diffi cult 
to control. A great deal of work has been done and many different conditions shown to be effective in 
specifi c cases, but conditions that are generally effective have not been defi ned.  17   These alkylations usually 
employ acylated or halo - ribosides in conjunction with a mercury,  18   silicon  18   or sodium  19   derivative of the 
purine, and stereoselective displacements of halide can sometimes be achieved.      

 Other methods of controlling stereochemistry include the use of the size of an isopropylidene pro-
tecting group to shield one face of the sugar  20   or, as shown below, anchimeric assistance from a 2 ′  - 
benzoate.  21        
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 When base - sensitive alkylating agents are used, such as cycloalkyl derivatives for the preparation of 
nucleoside analogues, the use of equilibrium bases, such as potassium carbonate, often give poor results. 
Here, the outcome is improved by using pre - formed (neutral) salts, such as tetra -  n  - butylammonium,  22   DBU 
or phosphazenes.  23    

  27.1.1.3   Acylation at Nitrogen 

 Purines react with acylating agents such as chloroformates or diethyl pyrocarbonate  24   to give non - isolable 
 N  +  - acyl salts, which can suffer various fates following nucleophilic addition; products of cleavage of 
either ring have been observed, as have recyclisation products.  25         

  27.1.1.4   Oxidation at Nitrogen 

 Peracid  N  - oxidation of purines gives 1 -  and/or 3 - oxides, depending on exact conditions.  26   Adenine and 
adenosine give 1 - oxides, whereas guanine affords the 3 - oxide.  27   The 3 - oxide of purine itself has been 
obtained  via  oxidation of 6 - cyanopurine (at N - 3), then hydrolysis and decarboxylation,  27   the relatively easy 
loss of carbon dioxide echoing the analogous process discussed for pyridine  α  - acids ( 8.11 ). The  N  - 7 - oxide 
of adenine can be prepared by oxidation of 3 - benzyl - 3 H  - adenine, followed by deprotection.  28          

  27.1.2   Substitution at Carbon 

 Typical electrophilic aromatic substitution reactions have not been reported for purine or simple alkyl 
derivatives, but oxy and amino derivatives generally react readily at C - 8. 

  27.1.2.1   Halogenation 

 Purine itself simply forms an N +  – halogen complex, but does not undergo  C  - substitution, however adenos-
ine,  29   hypoxanthine and xanthine derivatives  30   undergo fl uorination,  31   chlorination and bromination at C - 8. 
However, there is the possibility that these substitution products arise  via N  - halo - purinium salts,  nucleo-

philic  addition of bromide anion to these at C - 8, then elimination of hydrogen halide.       
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  27.1.2.2   Nitration 

 Xanthines undergo 8 - nitration, though under fairly vigorous conditions.  32        

 Nitration of 6 - substituted purines at C - 2, using a mixture of tetra -  n  - butylammonium nitrate and trifl uo-
roacetic anhydride, is an exceptionally useful functionalisation of the purine ring system. The reaction 
works for both electron - rich (adenosine), 6 - alkoxypurines and electron - poor (6 - chloropurine) substrates, 
but full protection of all OH and NH groups is required. This is not a simple electrophilic substitution  –  the 
mechanism has been shown, using 6 - chloro - 9 - Boc purine, to involve sequential nitration of N - 7, addition 
of trifl uoroacetoxy at C - 8 and then migration of the nitro group to C - 2. The fi nal, re - aromatisation, step 
involves elimination of trifl uoroacetic acid.  33   Displacement of a 2 - nitro group, thus introduced, by fl uoride 
as nucleophile (see  27.5  for nucleophilic substitutions) can be made the means to synthesise 
2 - fl uoroadenosine.  34         

  27.1.2.3   Coupling with Diazonium Salts 

 Amino -  and oxy - purines couple at their 8 - position; a weakly alkaline medium is necessary, so it 
seems likely that the reactive entity is an  N  - anion.  35           
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  27.2   Reactions with Radicals 
 Purines react readily with hydroxyl, alkyl, aryl and acyl radicals, usually at C - 6,  36   or at C - 8 (or C - 2) if the 
6 - position is blocked. Both reactivity and selectivity for C - 8 are increased when the substitution is con-
ducted at lower pH.  37   In nucleosides, a radical generated at C - 5 ′  cyclises rapidly onto C - 8, but can be 
trapped before cyclisation by using a large excess of acrylonitrile.  38         

  27.3   Reactions with Oxidising Agents 
 There are few signifi cant oxidations of purines apart from  N  - oxidations ( 27.1.1.4 ), but dimethyldioxirane 
gives good yields of 8 - oxo compounds, possibly  via  the intermediacy of a 9,8 -  or 7,8 - oxaziridine.  39   C - 8 -
 Oxidation  40   is an important process  in vivo , for example with the oxomolybdoenzyme xanthine oxidase, 
where oxygen is introduced at C - 8  via  a mechanism about which there is still debate.  

  27.4   Reactions with Reducing Agents 
 The reduction of substituted purines is very complex and ring - opened products are often obtained. 1,6 - 
Dihydropurine is formed by catalytic or electrochemical  41   reduction of purine, but this is unstable. Stable 
reduced compounds can be obtained by reduction in the presence of  N  - acylating agents.  42   7/9 - Quaternary 
salts are easily reduced by borohydride, in the fi ve - membered ring, producing 7,8 - dihydro derivatives.  43         

  27.5   Reactions with Nucleophilic Reagents 
 Nucleophilic displacement of leaving groups from C - 2, C - 6 and C - 8 is the most common means of prepara-
tion of substituted purines. Halides are the most popular leaving groups, particularly chlorides, but fl uorides 
are generally the most reactive, although slightly less accessible. Bromides and iodides can be used simi-
larly, but offer little advantage for simple nucleophilic substitutions. Sulfonates, sulfoxides, sulfones, 
quaternary ammonium, diphenylphosphonyloxy  44   and nitro  33   are also highly reactive leaving groups. 

 Although fl uoro is intrinsically more reactive than chloro, this does not overcome the natural bias of the 
purine ring, so 6 - chloro - 2 - fl uoro - purines react selectively at C - 6 with a number of nucleophiles.  45   

 Relatively easy nucleophilic displacement,  via  the usual addition/elimination sequence, takes place at all 
three positions with a wide range of nucleophiles, such as alkoxides,  46   sulfi des, amines, azide, cyanide 
and malonate and related carbanions.  47        
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 In 9 - substituted purines, the relative reactivity of halides is 8    >    6    >    2, but strongly infl uenced by the 
presence of other substituents. In 9 H  - purines this is modifi ed to 6    >    8    >    2, the demotion of the 8 - position 
being associated with anion formation in the fi ve - membered ring. Conversely, in acidic media the reactivity 
to nucleophilic displacement at C - 8 is enhanced: protonation of the fi ve - membered ring facilitates the 
nucleophilic addition step.  47   The relative reactivities of the 2 -  and 6 - positions are nicely illustrated by the 
conditions required for the reaction of the respective chlorides with hydrazine, a relatively good nucleo-
phile.  48   It is worth noting the parallelism between the relative positional reactivity here with that in halo -
 pyrimidines where it is 4    >    2.      

 In 2,6 - dichloropurine, reactivity at C - 6 is enhanced relative to 6 - chloropurine by the inductive effect of 
the second halogen, whereas the presence of electron - releasing substituents, such as amino, somewhat 
deactivates halogen to displacement, but, conversely, oxygenated purines, probably because of their car-
bonyl tautomeric structures, react easily.  49        

 The generation of an  N  - anion by deprotonation in the fi ve - membered ring is given as the reason why 
8 - chloropurine reacts with sodamide to give adenine: inhibition of attack at C - 8 allows the alternative 
addition to C - 6 to lead eventually to the observed major product.  50        

 Direct conversion of inosines into 6 - amino derivatives, without the intermediacy of a halo - purine, can 
be achieved by heating with a mixture of phosphorus pentoxide and the amine hydrochloride  51   or using the 
amine with  p  - toluenesulfonic acid and a silylating agent (HMDS),  52   or the amine with iodine and 
triphenylphosphine.  53   

 Even where a nucleophilic displacement of halide is feasible, the use of transition - metal catalysis, such 
as with copper (for iodides) or palladium, generally offers much milder conditions ( 4.2.10 ).  54        
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 Other useful leaving groups in purine chemistry include sulfoxide,  55   trifl ate,  56   and aryl -  or alkylthio.  57   
Sulfones are highly reactive in some nucleophilic substitutions, and are also the reactive intermediates in 
sulfi nate - catalysed displacements of halide.  58        

 Displacement of halides can be catalysed by amines  –  trimethylamine, pyridine  59   and DABCO  60   have 
been used. Mechanistically, the catalysis involves formation of an intermediate quaternary ammonium salt 
that is more reactive towards nucleophiles than the starting halide. The intermediate quaternary salts can 
be isolated, if required. Trimethylamine gives the most reactive quaternary salt, but DABCO can be more 
convenient. The relative reactivities for nucleophilic displacement at C - 6 are: trimethylamine   :   DABCO   :   
chlorine   =   100   :   10   :   1.  61   Cyano  62   and fl uorine  63   are amongst the groups that have been introduced in 
this way.      

 Arylamines can be particularly unreactive as nucleophiles and for these, the use of fl uorine  64   or a sulfone  53   
as a leaving group, or palladium - assisted displacement ( 4.2.10 ) of bromine  65   may be necessary. A 2 - 
chlorine, deactivated by the presence of a 6 - amino substituent, can be effi ciently displaced by arylamines 
with trimethylsilyl chloride in butanol.  66   The displacements of fl uorine, chlorine and butyl sulfone by ani-
lines are greatly accelerated by carrying out the reactions in 2,2,2 - trifl uoroethanol, with the addition of 
excess trifl uoroacetic acid.  67        

 Amino groups can be converted into good leaving groups by incorporation into a 1,2,4 - triazole.  12,68   
Imidazoles can be used similarly.  53         
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  27.6   Reactions with Bases 
  27.6.1   Deprotonation of  N  - Hydrogen and Reactions of Purinyl Anions 

 Purine, with a p K  a  of 8.9, is slightly more acidic than phenol and much more acidic than imidazole or 
benzimidazole (p K  a s 14.2 and 12.3, respectively). This relatively high acidity is probably a consequence 
of extensive delocalisation of the negative charge over four nitrogens, however alkylation of the anion takes 
place in the fi ve - membered ring, since attack at N - 1 or N - 3 would generate less aromatic products.      

 Oxy - purines are even more acidic, due to more extensive delocalisation involving the carbonyl groups: 
xanthine has a p K  a  of 7.5 and uric acid, 5.75.   

  27.7    C  - Metallation and Reactions of  C  - Metallated Purines 
  27.7.1   Direct Ring  C  –  H  Metallation 

 The rapid deuteration of purine at C - 8  69   in neutral water at 100  ° C probably involves 8 - deprotonation of a 
concentration of purinium cation to give a transient ylide (cf. 1,3 - azole 2 - H - exchange,  24.1.2.1 ). 9 - 
Alkylated purines undergo a quite rapid exchange in basic solution involving direct deprotonation of the 
free heterocycle.      

 Preparative lithiation of purines requires the protection of the 7/9 - position; lithiation then takes place at 
C - 8.  70   9 - Blocked purines can be deprotonated at C - 8 with strong bases, such as LDA, even in the presence 
of  N  - hydrogen in the other ring.  71   Good yields of 8 - halo - purines can be obtained by reaction with a variety 
of halogen donors; 8 - lithiation of  O  - silyl - protected 9 - ribofuranosyl - purines can be achieved using about 
three mole equivalents of lithium diisopropylamide.  72        

 After selective lithiation at C - 8 in a 6 - chloro - purine riboside, quenching with a stannyl or silyl chloride 
leads to the isolation of the 2 - substituted compound,  via  rearrangement of a 2 - anion formed by a second 
lithiation of the initial 8 - substituted product, as illustrated below.  73         
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  27.7.2   Metal – Halogen Exchange 

 Purines lithiated at C - 2 or C - 6 can be generated by way of halogen exchange with alkyllithiums, but it is 
important to maintain a very low temperature in order to avoid subsequent equilibration to the more stable 
8 - lithiated species.  74   2 - Chloro - 6 - iodo - 9 - alkyl -  and 6 - chloro - 2 - iodo - 9 - alkyl - purines each undergo exchange 
selectively at the iodine position with  iso  - propylmagnesium chloride at  − 80  ° C.  75        

 Purine aminocuprates, formed either  via  direct magnesiation at C - 8 with TMPMgCl.LiCl, or  via  
six - membered - ring lithio derivatives (formed from the iodides then transmetallated to the magnesio 
derivatives), on oxidation undergo (reductive) elimination of copper to give amino - purines; comparable 
processes also apply to pyrimidines.  76          

  27.8   Oxy -  and Amino - Purines 
 These are tautomeric compounds that exist predominantly as carbonyl and amino structures, thus falling 
in line with the analogous pyrimidines and imidazoles.
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        27.8.1   Oxy - Purines 

  27.8.1.1   Alkylation 

 The amide - like  N  - hydrogen in oxy - purines is relatively acidic; the acidity is readily understood in terms 
of the phenolate - like resonance contributor to the anion. Alkylation of such anions takes place at nitrogen, 
not oxygen.  77         

  27.8.1.2   Acylation 

 In contrast to alkylation, acylation and sulfonylation frequently occur at oxygen; the resulting  O  - acylated 
products are relatively unstable, but can be utilised, for example, conducting the acylation in pyridine, as 
solvent, produces a pyridinium salt, resulting from displacement of acyloxy by pyridine. Both  O  - acylated -
 purines, and the corresponding pyridinium salts, can in turn be reacted with a range of nucleophiles  78   to 
allow the overall replacement of the amide - like oxygen; this is an important alternative to activation of the 
carbonyl by conversion into halogen (below).           

 A closely related conversion utilises a silylating agent, in the presence of the desired nucleophile, and 
presumably involves  O  - silylation, then displacement of silyloxy.  79         
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  27.8.1.3   Replacement by Chlorine   80    

 This is a very important reaction in purine chemistry and has been widely utilised to allow subsequent 
introduction of nucleophiles ( 27.5 ), including replacement with hydrogen by chemical (HI) or catalytic 
hydrogenolysis. Most commonly, phosphoryl chloride is used, neat, or in solution (especially when there 
is a ribose present); thionyl chloride is an alternative reagent. 2 - Deoxy compounds are more sensitive to 
acid and with these, milder reagents (carbon tetrachloride with triphenylphosphine) must be used to convert 
oxo into chloro.  81        

 Syntheses of adenine and guanine from uric acid illustrate well the selective transformations to which 
the halo - purines, prepared from a precursor oxy - purine,  82   can be put.       

  27.8.1.4   Replacement by Sulfur 

 Replacement by sulfur  83   can be achieved  via  a halo - purine, or directly using a phosphorus sulfi de.        

  27.8.2   Amino - Purines 

  27.8.2.1   Alkylation 

 Alkylation under neutral conditions involves attack at a nuclear nitrogen; Dimroth rearrangement ( 27.1.1.2 ) 
of these salts affords side - chain - alkylated purines. However, direct introduction of substituents onto a side -
 chain nitrogen can be achieved by reductive  N  - alkylation.  84   A related method involves reduction of an 
isolated benzotriazolyl intermediate, which allows more control over the process.  85              
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  27.8.2.2   Acylation 

 Amino - purines behave just like anilines with anhydrides and acid chlorides, giving amides, but these are 
somewhat more easily hydrolysed. Both mono -  and diacylation can be utilised as a protecting - group 
strategy.  

  27.8.2.3   Diazotisation 

 The reaction of 2 -  and 6 - amino groups with nitrous acid is similar to that of 2 - amino - pyridines, in that 
diazonium salts are produced but, relative to phenyldiazonium salts, these are unstable. Despite this, they 
can be utilised for the introduction of groups such as halide  86   or, oxygen by reaction with water, with loss 
of nitrogen. 8 - Diazonium salts are considerably more stable.  87   In 2 - aminoadenosine, selective diazotisation 
occurs at the 2 - amino group.  52        

 Diazotisation can also be carried out in basic solution and in this way acid - sensitive deoxyribosides can 
be tolerated.  88   A nucleophilic displacement of amino by hydroxy can be effected enzymatically using 
adenosine deaminase; this is a useful practical method because it is a very selective transformation under 
mild conditions.  89   Chemical hydrolysis requires more vigorous conditions. 

 The related reaction with alkyl nitrites generates purinyl radicals, which will effi ciently abstract halogen 
from halogenated solvents, and this procedure is generally to be preferred for the transformation of an 
amino - purine into a halo - purine.  90   These reactions can be improved/enhanced by the addition of antimony 
trichloride.  91   Comparably, the use of dimethyl disulfi de produces methylthio - purines,  92   and trimethylsilyl 
azide, azido - purines.  93          
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  27.8.3   Thio - Purines 

 Thio - purines are prepared from halo - purines or oxy - purines or by ring synthesis. One method for displace-
ment of bromine with sulfur utilises TMS(CH 2 ) 2 SH as a nucleophile, TBAF removal of the sulfur substitu-
ent then reveals the thione.  94   In contrast with oxy - purines, in alkaline solution they readily alkylate on 
sulfur, rather than nitrogen.  95        

 Thiols are also useful sources of the corresponding bromo compounds, by reaction with bromine and 
hydrobromic acid.  96   Alkylthio substituents can be displaced by the usual range of nucleophiles, but 
the corresponding sulfones are more reactive.  59,97        

 A useful conversion of a nucleoside 2,6 - dithione into a 6 - methylamino - adenosine  via  oxidation 
with dimethyldioxirane, illustrates several instructive points. The presumed intermediates are sulfi nic 
acids: the 2 - sulfi nic acid loses sulfur dioxide to leave hydrogen at C - 2, and nucleophilic displacement 
of the 6 - sulfi nic acid (or possibly the sulfonic acid after further oxidation) introduces the amino group. 
Similar reactions can be carried out on pyrimidine thiones.  98   The scheme shows intermediates derived 
from a disulfi nic acid  –  it is not clear in what order oxidations/loss of sulfur dioxide/displacements 
take place.        
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  27.9   Alkyl - Purines 
 Comparatively little information is available concerning purine methyl groups, but it seems  99,100   that their 
reactivity is comparable to pyridine  α  -  and  γ  - methyl substituents, undergoing base - catalysed condensations 
and selenium dioxide oxidation to aldehydes.       

  27.10   Purine Carboxylic Acids 
 Here again, comparatively little systematic information is available, but in parallel with pyridine  α  - acids, 
it can again be implied that purine acids undergo decarboxylation on heating  –  the 6 - acid at 195  ° C for 
example.  101    

  27.11   Synthesis of Purines 
 Because of the ready availability of nucleosides from natural sources, a frequently used route to substituted 
purines is  via  the manipulation of one of these. 

  27.11.1   Ring Synthesis 

 There are two general approaches to the construction of the purine ring system. Additionally, a category 
which can be defi ned as  ‘ one pot ’  methods, are adaptations of the type of process that probably took place 
in prebiotic times, when simple molecules, such as hydrogen cyanide and ammonia, are believed to have 
combined to give the fi rst purines. 

  27.11.1.1   From 4,5 - Diamino - pyrimidines 

 4,5 - Diamino - pyrimidines react with carboxylic acids, or derivatives, to give purines, the  ‘ carboxyl ’  carbon 
corresponding to C - 8.
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        Traube Synthesis 

 8 - Unsubstituted purines can be prepared simply by heating 4,5 - diaminopyrimidines with formic acid,  102   
but formamide  103   (or formamidine  104  ) is better. The reaction proceeds  via  cyclising dehydration of an inter-
mediate formamide; this usually takes place  in situ  using formamide, but generally requires a second, more 
forcing step when formic acid is employed initially. Purine itself can be prepared by this route.  105   Aldehydes 
react with 5,6 - diaminouracils in the presence of bromodimethylsulfonium bromide to give the 8 - substituted 
xanthines.  106        

 8 - Substituted purines are comparably prepared using acylating agents corresponding to higher acids; in 
most cases the amide is isolated and separately cyclised.  107   The diamino - pyrimidines required are usually 
prepared by the coupling of a 4 - aminopyrimidine with an aryldiazonium ion (or by nitrosation  108  ), then 
reduction, or by ring synthesis.  109        

 Precursors to 9 - substituted purines, therefore requiring a substituent on the pyrimidine - 4 - amino group, 
are available from the reaction of a 4 - chloropyrimidine with a primary amine.                

 When milder conditions are required for the cyclisation, perhaps because of the presence of a sugar 
residue, an orthoester  110   (often activated  111   with acetic anhydride) or an acetal - ester  112   (illustrated below) 
can be used.      
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 A related reaction is the oxidative cyclisation of anils, originally under vigorous conditions such 
as heating in nitrobenzene,  113   but now achievable at lower temperatures using diethyl azodicarboxylate.  114        

 The formation of 8 - oxo -  or 8 - thio - purines requires one - carbon components at a higher oxidation level: 
urea and thiourea are appropriate. The products of chloroformate - initiated fi ve - membered ring cleavage of 
purines ( 27.1.1.3 ) can be recyclised to produce 8 - oxo - purines.  115          

  27.11.1.2   From 5 - Aminoimidazole - 4 - Carboxamide or  - Nitrile   116    

 5 - Aminoimidazole - 4 - carboxamides (or  - nitriles) interact with components at the carboxylic acid oxidation 
level giving purines, the  ‘ carboxyl ’  carbon becoming C - 2.      

 Biosynthetically, purines are built up  via  formation of the imidazole ring fi rst, from glycine and formate, 
and thence to hypoxanthine and then the other natural purines. In the laboratory, most imidazole - based 
purine syntheses start with 5 - aminoimidazole - 4 - carboxylic acid, particularly its amide (known by the 
acronym AICA), which as well as its riboside, is commercially available from biological sources. The use 
of 5 - aminoimidazole - 4 - carbonitrile in this approach results in the formation of 6 - amino - purines, as in a 
synthesis of adenine itself.  117        
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 Conversion into 2 - alkyl -  or  - aryl - purines requires the insertion of one carbon to create the six - membered 
ring, and this is usually effected by condensation with esters in the presence of base,  118   although amides  119   
are occasionally utilised. The use of an isothiocyanate leads to a 2 - thiopurine.  120             

 There are a few examples of purine ring syntheses which start from simpler imidazoles, for example a 
5 - aminoimidazole, generally prepared and utilised  in situ .  121        

 7 - Substituted purines can be obtained from 4 - aminoimidazole - 5 - carbaldehyde oximes after conversion 
into imino ethers and reaction with ammonia, as shown below.  122         

  27.11.1.3   By Cycloadditions 

 Triethyl 1,3,5 - triazine - 2,4,6 - tricarboxylate serves as an azadiene in reaction with 5 - aminopyrazoles to 
produce purine isosteres, pyrazolo[3,4 -  d ]pyrimidines.  123   In order to overcome the relative instability of 
5 - aminoimidazoles, required for analogous synthesis of purines, 5 - aminoimidazole - 4 - carboxylic acids 
can be used,  in situ  decarboxylation producing the required dienophile.  124   Exactly comparable reaction 
with 2 - amino - 4 - cyanopyrroles produces pyrrolo[2,3 -  d ]pyrimidines.  125         
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  27.11.1.4  ‘ One - step ’  Syntheses 

 It is amazing that relatively complex molecules, such as purines, can be formed by the sequential condensa-
tion of very simple molecules, such as ammonia and hydrogen cyanide. That the intrinsic reactivity embod-
ied in these simple molecules leads  ‘ naturally ’  to purines must surely be relevant to the evolution of a 
natural system that relies on these  ‘ complex ’  molecules. In other words it seems highly likely that purines 
existed before the evolution of life and were incorporated into its mechanism because they were there and, 
of course, because they have appropriate chemical properties. 

 Adenine, C 5 H 5 N 5 , is formally a pentamer of hydrogen cyanide and indeed can be produced in the labora-
tory by the reaction of ammonia and hydrogen cyanide, although not with great effi ciency. A related and 
more practical method involves the dehydration of formamide.  126   Purine itself can also be obtained from 
formamide.  127        

 Methods derived from this fundamental process involve the condensation of one - , two -  and three - carbon 
units such as amidines, amino - nitriles and carboxamides, which represent intermediate stages of the 
ammonia/hydrogen cyanide reaction. Pyrimidines or imidazoles are usually intermediates.  128     

  27.11.2   Examples of Notable Syntheses Involving Purines 

  27.11.2.1   Aristeromycin 

 A synthesis of the antibiotic aristeromycin  129   makes use of the displacement of a pyrimidine 4 - chloride to 
allow introduction of the amine and the generation of the 4,5 - diamino - pyrimidine for subsequent closure 
of the fi ve - membered ring.       

  27.11.2.2   Adenosine 

 Adenosine  130   has also been synthesised using the pyrimidine    →    purine strategy. In this synthesis the sugar 
was also introduced at an early stage, but here  via  condensation with a 4 - amino group.       



Purines: Reactions and Synthesis 535

  27.11.2.3   Sildenafi l (Viagra ™ ) 

 A synthesis of sildenafi l, which contains a bicyclic system (a 1 H  - pyrazolo[4,3 -  d ]pyrimidine) isomeric with 
that of a purine, starts with a routine synthesis of a pyrazole (cf.  25.12.1.1 ) followed by  N  - methylation and 
ring nitration. Functional group manipulation provides a pyrazole equivalent to AICA ( 27.11.1.2 ) from 
which the pyrimidone ring is formed  via  reaction with an aromatic acid chloride.          

 Exercises    
  Straightforward revision exercises (consult Chapter  27 ):  

   (a)   What are the structures of the purine bases involved in DNA and RNA?   
   (b)   How does the Dimroth rearrangement allow the synthesis of 6 - alkylamino - purines from 

6 - amino - purines?   
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   (c)   What is the order of reactivity towards nucleophilic displacement of the 2 - , 6 -  and 8 - halo - purines? 
How does the inclusion of a tertiary amine in such nucleophilic displacements facilitate them?   

   (d)   At what position does strong base deprotonation of 9 - substituted purines take place?   
   (e)   Name three types of compound which will react with 4,5 - diamino - pyrimidines to produce purines.   
   (f)   How could one synthesise a 2 - thiopurine from 5 - aminoimidazole - 4 - carboxamide?   

  More advanced exercises:  

   1.   What are the structures of the intermediates and fi nal product of the following sequence: guanosine 
2 ′ ,3 ′ ,5 ′  - triacetate reacted with POCl 3     →    C 16 H 18 ClN 5 O 7 , then this with  t  - BuONO/CH 2 I 2     →    C 16 H 16 ClIN 4 O 7 , 
this product with NH 3 /MeOH    →    C 10 H 12 IN 5 O 4  and fi nally this compound with PhB(OH) 2 /Pd(PPh 3 ) 4 /
Na 2 CO 3 , giving C 16 H 17 N 5 O 4 . How could this same purine be prepared from AICA - riboside in four steps?   

   2.   Suggest a sequence for the transformation of adenosine into 8 - phenyladenosine.   
   3.   Give structures and explain the following: adenosine with Me 2 SO 4     →    C 11 H 15 N 5 O 4 , this with aq. HCl 

produces C 6 H 7 N 5  and fi nally aq. NH 3  on this last compound gives an isomer, C 6 H 7 N 5 .   
   4.   Write structures for the purines produced by the following reactions: (i) heating 4,5,6 - triaminopyrimi-

dine with formamide; (ii) treating 2 - methyl - 4,5 - diaminopyrimidin - 6 - one with sodium dithioformate, 
then heating in quinoline.     
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 Heterocycles Containing a Ring - Junction 
Nitrogen (Bridgehead Compounds)     

     In addition to the biologically important purines and pteridines, and the major benzo - fused heterocycles, 
such as indole, many other aromatic, fused heterocyclic ring systems are known, and of these, the most 
important are those containing a ring - junction nitrogen  –  that is,  where a nitrogen is common to two rings .  1   
The vast majority of these systems do not occur naturally, but they have been the subject of many studies 
from the theoretical viewpoint, for the preparation of potentially biologically active analogues, and for other 
industrial uses. For reasons of space, only combinations of fi ve -  and six - membered rings are considered 
here, and only some of these possibilities, though other combinations are possible and are known.      

28

 Of the parent systems that have the ring - junction nitrogen as the only heteroatom, only indolizine (often 
 ‘ pyrrocoline ’  in the older literature) has a neutral, fully conjugated 10 - electron  π  - system, comprising four 
pairs of electrons from the four double bonds and a pair from nitrogen, much as in indole. 4 H  - Quinolizine 
is not aromatic  –  there is a saturated atom interrupting the conjugation  –  but the cation, quinolizinium, 
formed formally by loss of hydride from quinolizine, does have an aromatic 10 -  π  - electron system: it is 
completely isoelectronic with naphthalene, the positive charge resulting from the higher nuclear charge of 
nitrogen  versus  carbon. Similarly, pyrrolizine, which is already aromatic in being a pyrrole (with an  α  - vinyl 
substituent), on conversion into its conjugate anion, attains a 10 - electron  π  - system.  

  28.1   Indolizines   2    
 The aromatic character of indolizine is expressed by three main mesomeric contributors, two of which 
incorporate a pyridinium moiety; other structures (not shown) incorporating neither a complete pyrrole nor 
a pyridinium are less important.
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        28.1.1   Reactions of Indolizines 

 Indolizine is an electron - rich system and its reactions are mainly electrophilic substitutions, which occur 
about as readily as for indole, and go preferentially at C - 3, but may also take place at C - 1. Consistent with 
their similarity to pyrroles, rather than pyridines, indolizines are not attacked by nucleophiles, nor are there 
examples of nucleophilic displacement of halide. 

 Indolizine, p K  aH  3.9,  3   is much more basic than indole (p K  aH   − 3.5) and the implied relative stability of 
the cation makes it less reactive, and thus indolizines are resistant to acid - catalysed polymerisation (cf. 
 20.1.1.9 ). Indolizine protonates at C - 3, but 3 - methylindolizine protonates mainly (79%) at C - 1; the delicacy 
of the balance is further illustrated by 1,2,3 - trimethyl -  and 3,5 - dimethylindolizines, each of which protonate 
exclusively at C - 3. Electrophilic substitutions such as acylation,  4   Vilsmeier formylation  5   and diazo - 
coupling  6   all take place at C - 3.      

 Nitration of 2 - methylindolizine under mild conditions results in substitution at C - 3,  7   but under strongly 
acidic conditions it takes place at C - 1,  8   presumably  via  attack on the indolizinium cation.      

 Indolizine and its simple alkyl derivatives are sensitive to light and to aerial oxidation, which lead to 
destruction of the ring system. Catalytic reduction in acidic solution (reduction of the indolizinium cation) 
selectively saturates the pyrrole ring, giving a pyridinium salt;  9   complete saturation, affording indolizidines, 
results from reductions over platinum.  10   

 Despite its 10 - electron aromatic  π  - system, indolizine apparently participates as an 8 - electron system in 
its reaction with diethyl acetylenedicarboxylate, though the process may be stepwise and not concerted. By 
carrying out the reaction in the presence of a noble metal as catalyst, the initial adduct is converted into 
an aromatic cyclazine ( 28.5 ).  11        

 Indolizines normally lithiate at C - 5,  4   but 5 - methylindolizine undergoes lithiation at the side - chain 
methyl.  12        
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 Of its functional derivatives, worth noting is the easy cleavage of carboxyl and acyl groups on heating 
with aqueous acid, and the instability of amino derivatives, which cannot be diazotised, but which can be 
converted into stable acetamides.  

  28.1.2   Ring Synthesis of Indolizines   13    

 The traditional route to indolizines is the Chichibabin synthesis,  14   which involves quaternisation of a 
2 - alkyl - pyridine with an  α  - halo - ketone, followed by base - catalysed cyclisation  via  deprotonation of the 
pyridinium  α  - methyl,  15   rendered easy by the quaternisation, then intramolecular attack on the carbonyl 
group.  16        

 A variation of the classical procedure utilizes 2 - methoxy - 6 - methylpyridine as a starting material and 
leads eventually to 5 - aminoindolizines; the intermediate oxazolo[3,2 -  a ]pyridinium salts are isolated as 
perchlorate salts ( CAUTION ).  17        

 Another useful method involves the intermediacy of a pyridinium ylide as a 1,3 - dipole in a 
cycloaddition.  18        

 An important feature of this type of reaction (which can also be used in an analogous fashion to prepare 
aza - indolizines) is that although a dihydroindolizine is the logical product from a mechanistic viewpoint, 
the fully aromatic compound is usually obtained. The mechanism of aromatisation is not clear: it could be 
by air oxidation during work - up, or  via  hydride transfer to some other component in the reaction mixture. 
When dihydro compounds are isolated they can be easily aromatised using the usual reagents  –  palladium/
charcoal or quinones. An extension of this analysis is the production of aromatic indolizines from reaction 
of an ylide with an alkene (which would be expected to give the tetrahydro product)  in the presence  of a 
suitable oxidant such as the cobalt chromate complex  19   shown below.  20        
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 Aromatisation can alternatively occur by loss of HX (HCN in the example shown) when a leaving group 
is present in one of the reactants.  21        

 In several variants, pyridines carrying either a 2 - alkynylmethyl or a 2 - alkenylmethyl substituent can be 
ring closed to indolizines. Iodine  22   and silver tetrafl uoroborate  23   have been used to close precursors avail-
able conveniently using the 2 - lithiated pyridine. As in several situations in this chapter, comparably 
substituted imine units in other starting materials, can be ring closed by this route, for example 
2 - alkynylmethylquinoxalines give pyrrolo[1,2 -  a ]quinoxalines and 2 - alkynylmethylthiazoles give 
pyrrolo[2,1 -  b ]thiazoles.  23        

 In a one - pot three - component sequence, a 2 - alkynylmethylpyridine intermediate is generated  in situ , 
pyridine - 2 - carbaldehyde being the starting material and 1 - aminoindolizines the products.  24          
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  28.2   Aza - Indolizines        

 Note: as can be seen from the examples above, numbering sequences vary with the number and disposition 
of the nitrogen atoms. 

 Seven monoaza -  and many more polyaza - indolizines (some are shown above) are possible, indeed com-
pounds with up to six nitrogen atoms have been reported. Despite the rarity of such systems in nature, there 
is much interest in aza - indolizines stemming from their structural similarity to both indoles and purines. 

 Apart from pyrrolo[1,2 -  b ]pyridazine, all the monoaza - indolizines protonate on the second (non - ring -
 junction) nitrogen, rather than on carbon.  3,25   Alkylation similarly goes on nitrogen, however other electro-
philic reagents attack with regioselectivity similar to indolizine itself  –  they effect substitution of the 
fi ve - membered ring at positions 1 and 3 (where these are carbon). 

  28.2.1   Imidazo[1,2 - a]pyridines 

 Electrophilic substitutions such as halogenation, nitration etc. go at C - 3, or at C - 5 if position 3 is blocked.  26   
Acylation does not require a catalyst.  27        

 Of all the positional chloro isomers, nucleophilic displacement reactions are known only for the 5 - isomer; 
7 - chloroimidazolo[1,2 -  a ]pyridine, where one might have anticipated similar activation, is not reactive in 
this sense,  28   but, of course, transition - metal - catalysed replacement of halogen ( 4.2 ) can be carried out at 
any position.  29        

 Base - catalysed deuterium exchange proceeds at C - 3 and C - 5;  30   preparative lithiation occurs at C - 3, or 
if C - 3 is blocked, at C - 5 or C - 8 depending on other substituents,  31   but the 2,6 - dichloro compound reacts 
selectively at C - 5, even in the presence of hydrogen at C - 3.  32        
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 Amino - imidazo[1,2 -  a ]pyridines exist as amino tautomers, but are even more unstable than amino -
 indolizines. 2 -  and 5 - oxo compounds are in the carbonyl tautomeric form and react with phosphoryl chloride 
yielding chloro compounds.  20   

 The traditional ring synthesis of imidazo[1,2 -  a ]pyridines is based on the Chichibabin route to indolizines 
( 28.1.2 ), but using 2 - aminopyridines instead of 2 - alkyl - pyridines. The initial reaction with the halo - ketone 
is regioselective for the ring nitrogen, so isomerically pure products are obtained.  33,34   2 - Oxo - imidazo[1,2 -  a ]
pyridines are the products when an  α  - bromo - ester is used instead of a ketone.  35        

 The 1,2 - bis - electrophiles generated from glyoxal, benzotriazole and an amine can be used to pro-
duce imidazo[1,2 -  a ]pyridines as illustrated below, but also imidazo[1,2 -  a ]pyrimidines, and imidazo[1,2 -  c ]
pyrimidines.  36        

 2 - Aminopyridines can be used in other ways: copper - catalysed interaction with diazo - ketones  37   and 
three - component reactions  38,39,40   involving an isonitrile and an aldehyde also give imidazo[1,2 -  a ]pyridines; 
such condensations can be promoted using an ionic liquid  41   or scandium trifl ate with microwave heating.  42   
In the former route, 2 - substituted products result and from the latter, 3 - aminoimidazo[1,2 -  a ]pyridines are 
formed.      

 Here again other starting materials having an amidine sub - unit, as in 2 - aminopyridine, react comparably: 
2 - aminothiazoles give imidazo[2,1 -  b ]thiazoles,  40   2 - aminopyrazines generate imidazo[1,2 -  a ]pyrazines,  38   
4 - aminopyrimidines lead to imidazo[1,2 -  c ]pyrimidines  43   and 2 - aminopyrimidines afford imidazo[1,2 -  a ]
pyrimidines (illustrated below).  44         
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  28.2.2   Imidazo[1,5 -  a ]pyridines 

 Electrophilic substitution in this system again occurs in the fi ve - membered ring, at C - 1, or at C - 3 if the 
former position is occupied.  45,46   Reaction with bromine gives a 1,3 - dibromo product.  47        

 Benzoylation provides an instructive example: under normal conditions  C  - substitution occurs at C - 1, 
however in the presence of triethylamine, 3 - benzoylimidazo[1,5 -  a ]pyridine is the product.  48   This can be 
explained by assuming the intermediacy of an ylide formed by deprotonation of an initial  N  +  - benzoyl salt 
(cf.  24.1.2.5 ).      

 Five - membered ring cleavage occurs relatively easily: hot aqueous acid converts these heterocycles into 
2 - aminomethyl - pyridines. 

 Lithiation, by direct analogy with imidazole, involves the 3 - proton,  5   but 5 - lithiation occurs on compa-
rable treatment of its 3 - ethylthio derivative, the substituent both blocking attack at C - 3  and  assisting lithia-
tion at the  peri  - position; the ethylthio group can, of course, be subsequently easily removed.  49        

 Imidazo[1,5 -  a ]pyridines are synthesised by the dehydrative cyclisation of  N  - acyl - 2 - aminomethyl - pyri-
dines  46   or of thioamides,  50   which can be prepared and ring closed under very mild conditions.  51   3 - Amino  52   
 - oxy  53   and  - thio  54   derivatives are available  via  related cyclisations.            
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  28.2.3   Pyrazolo[1,5 -  a ]pyridines        

 In this system, electrophilic substitution occurs at C - 3  55   and lithiation takes place at C - 7.  56        

 Pyrazolo[1,5 -  a ]pyridines can be prepared by cycloaddition of pyridinium  N  - imides (produced by 
 N  - deprotonation of  N  - amino - pyridinium salts with base  57  ) with alkynes  58   or  N  - amination of 2 - alkynyl - 
pyridines.  59   The cycloaddition of 3 - benzyloxypyridinium  N  - imide involves preferentially the more 
hindered C - 2.  60              
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  28.2.4   Triazolo -    61    and Tetrazolo - Pyridines 

 1,2,3 - Triazolo[1,5 -  a ]pyridine could theoretically be in equilibrium with its ring - opened diazo tautomer  62   
and, although it actually exists in the closed form, its reactions tend to refl ect this potential equilibrium: 
reaction with electrophiles can take two courses. Acylation and nitration occur normally, at C - 1, but 
reagents such as bromine lead to a very easy ring cleavage.  63   Aqueous acid similarly brings about ring 
cleavage and the formation of 2 - hydroxymethylpyridine.      

 2 - Azido - azines are in equilibrium with fused tetrazoles, the position of the equilibrium being very sensi-
tive to substituent infl uence, for example for tetrazolo[1,5 -  a ]pyridine, the equilibrium lies predominantly 
towards the closed form, whereas the analogous 5 - chloro compound is predominantly open.  64        

 Direct lithiation of 1,2,3 - triazolo[1,5 -  a ]pyridines occurs with ease, at C - 7, subsequent reaction with 
electrophiles being unexceptional, for example conversion into the 7 - bromo derivative then allows nucleo-
philes to be introduced  via  displacement of bromide, thus providing, overall, a route to 2,6 - disubstituted 
pyridines.  65        

 1,2,4 - Triazolo[1,5 -  a ]pyridine seems to be resistant to electrophilic attack, but can be lithiated at C - 5; in 
contrast, 1,2,4 - triazolo[4,3 -  a ]pyridine readily undergoes electrophilic substitution at C - 3.  66        
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 1,2,3 - Triazolo[1,5 -  a ]pyridines can be synthesised by oxidation of pyridine 2 - carboxaldehyde hydra-
zones, presumably by way of the diazo species,  67   or  via  diazo - transfer reactions ( tosyl azide presents a 

signifi cant explosion hazard  –  safer alternatives are available  ( 5.4 )).  68             

 The 1,2,4 - triazolo[4,3 -  a ]pyridine nucleus can be accessed by cyclocondensation of 2 - hydrazino - 
pyridines; the synthesis of the antidepressant trazodone, shown below, is an example.  69   Condensation of 
2 - hydrazinopyridines with carboxylic acids, promoted by polymer - supported triphenylphosphine with tri-
chloroacetonitrile and heated with microwave irradiation, is also effi cient.  70             

 Oxidative closure of pyridin - 2 - yl hydrazones also produces 1,2,4 - triazolo[4,3 -  a ]pyridines.  71        

 1,2,4 - Triazolo[1,5 -  a ]pyridines can be prepared  via  oxidative cyclisation of amidines  72   or acid - catalysed 
cyclisation of amidoximes,  73   including formamidoximes, which give rise to 2 – unsubstituted compounds  74   
 –  each of these is illustrated below.            
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  28.2.5   Compounds with an Additional Nitrogen in the Six - Membered Ring 

 In addition to the propensity for electrophilic substitution at C - 1/C - 3 (see above), the main feature of this 
class of heterocycle is that they undergo relatively easy nucleophilic attack in the six - membered ring,  75   
which is now distinctly electron - defi cient through the incorporation of imine units  –  the analogy with the 
ease of nucleophilic addition to diazines  versus  pyridines, is obvious. Some are so susceptible to nucleo-
philic addition that they form  ‘ hydrates ’  even on exposure to moist air.  62   Preparative lithiations can, 
however, be carried out using less nucleophilic bases.      

 Ring synthesis of such molecules can proceed from diazines using methods analogous to those described 
for the synthesis of azolo - pyridines from pyridines, for example the dipolar cycloaddition of an  N  - imide 
to an alkyne,  76   or the bromine - promoted ring closure of hydrazones of 2 - hydrazino - pyridines,  - pyridazines 
(shown) or  - pyrimidines.  77             

 Various routes from the fi ve - membered ring component are also possible  –  some representative chemistry 
involving pyrroles  78,79   is shown below.           
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 Using pyrazoles or imidazoles naturally leads to bicyclic systems with more than one nitrogen in 
 each  ring: 5 - amino - pyrazoles  80   (in condensations with 1,3 - dicarbonyl synthons; cf.  14.13.2.1 ), 1 - 
amino - imidazoles,  81   and 4 - amino - imidazoles  82   have been used as shown below. 3 - Amino - pyrazoles  83   and 
3 - amino - 1,2,4 - triazoles  84   have been elaborated into purine analogues with four or fi ve nitrogen atoms in 
the systems.                

 Condensation of 3,6 - dichloropyridazine with hydrazides, best with microwave heating, produces [1,2,4]
triazolo[4,3 -  b ]pyridazines, in which the remaining chlorine can be displaced with amines.  85          
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  28.3   Quinolizinium   86    and Related Systems 
 Practically all the reactions of quinolizinium ions are similar to those of pyridinium salts, thus they are 
resistant to electrophilic attack, but readily undergo nucleophilic addition, the initial adducts undergoing 
spontaneous electrocyclic ring opening to afford, fi nally, 2 - substituted pyridines;  87   however the susceptibil-
ity of the cations to nucleophiles is not extreme  –  like simpler pyridinium salts they are stable to boiling 
water.      

 Quinolizine derivatives are usually prepared by cyclisations onto the nitrogen in a precursor pyridine.  88   
Quinazolones  can  be made to undergo electrophilic substitution, at C - 1/C - 3,  89   there being a clear analogy 
with the reactivity of pyridones.            

  28.4   Pyrrolizine and Related Systems 
 The relatively high p K  a  of 29 for deprotonation of 3 H  - pyrrolizine (cf. indene p K  a  18.5) indicates that for-
mation of the 10 π  - electron pyrrolizine anion adds only minor stabilisation relative to the simple pyrrole 
originally present. Its reactions are those of a highly reactive carbanion, for example benzophenone con-
denses to generate a fulvene - like product.  90        
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 Isoelectronic replacement of a carbanionic carbon by a heteroatom gives much more stable compounds, 
and such 5,5 - bicyclic aromatic systems have received considerable attention. In these compounds, sulfur, 
nitrogen and oxygen can also be incorporated into fully conjugated systems, unlike the 5,6 - compounds, 
where only nitrogen can be used. Because of the variety of such systems, it is diffi cult to generalise about 
reactivity, but electrophilic substitution, which can take place in either ring, has been most widely reported 
with occasional examples of nucleophilic displacements and lithiations. Some representative reactions and 
self - explanatory syntheses are shown below.  91,92                   

  28.5   Cyclazines 
 The cyclazines (a trivial name) are tricyclic fused molecules containing a central nitrogen and a 
peripheral  π  - system. The defi nition of aromaticity in these compounds is not as straightforward as for the 
simple bicyclic molecules discussed above, and a more detailed analysis of the molecular orbitals may be 
required.      

 ( 3.2.2 )Cyclazine is a stable aromatic system with a ring current, has a 10 - electron annular  π  - system 
(excluding nitrogen), and is stable to light and air but, unlike its close analogue indolizine, is non - basic 
indicating the much weaker interaction between the nitrogen lone pair and the peripheral  π  - system. It does, 
however, react as an electron - rich aromatic, undergoing electrophilic substitution readily. 

 In contrast, ( 3.3.3 )cyclazine has no aromatic resonance stabilisation and is unstable and highly reactive, 
displaying some diradical character. However, its hexa - aza analogue is extremely stable, this stabilisation 
being attributed to perturbation of the molecular orbitals by the electronegative atoms leading to a much 
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larger separation of the HOMO and LUMO.  93   The double - bridgehead nitrogen system, ( 2.2.2 )azacyclazine 
is isoelectronic with ( 3.2.2 )cyclazine and is similarly a stable system. 

 Cyclazines can be prepared by cyclisation of bicyclic precursors, for example ( 3.2.2 )cyclazine is prepared 
 via  a cycloaddition reaction on indolizine ( 28.1 ), or by cyclocondensation.  94          

 Exercises    
  Straightforward revision exercises (consult Chapter  28 ):  

   (a)   At what position(s) does indolizine undergo electrophilic substitution? Why that position(s)?   
   (b)   At what position does indolizine undergo strong base deprotonation?   
   (c)   How could 2 - methylpyridine be converted into 3 - methylindolizine?   
   (d)   What would be the product of reacting 2 - aminopyridine with methyl bromoacetate?   
   (e)   Draw resonance contributors to the quinolizinium cation to rationalise the position at which nucleo-

philes add to it.   
   (f)   Is pyrrolizine aromatic? If so, how many electrons are there in the aromatic  π  - system?   

  More advanced exercises:  

   1.   Suggest a structure for the fi nal, monocyclic product of the following sequence: quinolizinium bromide 
with LiAlH 4  and then H 2 /Pd giving C 9 H 13 N.   

   2.   Write down the structures of the intermediates in the following synthesis of the quinolizinium cation: 
2 - methylpyridine was reacted with LDA, then EtO(CH 2 ) 2 CH = O to give C 11 H 17 NO 2 , which was heated 
with HI ( →  C 9 H 12 NO +  I  −  ); this salt was then heated with Ac 2 O ( →  C 9 H 10 N +  I  −  ) and this fi nally heated 
with Pd – C to afford quinolizinium iodide.   

   3.   Which indolizines would be formed from the following combinations: (i) 2 - picoline with: 
(a) BrCH 2 COMe/NaHCO 3 , (b) MeCHBrCHO/NaHCO 3 ? (ii) What would be the products if the 2 - 
picoline was replaced by 2 - aminopyridine?   

   4.   Deduce the structures of intermediates and fi nal product in the following sequence: 5 - methoxy - 2 -
 methylpyridine reacted with KNH 2 / i  - AmONO    →    C 7 H 8 N 2 O 2 , then this with Zn/AcOH    →    C 7 H 10 N 2 O and 
fi nally this with HCO 2 Me/PPE (polyphosphate ester)    →    C 8 H 8 N 2 O.   

   5.   Imidazo[1,5 -  a ]pyridine, on reaction with aqueous HNO 2  gave 3 - (pyridin - 2 - yl) - 1,2,4 - oxadiazole. Suggest 
a mechanism. What product would be obtained by reaction of indolizine with nitrous acid?   

   6.   Give the structures of the bicyclic compounds formed by the following reactions: (i) 2 - hydrazinothiazole 
with nitrous acid    →    C 3 H 2 N 4 S; (ii) 2 - aminothiazole with BrCH 2 COPh    →    C 11 H 8 N 2 S.     
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 Heterocycles Containing More 
Than Two Heteroatoms     

     In systems that contain more than two heteroatoms in the same ring, the trends in properties that this book 
describes are taken to further extremes. In particular, the additional heteroatoms, in both six -  and fi ve -
 membered systems, lead to a suppression of electrophilic substitution and a slowing of electrophilic addition 
to nitrogen. On the other hand, further increases in tendencies for nucleophilic substitution and addition, 
and in the fi ve - membered compounds further increases in acidities of  N  - hydrogen, are found. 

 Multi - heteroatom heterocycles are comparatively rare in nature, however in medicinal chemistry they 
are of very considerable signifi cance, for example analogues of the pyrimidine and purine nucleosides have 
been extensively studied (see examples in Chapter  33 ).  

  29.1   Five - Membered Rings 
  29.1.1   Azoles 

 The triazoles are numbered to indicate the relative positions of the nitrogen atoms; tetrazole and pentazole 
are unambiguous names. In considering the chemistry of systems containing three or more nitrogens, stabil-
ity and therefore safety must always be a consideration, particularly for tetrazoles. 1,2,3 - Triazoles are, 
however, surprisingly stable, when one considers that they contain three directly linked nitrogen atoms, 
though on fl ash vacuum pyrolysis at 500  ° C, they do lose nitrogen to give 2 H  - azirines, probably  via  the 
1 H  - isomer.  1   Benzotriazole is similarly relatively stable and has been distilled  in vacuo  at 200  ° C, though 
explosions have been reported during this process. Although many tetrazoles are relatively stable, some 
are explosive, often designed as such. The pentazole ring system is only known in a few aryl derivatives 
that generally decompose (possibly explosively) at or below room temperature,  2   the most stable being 
4 - dimethylaminophenylpentazole. The pentazolate anion has been detected by mass spectrometry.  3   

 The additional heteroatoms make these systems less basic, but more acidic than comparable 1,2 -  and 
1,3 - azoles. Each is subject to the same kind of tautomerism as discussed for the 1,2 -  and 1,3 - azoles (Chapter 
 25  Introduction and  24.1.1.1 ), in which the tautomers are equivalent. Also, in these systems, tautomerism 
generates different arrangements of imine nitrogen and  N  - hydrogen components.      

29

 There is a far from complete set of comparisons of relative reactivities  4   in nucleophilic displacement of 
halide. From a study of reactions of bromo -  N  - methyl - tetrazoles,  - triazoles and  - imidazoles with piperidine, 
it seems that the presence of two doubly bonded nitrogens is necessary to overcome electron release from 
the singly bonded nitrogen to approach the reactivity of 2 - bromopyridine.  5         
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  29.1.1.1   1,2,3 - Triazole   6    

 1,2,3 - Triazole is fairly resistant to  N  - alkylation under neutral conditions, however both acylations and 
alkylations involving  N  - anions occur readily, but mixtures of 1 -  and 2 - substituted products are often 
obtained.  7,8   Trimethylsilylation produces 2 - trimethylsilyl - 1,2,3 - triazole, and this can be alkylated unam-
biguously at N - 1, with concomitant loss of silicon.  9   An equilibrium mixture of  N  - acetyl - 1,2,3 - triazoles 
contains predominantly the 2 - acetyl isomer. The 2 H  - tautomer is also dominant in 1,2,3 - triazole itself,  10   
which may refl ect unfavourable adjacent imine lone - pair/lone - pair interactions in the 1 H  - isomer and is 
in agreement with calculations that suggest that the 2 H  - isomer is more aromatic.  11   Heating in sulfolane at 
150  ° C converts the  N  - acyl compounds into oxazoles in a synthetically useful transformation.  12                  

 1,2,3 - Triazole itself forms a 4,5 - dibromo derivative in high yield with bromine at 50  ° C.  13   1 - Methyl -
 1,2,3 - triazole can be mono - brominated at C - 4, but the 2 - methyl isomer is less reactive, requiring the use 
of an iron catalyst;  14   the lower reactivity of the latter is probably related to the presence of two imine units. 
Nitration of 2 - phenyl - 1,2,3 - triazole proceeds fi rst on the benzene ring, but then does bring about hetero - ring 
substitution.  15        

     Relative rates of reaction with piperidine in ethanol    
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 The ring system is relatively resistant to both oxidation and reduction, as exemplifi ed below.  16        

  N  - Substituted 1,2,3 - triazoles can be lithiated directly at carbon, but low temperatures must be maintained 
to avoid ring cleavage by cycloreversion.  17,18        

 4,5 - Dibromo - 1 - methoxymethyl - 1,2,3 - triazole forms the 5 - lithio compound with  n  - butyllithium at  − 80  ° C 
and 4,5 - dibromo - 2 - methoxymethyl - 1,2,3 - triazole undergoes a comparable exchange.  15   1 - Phenyl - 1,2,3 - 
triazoles participate in Diels – Alder cycloadditions with dimethyl acetylenedicarboxylate using aluminium 
chloride catalysis, producing 1 - phenylpyrazoles.  19         

  29.1.1.2   1,2,4 - Triazole   20    

  N  - Alkylations and  - acylations generally occur at N - 1, refl ecting the higher nucleophilicity of N – N systems 
(cf.  14.1.1.2 ), however 4 - alkyl derivatives can be prepared  via  quaternisation of 1 - acetyl - 1,2,4 - triazole  21   or 
the acrylonitrile or crotononitrile adducts  22   (note that N - 1 and N - 2 are equivalent until substitution occurs). 
In alkylations of 1,2,4 - triazole, generally a ratio of 9   :   1, N - 1:N - 3 isomers is present in the crude product, 
but the minor product is very easily removed; even simple distillation completely separates the isomers, 
illustrating the very large difference in physical properties between isomers.  23   Direct hydroxymethylation 
of 3,4 - disubstituted 1,2,4 - triazoles occurs at C - 5 by heating with formalin or paraformaldehyde.  24        

 Bromination occurs readily in alkaline solution giving 3,5 - dibromo - 1,2,4 - triazole;  25   the 3 - monochloro 
derivative can be obtained by thermal rearrangement of the  N  - chloro isomer;  26   an analogous N → C 1,5 -
 sigmatropic shift followed by tautomerisation converts the 1 -  into the 3 - nitro compound.  27        
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 Secondary radical Minisci alkylations of 1 - alkyl - 1,2,4 - triazoles take place at C - 5; primary radical sub-
stitutions are known in an intramolecular sense.  28        

  C  - Lithiations can be easily effected on  N -  1 - protected 1,2,4 - triazoles, the resulting 5 - lithio derivatives 
being much more stable than  C  - lithiated 1,2,3 - triazoles.  29   5 - Silylation can even be achieved using triethyl-
amine with trimethylsilyl bromide  –  deprotonation of an  N  +  - trimethylsilyl triazolium cation is presumably 
involved.  30   Exactly comparable silylations can be achieved with 2 - aryl - 1,3,4 - oxa -  and  - thia - diazoles; appli-
cation of this regime to 1 - phenyltetrazole produced phenyl trimethylsilyl carbodiimide in 90% yield!      

 3 - Amino - 1,2,4 - triazole can be diazotised normally: the resulting diazonium salt has been used for the 
production of azo dyes, and also loses nitrogen with easy replacement by nucleophiles. The bromo -  and 
nitro - triazoles, which can be thus prepared are themselves substrates for nucleophilic displacement reac-
tions.  21,31   5 - Bromo and 5 - nitro  32   groups are good leaving groups in 1 - alkyl - 1,2,4 - triazoles for hetero nucleo-
philes; for carbon nucleophiles, methylsulfone is a better leaving group.  33             

 The oxidative desulfurisation of 1,2,4 - triazole thiones is a type of reaction common to other electron -
 defi cient nitrogen heterocycles; nitric acid is the oxidant in the example below. The process involves loss 
of sulfur dioxide from an intermediate sulfi nic acid.  34        
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 4 - Phenyl - 1,2,4 - triazoline - 3,5 - dione (often PTAD or  ‘ Cookson ’ s reagent ’ ) is a highly reactive dieno-
phile;  35   it has often been used to trap unstable dienes or characterize dienes as adducts. Two examples of 
its reactivity are shown below.  36,37         

  29.1.1.3   Tetrazoles   38    

 Noting the similarity of (NH) tetrazole p K  a s to those of carboxylic acids, tetrazoles have often been used 
as bioequivalent replacements for CO 2 H, and as general variants, in pharmacologically active compounds 
(Chapter  33 ). The acid replacement extends to the tetrazole analogue of proline (p. 567), which is more 
soluble than proline itself, but retains its catalytic properties for condensation reactions. 

  Stability 

 Tetrazoles are generally surprisingly stable, although tetrazole itself (mp 158  ° C, decomposes    >    180  ° C) 
is classifi ed as an explosive, at least for shipping purposes. Chloro -  and alkylthio - tetrazoles decompose at 
somewhat lower temperatures. The decomposition and explosive properties of certain tetrazole derivatives 
are very important from an applications and safety viewpoint, although, as noted above, tetrazoles are also 
important (and stable) components of drugs. 

 Tetrazole and 5 - aminotetrazole are components of mixtures (with oxidants) used as high - speed infl ators 
in car air bags,  via  a controlled explosive liberation of nitrogen and other gases. Other tetrazole derivatives 
are defi nitely explosives  –   ‘ Tetrazene ’  (a commercial name, not to be confused with the tetrazine ring 
system) has been used as a primer for percussion caps. Salts of 5 - nitrotetrazole are promising safer (less 
sensitive) and less toxic replacements for lead azide primers  –  they are described as  ‘ green explosives ’  
because they generate non - toxic products!  39   

 Certain intermediates, such as diazotized 5 - aminotetrazole (see below) present a serious risk of explosion. 
Introduction of large substituents generally reduces, but may not eliminate, explosive hazards, therefore 
caution must always be used. Unexpected hazardous by - products may also turn up, for example 5 - azidotet-
razole was inadvertently formed in an attempt to repeat a literature preparation of 1,5 - diaminotetrazole  via  
nitrosation of diaminoguanidine, resulting, on work - up, in an explosion that injured two chemists.  40   5 - 
Azidotetrazole is highly sensitive to friction, shock and electrostatic discharge; the 1 - phenyl derivative is 
signifi cantly less sensitive, but explodes violently on rapid heating.  41         
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  Reactions 

 Tetrazoles alkylate and acylate on N - 1(4) and/or N - 2(3), the regioselectivity depending, in part, on the 
substituent at C - 5. The formation of mixtures is the usual outcome for alkylation and this is a signifi cant 
problem in medicinal chemistry. Although a range of specifi cally N - 1 - substituted tetrazoles are available 
by ring synthesis, the direct synthesis of N - 2 - substituted compounds is more problematic. 

 In some cases, highly regioselective N - 1 - alkylation can be carried out by fi rst introducing a bulky labile 
group at N - 2, then quaternisation followed by cleavage of the 2 - substituent. Both tri -  n  - butylstanyl  42   and 
 t  - butyl  43   have been used for this purpose.           

 In addition to steric effects, the presence of an electron - withdrawing group at C - 5 favours N - 2 -  
alkylation. The best directing substituents are 4 - nitrophenyl (ratio 5.8:1) and cyano (5.4:1).  44   Out of a 
number of 5 - thio - substituted tetrazoles, the 4 - nitrophenylsulfone is the only one to give highly selective 
2 - alkylation.  45   

 The use of a benzyl dithiocarbonate alkylating agent gives only the 2 - benzyl isomer, in very high yield,  46   
while the methyl analogue gives a mixture, although still with very good N - 2 selectivity (7:1).  47        

 The difference in physical and chemical properties between 1 -  and 2 - substituted tetrazoles can be large. 
The preparation of pure 2 - methyltetrazole  via  alkylation (below) and the lithiation properties described 
later in this section, nicely demonstrate this differential reactivity, which can be put to good preparative 
use. 

 The relatively selective methylation (85:15, N - 2:N - 1) of 5 - cyanotetrazole can be used to prepare 
pure 2 - methyltetrazole by utilising the very large difference in stabilities of 1 -  and 2 - methyl - tetrazole - 5 -
 carboxylic acids. The mixture of methylated nitriles can be hydrolysed to the carboxylate salts and, upon 
acidifi cation, the 1 - methyl acid decarboxylates spontaneously. The resulting 1 - methyltetrazole and 
2 - methyltetrazole - 5 - carboxylic acid can be easily separated, then the latter decarboxylated at 200  ° C to 
give pure 2 - methyl tetrazole.  48        
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 Remarkably, some  C  - electrophilic substitutions such as bromination, mercuration and even Mannich 
reactions, but not nitration, can be achieved, though the mechanisms for these substitutions may not be of 
the conventional type.      

 5 - Halide and sulfonyl groups in 1 - substituted tetrazoles are readily displaced by nucleophiles, methyl-
sulfonyl being more reactive than chlorine.  49   5 - Bromo - 1 - methyltetrazole is considerably more reactive than 
the 2 - methyl isomer due to more effective delocalization of the negative charge in the intermediate adduct.  50         

  Metallation 

  C  - Lithiation of 1 - substituted tetrazoles occurs readily and the resulting lithio derivatives can be trapped 
with electrophiles, but there is a strong tendency for decomposition of the lithio compounds, which depends 
on the 1 - substituent. 5 - Lithiated 2 - substituted tetrazoles appear to be signifi cantly more stable than the 
1 - isomers, as shown below, by a comparison of the two  N  - benzyloxymethyl (BOM) - protected isomers.  51   
 p  - Methoxybenzyl can be removed fi nally by hydrogenation or oxidation with cerium(IV) ammonium 
nitrate.           

 5 - Alkyl groups in 1 - substituted tetrazoles can be lithiated, but in a 5 - alkyl - 2 - methyl - tetrazole it is the 
 N  - methyl that is metallated; 5 - methyl - 2 - trityltetrazole lithiates normally at the  C  - methyl. The methylene 
group in 5 - (benzotriazolylmethyl)tetrazole is suffi ciently activated that  N  - protection is unnecessary  –  the 
benzotriazole can then act as a leaving group for displacement by Grignard reagents ( 29.3 ), as shown 
below.  52        

 A tetrazole can also act as an  ortho  - directing group, as in the lithiation of 5 - phenyltetrazole.  53,54   A 
tetrazol - 5 - yl ether similarly directs  ortho  - metallation, but here the tetrazole migrates from the oxygen to 
the lithiated carbon.  55   
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 Flash vacuum pyrolysis of 5 - aryl - tetrazoles generates aryl - carbenes,  56   but heating the pyrimidinyl -
 phenyltetrazole shown below in refl uxing decalin (180  ° C) results in the formation of an intermediate 
nitrene, which then cyclises onto the pyrimidine nitrogen, forming a [1,2,4]triazolo[1,5 -  a ] - 
pyrimidine.  57        

 Hypobromite oxidation of 5 - benzylaminotetrazole provides a useful preparation of benzyl - 
isonitrile.  58        

 1,3,4 - Oxadiazoles are formed on heating tetrazoles with acylating agents,  via  rearrangement of fi rst -
 formed 2 - acyl derivatives.  59         

  Diazotization of 5 - Aminotetrazole 

 This is a useful, but very hazardous preparative procedure for a number of 5 - substituted tetrazoles  60   and 
also, upon treatment with base, diazotetrazole,  61   a source of atomic carbon.  It cannot be overemphasized 

how dangerous this diazotisation reaction is!  The low limit for possible spontaneous detonation in  water  
is between 1 and 5%! Even under very well - controlled conditions, during the synthesis of 5 - nitrotetrazole 
by diazotization in the presence of excess nitrite, microdetonations occur in splashes on the walls of the 
vessel and often cause signifi cant damage. However, the use of micro fl ow reactors (cf.  5.3 ) allow the 
reaction to be carried out safely.  62          
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  29.1.1.4   Pentazoles 

 The only known pentazoles are  N  - aryl derivatives, the most stable being those bearing an electron - releasing 
group on the aryl ring, although the pentazolate anion has been detected by mass spectrometry and NMR 
(see below). 1 - (4 - Dimethylaminophenyl)pentazole is stable at room temperature for several hours and its 
structure was determined by X - ray crystallography at 128 K.  63    N  - Aryl - pentazoles are prepared by the reac-
tion of aryl diazoniums with azide anion. 

 An experimental and theoretical study was based on the preparation and degradation of the tetra -  n  - 
butylammonium phenolate salt of 1 - (4 - hydroxyphenyl)pentazole, using  15  N  - labelled compounds. Attempted 
removal of the aryl  ‘ protecting group ’  by ozonolysis only resulted in degradation of the pentazole ring.  64   
1 - (4 - chlorophenyl)pentazole was observed (by  15 N NMR) as an unstable intermediate in the reaction of the 
aryl diazonium salt with azide to give the aryl azide.  65   Pentazole (as the zinc derivative) is observed by 
NMR following ceric ion oxidation of 1 - anisylpentazole at  − 40  ° C.  66    

  29.1.1.5   Ring Synthesis of Azoles 

  1,2,3 - Triazoles 

 1,2,3 - Triazoles are generally prepared by the cycloaddition of an alkyne with an azide, which can be pro-
moted thermally or by metal catalysis.  67   This cycloaddition reaction of an azide and an alkyne is a typical 
 ‘ Click ’  reaction,  68   that is, a highly effi cient and reliable general reaction that can be used for linking moieties 
for various purposes, such as in combinatorial chemistry. Opinion is divided on whether  ‘ Click ’  is a useful 
or necessary concept  69   but it seems to have become associated, almost synonymously, but incorrectly, solely 
with this triazole synthesis. 

 The hazardous nature (see  ‘ Tetrazoles ’  below) of some alkyl azides limits the method in these cases, 
however  N  - alkyl -  (benzyl)  - 1,2,3 - triazoles can be obtained by preparing the azide  in situ , for example using 
a mixture of sodium azide, the alkyne and a benzyl halide;  70    in situ  preparation of aryl azides is also fea-
sible.  71   An alternative method in which the alkyl azide is also generated  in situ,  is to use a diazo transfer 
to a primary amine; the diazo transfer requires Cu(II) and the cycloaddition needs Cu(I) so a reducing agent 
is added together with the alkyne following the fi rst phase.  72        

 A convenient synthesis, which leads to  N  - hydrogen - 1,2,3 - triazoles, utilises the stable (and relatively safe) 
trimethylsilyl azide.  73   Alternatively, by conducting a cycloaddition in the presence of formaldehyde, 
 N  - hydroxymethyl - triazoles are formed (mainly the 2 - isomer from isomerisation of initially formed 
1 - hydroxymethyl - triazole) from which  N  - unsubstituted heterocycles can be easily obtained using base; 
azidomethanol is formed  in situ  and is the entity that adds to the alkyne.  74        

 For  C  - unsubstituted 1,2,3 - triazoles, rather than using gaseous ethyne, it is much more convenient to use 
vinyl acetate as starting material; or in general, an enamine, an enol ether  75   or a vinyl sulfone  76   as alkyne 
equivalents.      
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 It is now usual to promote these cycloadditions by catalysts:  77   for example, reaction with  N  - tosyl -
 ynamides, using ruthenium  78   or copper  79   catalysts, giving 1 - substituted 5 -  and 4 - amino triazoles, respec-
tively; the formation of the 1,4 - substitution pattern with copper catalysis  77   and 1,5 - pattern with ruthenium 
catalysis  80   seems to be general. The latter metal will also promote addition to internal alkynes.  81        

 Another variation in which the interaction is between an acetylenic Grignard reagent and the azide, and 
is probably a stepwise sequence, is shown below, the immediate organometallic product being available 
for subsequent reaction with an electrophile.  82        

 Other useful syntheses of 1,2,3 - triazoles include diazo - transfer to enamino - ketones from either sulfonyl 
azides  83   or 3 - diazo - oxindole,  84   and reaction of dichloroacetaldehyde tosylhydrazone with amines, and each 
of these is illustrated below.  85         

  1,2,4 - Triazoles 

 1,2,4 - Triazoles are available  via  cyclodehydration reactions of  N,N  ′  - diacyl - hydrazines with amines, 
although the conditions are often quite vigorous.  86   An interesting variant utilises  sym  - triazine (1,3,5 - 
triazine) as an equivalent of HN(CHO) 2 .  87   Condensations of aminoguanidine with esters, or an ortho-
formate,  88   give 3 - amino - 1,2,4 - triazoles.  89             
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 1,2,3 - Triazolin - 3 - ones can be formed from primary amines in reaction with methyl ( E ) -  N  - (ethoxymethylene)
hydrazinecarboxylate,  90   and the synthesis of the much - used 4 - phenyl - 1,2,4 - triazoline - 3,5 - dione also starts 
from methyl carbazate, a fi nal oxidation of 4 - phenylurazole giving the carmine red crystalline product.  91        

 Acyl - hydrazides react with  S  - methyl - isothioureas producing 3 - amino - 1,2,4 - triazoles,  92   or with imidoyl 
chlorides  93   forming, 1,2,4 - triazoles.

         Tetrazoles 

  CAUTION :  Sodium azide is highly toxic and environmentally damaging . There is also a possibility of 
forming sensitive explosive azides when certain metals  –  copper, mercury and, possibly, zinc  –  are used 
to catalyse some of the following reactions, and also if they are fl ushed into drains where they can react 
with metal pipes. 

 A procedure for destroying residual sodium azide has been described, as part of a detailed preparation 
(80   mmol scale) of ( S ) - 5 - pyrrolidin - 2 - yltetrazole, a useful enantio - catalyst.  94        

 Tetrazoles are usually prepared by the reaction of an azide with a nitrile, or an activated amide; tri -  n  -
 butyltin azide and trimethylsilyl azide are more convenient and safer reagents than azide anion in some 
cases; copper(I) oxide catalysis in the trimethylsilyl azide protocol is very effi cient for the production of 
 N  - unsubstituted tetrazoles,  95   and arylsulfonyl cyanides react with organic azides very effi ciently giving rise 
to 1 - substituted 5 - arylsulfonyl - tetrazoles.  96   Zinc bromide can be used to catalyse the reaction between 
sodium azide and nitriles in hot water.  97   Intramolecular examples involving cyanamides proceed in hot 
DMF.  98   In additions to nitriles, one can include triethylammonium chloride (instead of ammonium chloride) 
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to avoid the possible sublimation of potentially explosive azides;  99   micelles can also be employed as reac-
tion media.  100             

 For reaction with azides, amides can be activated with trifl uoromethanesulfonic anhydride  101   or benzo-
triazole,  102   or  via  formation of the thioamide,  103   or by the use of triphenylphosphine with diethyl azodicar-
boxylate. Alternatively, imidochlorides can be used under phase - transfer conditions.  104        

 Related methods can be used to prepare 5 - hetero - substituted compounds: isonitriles with  N  - halo -
 succinimides and azide give halo derivatives,  105   aryl isothiocyanates with azide give the 5 - thiols,  106   which 
can be converted into 5 - unsubstituted tetrazoles by oxidation with hydrogen peroxide  107   or chromium 
trioxide.  108        

  N  - Nitrosation of amidrazones is a method that avoids the use of azide and also offers a regiocontrolled 
synthesis of 1 - substituted  109   or 2,5 - diaryl - tetrazoles.  110        

 The synthesis of 5 - amino - tetrazoles can be achieved  via  the reaction of azide anion with benzotriazolyl -
 imines.  111   Another route utilizes  N  - aryl - cyanamides generated  in situ , from 1 - aryl - tetrazoles, with sodium 
azide.  112                
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  29.1.2   Oxadiazoles and Thiadiazoles 

 Only one divalent heteroatom can be incorporated into a simple fi ve - membered, aromatic heterocycle. 
These systems are named with the non - nitrogen atom numbered as 1, and the positions of the nitrogen 
atoms shown with reference to the divalent atom.           

 1,2,4 - Oxadiazoles,  113   1,3,4 - oxadiazoles  114   and 1,2,5 - oxadiazoles are well known, but the 1,2,3 - oxadiazole 
system, which calculations indicate to be unstable relative to its ring - open diazo - ketone tautomer,  115   is 
known only as a benzo - fused derivative (in solution) and in mesoionic substances, known as  ‘ sydnones ’ ,  116   
which have been well investigated.  ‘ Furoxans ’ ,  117   which are formed by the dimerisation of nitrile oxides, 
have also been extensively studied. 1,2,3 - Thiadiazoles, 1,2,4 - thiadiazoles,  118   1,3,4 - thiadiazoles  119   and 
1,2,5 - thiadiazoles  120   are all represented by well - characterised compounds. Estimates of aromaticity, based 
on bonds lengths and NMR data produce the following relative order.  121        

 As with the azoles, oxa -  and thiadiazoles are very weak bases due to the inductive effects of the extra 
heteroatoms, although  N  - quaternisation reactions can be carried out. For similar reasons, electrophilic 
substitutions on carbon are practically unknown, apart from a few halogenations and mercurations  122    –  it 
is an intriguing paradox that mercurations, with what is generally thought of as a weak electrophile, are 
often successful in electron - poor heterocycles. Another important difference from other azoles is of course 
the absence of  N  - hydrogen, so that  N  - anion - mediated reactions are not available.      

 All these systems are susceptible to nucleophilic attack, particularly the oxadiazoles, which often undergo 
ring cleavage with aqueous acid or base unless both carbon positions are substituted. Similarly, leaving 
groups are generally displaced easily; there is substantial differential positional reactivity: in both 1,2,4 -
 oxa -  and  - thiadiazoles a 5 - chlorine is displaced much more easily than a 3 - chlorine, no doubt due to the 
more effective stabilisation of the intermediate anionic adduct in the former situation. 

 Base - catalysed proton exchange occurs readily, but decomposition  via  cycloreversion or  β  - elimination 
in the anion often competes,  123   for example a 4 - aryl - 1,2,3 - thiadiazole is deprotonated at C - 5 by carbonate 
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as base, leading fi rstly,  via  loss of nitrogen, to an arylalkynyl - thiolate,  124   this being a preferred route for 
their synthesis.  125   Direct lithiations at carbon are generally easy,  126   but the resulting lithio derivatives vary 
greatly in stability.  127             

 Hydrogens on side - chain alkyl groups are acidifi ed by delocalisation of the charge in the deprotonated 
species onto ring nitrogens. There is an interesting difference between 1,2,5 - oxa -  and 1,2,5 - thiadiazoles in 
this context: in the former, smooth metallation of a 3 - methyl occurs with  n  - butyllithium, but for the latter, 
lithium diisopropylamide must be used to avoid competing nucleophilic addition to the sulfur, leading then 
to ring decomposition.  128        

 4 - Substituted 5 - chloro - 1,2,3 - thiadiazoles react with simple hetero nucleophiles by displacement of the 
chlorine, but reaction with aryl -  and alkyllithiums gives alkynyl - thioethers  via  attack at sulfur and then ring 
cleavage with loss of nitrogen. A similar ring cleavage occurs, but by a different mechanism, when the 
5 - unsubstituted analogue is treated with base.  129        

 Generally, amines can be diazotised and converted, for example, into halides, but in some cases the 
intermediate,  N  - nitroso compound is stable, and only then subsequently converted into a diazonium salt by 
treatment with strong acid  –  this may refl ect the lower stability of a positively charged group attached to 
an electron - defi cient ring.  130             
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 An interesting and fairly general type of reaction in ring systems such as these is ring interconversion 
 via  intramolecular attack on nitrogen (cf.  25.8 ).  131        

 1,2,4 - Oxadiazoles are useful as masked amidines, where such strongly basic groups would be incompat-
ible with reaction conditions  –  the amidine is easily liberated by hydrogenation, as illustrated below.  132        

  29.1.2.1   Ring Synthesis of Oxadiazoles and Thiadiazoles 

  1,2,4 - Oxadiazoles 

 1,2,4 - Oxadiazoles can be prepared by reaction of amidoximes with activated acids,  135,136   acid chlorides or 
anhydrides,  137   esters  138   or  β  - keto - esters.  139             

 1,2,4 - Oxadiazoles can also be prepared from amides  via  acylamidines,  140   or  via  the cycloaddition of 
nitrile oxides to nitriles, as illustrated.  141   3 - Alkylamino - 1,2,4 - oxadiazoles result from the reaction of  N  -
 acyl - 1 - benzotriazolyl - 1 - carboximidamides with hydroxylamine.  142              
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  1,3,4 - Oxadiazoles 

 1,3,4 - Oxadiazoles are available by cyclodehydration of  N,N  ′  - diacyl - hydrazines or their equivalents,  143,144   
for example closure of  N  - acyl - thiosemicarbazides generates 2 - amino - 1,3,4 - oxadiazoles.  145   It is possible to 
conduct the preparation of the  N,N  ′  - diacyl - hydrazine and the ring closure in one pot, thus reaction of a 
hydrazide with a trialkyl orthoalkanoate produces 1,3,4 - oxadiazoles (2 - unsubstituted 1,3,4 - oxadiazoles 
using triethyl orthoformate; 1,3,4 - thiadiazoles using P 4 S 10 /Al 2 O 3  to effect ring closure)  146   or by treating a 
hydrazide with an acid with microwave heating and a dehydrating agent,  147   or by a peptide coupling fol-
lowed by a cyclising dehydration with triphenylphosphine with carbon tetrabromide.  148   Starting from a 
lower oxidation level, aldehyde  N  - acyl - hydrazones give the aromatic heterocycles on treatment with 
cerium(IV) ammonium nitrate.  149        

 These heterocycles are also available from tetrazoles ( 29.1.1.3 ) or by oxidative cyclisation of 
 N  - acyl - hydrazones.  150         

  1,2,5 - Oxadiazoles 

 1,2,5 - Oxadiazoles result from the dehydration of 1,2 - bisoximes.

         Sydnones 

 Sydnones are normally prepared by the dehydration of  N  - nitroso  α  - amino acids.  151    

  1,2,3 - Thiadiazoles 

 1,2,3 - Thiadiazoles are prepared by reaction of a hydrazone, containing an acidic methylene group, with 
thionyl chloride.  124,152   The 5 - thiol can be prepared by reaction of chloral tosylhydrazone with polysulfi de, 
as indicated below.  153             
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 Benzotriazolyl is a useful leaving group for nucleophilic substitutions in 1,2,3 - thiadiazoles.  154         

  1,2,4 - Thiadiazoles 

 1,2,4 - Thiadiazoles carrying identical groups at the 3 -  and 5 - positions are obtained by the oxidation 
of thioamides;  155   5 - chloro - 1,2,4 - thiadiazoles result from the reaction of amidines with perchloromethyl 
mercaptan.  156   5 - Amino - 1,2,4 - thiadiazoles can be produced by heterocyclisation of thioacylguanidines, 
using diisopropyl azodicarboxylate, and generated in the same pot from amidines and an 
isothiocyanate.  157              

  1,3,4 - Thiadiazoles 

 1,3,4 - Thiadiazoles are available by a number of convenient general routes including cyclisation of  N,N  ′  -
 diacyl - hydrazines, or 1,3,4 - oxadiazoles, with phosphorus sulfi des.  158   2 - Amino - 1,3,4 - thiadiazoles are pre-
pared  via  acylation of thiosemicarbazides  159   and the parent compound is easily obtained from hydrogen 
sulfi de and dimethylformamide azine.  160               

 1,2,5 - Thiadiazoles 

 1,2,5 - Thiadiazoles can be prepared by the oxidative cyclisation of 1,2 - diamines or aminocarboxamides.  161   
Condensation of sulfamide (SO 2 (NH 2 ) 2 ) with 1,2 - diketones gives 1,2,5 - thiadiazole 1,1 - dioxides.  162   A good 
general method is the reaction of trithiazyl trichloride with activated alkenes and alkynes; this method is 
also useful for the fusion of a 1,2,5 - thiadiazole onto other heterocycles, such as pyrroles. The reaction 
possibly proceeds  via  cycloaddition to an N – S – N unit in the trithiazine ring.  163                
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  29.1.3   Other Systems 

 Of the higher aza - compounds, only derivatives of 1,2,3,4 - thiatriazole  133   are well defi ned, but even here 
alkyl derivatives decompose at or below 0    ° C, though 5 - aryl and amino derivatives are generally fairly 
stable. Many other derivatives are, however, dangerously explosive, for example the 5 - chloro and 5 - thiolate 
derivatives. The controlled decomposition of 5 - alkoxy - 1,2,3,4 - thiatriazoles (for example the 5 - ethoxy 
derivative in ether at 20    ° C) has been recommended as the best preparation of pure alkyl cyanates; thermal 
decomposition of 5 - aryl compounds gives the corresponding nitrile.  134        

  29.2   Six - Membered Rings 
  29.2.1   Azines        

 A one - pot conversion of amines into 1,2,3,4 - thiatriazoles,  via  reaction with thiocarbonyldiimidazole 
and azide, works well for both primary and secondary amines. With simple amines, the intermediate thio-
imidazolide requires quaternisation with methyl iodide for the fi nal azide reaction, but with amino - acid 
derivatives, this additional activation is not always necessary.  164          
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 Simple uncharged six - membered aromatic heterocycles cannot contain a divalent heteroatom. The azines 
are numbered to indicate the relative positions of the nitrogen atoms. 1,2,3,4 - Tetrazine, pentazine and 
hexazine are unknown, however, a number of fused 1,2,3,4 - tetrazines, primarily  N  - oxides and  N  - aryl qua-
ternary salts, are known,  165   but of monocyclic compounds, only a few di -  N  - oxides have been prepared.  166   
Of the other systems, 1,2,3,5 - tetrazine is unknown, although theoretically it could be moderately stable, 
but fused derivatives include the drug temozolomide (see  33.7 ). Derivatives of 1,3,5 - triazine are very well 
known and available in large quantities, indeed they are amongst the oldest known heterocycles: the trioxy -
 compound ( ‘ cyanuric acid ’ ) was fi rst prepared in 1776 by Scheele by the pyrolysis of uric acid. 

 The thermal stabilities of the parent systems vary from 1,2,3 - triazine, which decomposes at about 200    ° C, 
to 1,3,5 - triazine, which is stable to over 600    ° C  –  at this temperature it decomposes to give hydrogen 
cyanide, of which it is formally a trimer. Melamine (2,4,6 - triamino - 1,3,5 - triazine) is an important industrial 
intermediate (34.6.2). Its high nitrogen content has led to its illegal misuse in foodstuffs to achieve higher 
nitrogen analyses. 

 In comparison with the diazines, the inductive effects of the  ‘ extra ’  nitrogen(s) leads to an even greater 
susceptibility to nucleophilic attack and, as a result, all the parent systems and many derivatives react with 
water, in acidic or basic solution. Similarly, simple electrophilic substitutions do not occur; some apparent 
electrophilic substitutions, such as the bromination of 1,3,5 - triazine, probably take place  via  bromide 
nucleophilic addition to an N +  – Br triazinium salt.  167   Attempted direct  N  - oxidation of simple tetrazines with 
the usual reagents generally results in ring cleavage, however it can be achieved satisfactorily with 
methyl(trifl uoromethyl)dioxirane.  168        

 The examples shown are illustrative of the many easy nucleophilic additions to the polyaza - azines: both 
3 - phenyl - 1,2,4,5 - tetrazine  169   and 1,3,5 - triazine itself  170   add ammonia and simple amines (contrast the 
requirement for hot sodamide (Chichibabin reaction) for pyridine ( 8.3.1.2 )) and thus amino and alkyamino 
derivatives can be obtained  via  oxidative trapping with permanganate.      

 The easy addition at C - 5 of 1,2,4 - triazines  171   is shown by the VNS ( 3.3.3 ) reaction of the 3 - methylthio 
derivatives in the absence of activating groups; a closely related addition of nitro - alkanes represents a very 
useful nucleophilic acylation.  172   The ready displacement of methylthio from the same compound is also 
signifi cant.  173             
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 Nucleophilic displacement of methylthio in 1,2,4 - triazines and 1,2,4,5 - tetrazines by alkoxide and amines 
is very easy. Mono - displacement can be carried out on 3,6 - bis(methylthio) - 1,2,4,5 - tetrazine, but the reac-
tion using methoxide requires careful control of reaction conditions to avoid formation of the dimethoxy 
derivative.  174,175        

 In triazine chemistry, sulfone is a better leaving group than halide for displacement with 
carbanions.  176        

 The susceptibility of 1,3,5 - triazine to nucleophilic attack with ring opening makes it a synthetically 
useful equivalent of formate, or formamide, particularly for the synthesis of other heterocycles, such as 
imidazoles and triazoles  177   (see above). Despite the high susceptibility of 1,2,4 - triazines to nucleophilic 
addition, 3 - substituted - 6 - methoxy - 1,2,4 - triazines can be successfully lithiated.  178        

 Reaction of 1,2,3 - triazine with nucleophiles usually leads to ring opening  via  attack at C - 4. However, 
silyl enol ethers react with chloroformate/1,2,3 - triazine salts to give 5 - substituted 2,5 - dihydro - 1,2,3 - 
triazines, which can be re - aromatised using cerium(IV) ammonium nitrate. In this case, initial addition of 
the electrophile takes place at N - 2, leading to the specifi c activation of C - 5.  179        

 An interesting variant of the Minisci reaction has been reported for 1,2,3 - triazine, which is unstable to 
the usual acidic conditions: here, activation of the heterocycle to attack by the nucleophilic radical is brought 
about by the agency of a dicyanomethine ylide.  180        
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 The reductive removal of hydrazine substituents under oxidising conditions from azines and some azoles 
is conceptually related to oxidative removal of thiols (e.g.  29.1.1.2 ). In this case, the intermediacy of a 
diimide seems likely, as illustrated below.  181        

 Probably the most useful and general reaction of all these systems  182   is the inverse - electron - demand 
Diels – Alder reaction with acetylenes (or equivalents) to produce either pyridines or diazines  via  elimination 
of hydrogen cyanide, a nitrile or nitrogen.  183             

 Enamines have most often been used as acetylene equivalents, the amine fragment being lost at a 
late stage to generate the aromatic heterocycle. Prior synthesis of the enamine is unnecessary: these pro-
cesses can also be achieved by heating together a ketone, a secondary amine and the heterocycle.  184        

 The best equivalent of ethyne itself for these reactions is norbornadiene, cyclopentadiene being lost in 
the fi nal stage.  185        
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 In reactions of 1,2,4,5 - tetrazines, sulfoxide substituents convey a greater reactivity to these inverse -
 electron - demand process than the corresponding sulfi des;  186   similarly, ester groupings increase the 
reactivity.  187        

 The high regioselectivity of addition to sulfoxide - bearing 1,2,4,5 - tetrazines is not, however, what one 
might anticipate, on the basis of the polarity of the components.

        29.2.1.1   Ring Syntheses 

  1,2,3 - Triazines 

 Using various reagents, 1,2,3 - triazines, including 1,2,3 - triazine itself, can be prepared by the oxidation of 
1 - aminopyrazoles with NiO 2   188   or periodate.  189          

 1,2,4 - Triazines 

 1,2,4 - Triazines can be prepared by the condensation of amidrazones with diketones  190,191,192   or of hydrazides 
with 2 - halo - ketones.  185   It is convenient to oxidize 2 - hydroxy - ketones to the dicarbonyl component with 
manganese(IV) oxide, in the presence of the amidrazone, to produce the heterocycles.  193   Hydrazides can 
also be utilized with 1,2 - diketones, by including an ammonia source in the reagent mix.  194,195         

  1,3,5 - Triazines 

 1,3,5 - Triazines are usually most easily obtained by substitution reactions on 2,4,6 - trichloro - 1,3,5 - triazine,  196   
but the ring system can also be synthesised by cyclocondensation reactions. Trimerisation of nitriles  197   (a 
common industrial method) or imidates  198   gives symmetrically substituted compounds; mono - substituted -
 1,3,5 - triazines can be obtained  via  reaction of imidates with 1,3,5 - triazine itself.  199        
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 A route that allows the synthesis of 1,3,5 - triazines with different substituents at each carbon is exempli-
fi ed below  –  an  N  ′  - acyl -  N,N  - dimethylamidine reacts with an amidine (shown) or guanidine to form a 
1,3,5 - triazine.  200         

  1,2,4,5 - Tetrazines 

 1,2,4,5 - Tetrazines can be produced by condensation of hydrazine with carbonyl compounds at acid oxida-
tion level, followed by oxidation of the dihydro products: this generally produces 3,6 - identically substituted 
derivatives, crossed condensation reactions being ineffi cient.  160,201        

 The much - used dimethyl 1,2,4,5 - tetrazine - 3,6 - dicarboxylate is generated by the dimerisation of 
ethyl diazoacetate, then oxidation.  202            

  29.3   Benzotriazoles 
 The chemistry of benzotriazole has been developed to the point where it now fi nds extensive use for het-
erocyclic  203   and general synthesis.  204,205,206,207   A useful set of properties give it this role: (i)  α  - carbanions are 
stabilised to the same extent as at the benzylic position of a benzene compound; (ii)  α  - carbocations are 
also stabilised; (iii) the benzotriazolyl anion is a good leaving group with a combination of good reactivity 
and stability/ease of handling of the benzotriazole starting materials. Sequential combinations of these 
reactivities have been applied to the synthesis of a wide variety of molecules  –  some illustrative examples 
are shown below. 

 The starting benzotriazole derivatives are usually prepared from benzotriazole itself by  N  - alkylation 
with a halide,  N  - acylation with an acid or acid chloride, or  via  reaction with aldehydes or acetals; 
in each case, these can lead to mixtures of 1 -  and 2 - substituted benzotriazoles; however, the reactivities 
of the two isomers are similar. For clarity, only reactions of 1 - substituted compounds are shown 
here. 

  N  - Acyl - benzotriazoles, which are stable and easily handled (cf. acid chlorides or anhydrides) and 
can be prepared from a large variety of acids, including  N  - protected  α  - amino acids, have been widely 
used as  N  - ,  O  - ,  S  -  and  C  - acylating agents, for example to make acyl azides.  208   The benzotriazole 
derivatives of  N  - protected -  α  - amino acids have been extensively developed as agents for peptide 
coupling.  209        
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 Alkylation of lithiated 1 - (1 - ethoxyprop - 2 - enyl)benzotriazole leads to enones after hydrolytic removal of 
the heterocycle; addition of the lithiated species to cyclohexenone then hydrolytic cleavage of the hetero-
cycle produces an unsaturated 1,4 - diketone.  210   Addition of the same anion to methyl but - 2 - enoate generates 
an anion in which the benzotriazole is displaced intramolecularly and a cyclopropane results.  211             

 In the next example, the benzotriazole unit facilitates benzylic lithiation and in the fi nal step acts as a 
leaving group.  212        

 The ability of benzotriazole to stabilise a cation allows 1 - hydroxymethylbenzotriazole to alkylate indole; 
the product can then be lithiated to allow substitution by an electrophile and then fi nally the benzotriazole 
unit can be displaced by a Grignard nucleophile.  213        

 Tris(benzotriazol - 1 - yl)methane anion will add to nitrobenzene in a VNS process in which the benzotri-
azole unit is both the anion - stabilising unit and also the leaving group;  214   another use for this compound is 
illustrated by alkylation of its anion, then hydrolysis, forming an acid.  215        
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 Benzotriazoles also have interesting reactivity in their own right and can be used to form other hetero-
cyclic compounds  via  various ring cleavage reactions, leading to reactive intermediates, such as benzynes,  216   
aryllithiums,  217   diradicals  218   and arylhydrazones,  219   some illustrated below.                  

 Exercises    
   1.   What are the products of the following (Diels – Alder) reactions: (i) 1 - pyrrolidinylcyclopentene with: (a) 

1,3,5 - triazine, (b) 1,2,4 - triazine; (ii) 3 - phenyl - 1,2,4,5 - tetrazine with 1,1 - diethoxyethene?   
   2.   Thiophosgene (S = CCl 2 ) reacts at low temperature with sodium azide to give a product which contains 

no azide group; on subsequent reaction with methylamine this compound is converted into C 2 H 4 N 4 S  –  
suggest structures.   

   3.   What are the products of the reaction of PhCONH 2  with DMFDMA then: (a) N 2 H 4  and (b) H 2 NOH?   
   4.   1,3,5 - Triazine reacts with: (i) aminoguanidine to give 2 - amino - 1,3,4 - triazole and with (ii) diethyl malo-

nate to give ethyl 4 - hydroxypyrimidine 5 - carboxylate. Write mechanisms for these transformations.     
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 Saturated and Partially Unsaturated 
Heterocyclic Compounds: 
Reactions and Synthesis     

     This book is principally concerned with the chemistry of aromatic heterocycles, however mention must be 
made of the large body of remaining heterocycles, including those with small rings  1   (three -  and four -
 membered). Most of the reactions of saturated and partially unsaturated heterocyclic compounds are so 
closely similar to those of acyclic or non - heterocyclic analogues that a full discussion is not appropriate in 
this book, however in this chapter we discuss briefl y those aspects in which they do differ  –  perhaps the 
most obvious aspect in which they differ from aromatic heterocycles is in having sp 3  hybridised atoms, 
and consequently the possible exhibition of stereoisomerism.  2   They exhibit differences from  ‘ normal ’  satu-
rated compounds because they are cyclic, which opens up various possibilities for reactivity, particularly 
where ring opening is involved, and this is seen mainly in the smaller rings, where strain (energy) is more 
likely to induce such reactivity. 

 Tetrahydrofuran (THF) and dioxane are well - known solvents for organic reactions.  N  - Methylpyrrolidone 
(NMP) and sulfolane are useful dipolar aprotic solvents, with characteristics like those of dimethylfor-
mamide (DMF) and dimethyl sulfoxide (DMSO). Saturated and partially unsaturated heterocycles occur 
widely as components of natural products (Chapter  32 ).        

30

 The four - membered  β  - lactam ring is the essential biologically active component of the penicillin and 
cephalosporin antibiotics (see  33.6.2 ). Epoxides (three - membered saturated oxygen - containing rings) are 
components of epoxy resins and occur in some natural products. Epoxides, because of their alkylating 
properties, can be carcinogenic  –  the biologically active metabolites of carcinogenic hydrocarbons are 
examples. Aziridines (three - membered saturated nitrogen - containing rings) are found, for example, in the 
mitomycins, anti - tumour agents from  Streptomyces lavendulae . Thiiranes (three - membered saturated sul-
fur - containing rings) also occur naturally, as plant products, such as thiirane - 2 - carboxylic acid, isolated 
from asparagus.  
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  30.1   Five -  and Six - Membered Rings 
  30.1.1   Pyrrolidines and Piperidines        

 The main chemical aspect in which compounds with a nitrogen in a fi ve -  or six - membered ring differ from 
their acyclic counterparts is that they can be dehydrogenated to the corresponding aromatic system. 
Dihydro - aromatic systems naturally show the greatest tendency to aromatise, indeed one of the important 
reducing coenzymes, NADPH (a 1,4 - dihydropyridine), makes use of this tendency  –  it is a  ‘ hydride donor ’  
( 32.2.1 ). 

 Dihydro compounds are often useful synthetic intermediates showing different reactivity patterns to the 
parent, aromatic heterocycle. For example, indolines (2,3 - dihydroindoles) can be used to prepare indoles 
with substituents in the carbocyclic ring,  via  electrophilic substitution then aromatisation ( 20.16.1.17   ), and 
similarly, electrophilic substitutions of dihydropyridines, very diffi cult in simple pyridines, followed by 
aromatisation, can give substituted pyridines. Dehydrogenation of tetra -  and hexahydro - derivatives requires 
more vigorous conditions.        

 Pyrrolidine and piperidine are better nucleophiles than diethylamine, principally because the lone pair 
is less hindered  –  in the heterocycles the two alkyl  ‘ substituents ’ , i.e. the ring carbons, are constrained back 
and away from the nitrogen lone pair, and approach by an electrophile is thus rendered easier than in 
diethylamine, where rotations of the C – N and C – C bonds interfere. The p K  aH  values of pyrrolidine (11.27) 
and piperidine (11.29) are typical of amine bases; they are slightly stronger bases than diethylamine (10.98). 
Morpholine ( 8.3 ) is a somewhat weaker base than piperidine. 

 Piperidines, like cyclohexanes, adopt a preferred chair conformation, where both  N  - hydrogen and  N  -
 alkyls take up equatorial conformations, though in the former case the equatorial isomer is favoured by 
only a small margin.  3   However, alkylations at nitrogen do not necessarily refl ect these ground - state con-
formational populations. 

 In the days before spectroscopy, structure determination of natural products involved degradative 
methods. Many alkaloids incorporate saturated nitrogen rings, so degradations were used that gave informa-
tion about the environment of the basic nitrogen atom. The classical method for doing this was the 
 ‘ Hofmann exhaustive methylation ’  procedure. This is illustrated below as it would be applied to piperidine. 
What the method does is to cleave N – C bonds and eventually remove the nitrogen. If one cycle removes 
the nitrogen then it can be concluded that it was originally  not  part of a ring; if two cycles are required, as 
in the piperidine example, then the nitrogen must originally have been part of a ring. A third cycle would 
be necessary if the nitrogen had been originally a component of two rings. At the end of the process a 
nitrogen - free fragment is left, for study to determine the carbon skeleton.         
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  30.1.2   Piperideines and Pyrrolines 

 Generally speaking, piperideines and pyrrolines exist predominantly in the imine form and not in the tau-
tomeric enamine form. These cyclic imines are resistant to hydrolytic fi ssion of the C = N bond, in strong 
contrast with acyclic imines, but nonetheless they are susceptible to nucleophilic addition at the azomethine 
carbon. An example of this is that both piperideine and pyrroline exist as trimers formed by the nucleophilic 
addition of nitrogen of one molecule to the azomethine carbon of a second molecule, etc. The trimerisation 
of pyrroline can be prevented by forming a complex, (C 4 H 7 N) 2 ZnI 2 , from which the imine can be regener-
ated using ammonia.  4          

 The presence of some enamine, at equilibrium, is demonstrated by the conversion of piperideine into a 
dimer, indeed, the ability of these two systems to serve as both imines and enamines in such condensations 
is at the basis of their roles in alkaloid biosynthesis. Formed in nature by the oxidative deamination and 
decarboxylation of ornithine and lysine, they become incorporated into alkaloid structures by condensation 
with other precursor units.  5   Hygrine is a simple example in which the pyrroline has condensed with ace-
toacetate, or its equivalent.        

 Controlled oxidation of  N  - acyl - piperidines and  - pyrrolidines can be used to prepare 2 - alkoxy derivatives 
or the equivalent enamides, which are useful general synthetic intermediates.  6   The former are susceptible 
to nucleophilic substitution under Lewis - acid catalysis,  via  Mannich - type intermediates, and the latter can 
undergo electrophilic substitution at C - 3 or addition to the double bond.        
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 Enol phosphates derived from  N  - acyl - piperidin - 2 - one (or 2 - oxoazepane) can be utilized in cross - coupling 
processes.  7          

 Various oxidants have been used to convert pyrrolidine and piperidine into nitrones (imine oxides), of 
value for 1,3 - dipolar cycloadditions; in one method hydrogen peroxide is the oxidant in the presence of a 
catalyst.  8           

  30.1.3   Pyrans and Reduced Furans        

 3,4 - Dihydro - 2 H  - pyran and 2,3 - dihydrofuran behave as enol ethers, the former being widely used to protect 
alcohols,  9   with which it reacts readily under acidic catalysis, producing acetals that are stable to even 
strongly basic conditions, but easily hydrolysed back to the alcohol under mildly acidic aqueous conditions. 
Each can also serve as equivalents of 5 - (4 - ) - hydroxy - aldehydes (see below).        

 A great deal is known about hydroxylated tetrahydrofurans and tetrahydropyrans because such ring 
systems occur in sugars and sugar - containing compounds  –  sucrose and RNA ( 32.4   ) are examples.  10   

 Tetrahydropyran, like piperidine, adopts a chair conformation. One of the interesting aspects to emerge 
from studies of alkoxy - substituted tetrahydropyrans is that when located at C - 2, alkoxyl groups prefer an 
axial orientation (the  ‘ anomeric effect ’   11  ). The reason for this is that in an equatorial orientation there are 
unfavourable dipole – dipole interactions between lone pairs on the two oxygen atoms, and the energy gain 
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when these are relieved in a conformation with the C - 2 - substituent axial, more than offsets the unfavour-
able 1,3 - diaxial interactions that are introduced at the same time.        

 Glucose is an equilibrium mixture of cyclic forms (hemiacetals containing a tetrahydropyran), and a 
small concentration of acyclic polyhydroxyaldehyde, which is responsible for many of the observed chemi-
cal reactions. This illustrates the inherent stability of chair conformers of saturated six - membered systems. 
The propensity for cyclisation is a general one: 5 - hydroxy - aldehydes,  - ketones and  - acids all easily form 
six - membered oxygen - containing rings  –  lactols and lactones respectively.        

 Five - membered rings, too, are relatively easy to form: depending on conditions, glucose derivatives can 
easily be formed in the furanose form, i.e. based on tetrahydrofuran. The polyfunctional and stereo - defi ned 
sugars can be used to prepare sterochemically related nitrogen heterocycles.  12          

 Saturated fi ve -  and six - membered cyclic ethers are, like acyclic ethers, rather inert, requiring strong 
conditions for C – O bond cleavage;  13   this contrasts strongly with oxetanes and oxiranes ( 30.2  and  30.3 ).        

  S  - Alkylthiolanium compounds, even  S  - methylthiolanium salts, react with nucleophiles mainly at C - 2, 
leading to ring - opened products.  14            
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  30.2   Three - Membered Rings 
  30.2.1   Three - Membered Rings with One Heteroatom 

  Δ  - 2 - Unsaturated three - membered systems are unknown as stable molecules because they would have a 
four - electron  π  - system, and thus be antiaromatic.  15   1 H  - Azirines occur as reactive intermediates and there 
is evidence for the existence of 2 - thiirene in a low - temperature matrix.  16   Azirines,  17   by contrast, are well -
 known stable compounds. Thiirene  S,S  - dioxides are also stable molecules, probably best likened to 
cyclopropenones.  18   The chemistry of saturated three - membered heterocycles is, however, very extensive 
 –  epoxides (oxiranes), and to a lesser extent, aziridines are important intermediates in general synthesis.        

 A major advance was the development of an effi cient synthesis of epoxides of high optical purity from 
allylic alcohols and related systems (the  Sharpless epoxidation ) (below); such epoxides have been used 
extensively for the synthesis of complex natural products in homochiral form. 

 The p K  aH  of aziridine (7.98) shows it to be an appreciably weaker base than azetidine (11.29), the four -
 membered analogue, which has a value  ‘ normal ’  for acyclic amines and for fi ve -  and six - membered satu-
rated amines. The low basicity is mirrored in the oxygen series, as measured by the ability of oxiranes to 
form hydrogen bonds. The explanation is probably associated with the strain in the three - membered com-
pounds, meaning that the lone pair is in an orbital with less p - character than a  ‘ normal ’  sp 3  nitrogen or 
oxygen orbital, and is therefore held more tightly. The rate of pyramidal inversion of the saturated nitrogen 
in azirines is very slow compared with simpler amines. This is because there is a further increase in angle 
strain when the nitrogen rehybridises ( →  sp 2 ) in the transition state for inversion. 

 The chemical reactions of three - membered heterocycles are a direct consequence of the strain inherent 
in such small rings, which, combined with the ability of the heteroatom to act as a leaving group, means 
that most of the chemical properties involve ring - opening reactions. Most epoxide ring - openings occur 
by S N 2 nucleophilic displacements at carbon, and a very wide range of carbanion and heteroatom 
nucleophiles have been shown to react in this way, including amines,  19   alcohols, thiols, hydride (LiAlH 4 ), 
malonate anions,  20   etc. Assistance by protic solvents or  O  - coordinating metal cations (Lewis acids) that 
help to further weaken the C – O bond can dramatically increase the rate of reaction. Additives such as 
alumina,  21   titanium alkoxides  22   and lithium perchlorate,  23   and reagents such as tributyltin azide,  24   which is 
itself a Lewis acid (coordination to  ‘ Bu 3 Sn +  ’ ), but also contains a nucleophilic function (  N3

−), are useful in 
this respect.        

  ‘ Harder ’  organometallic nucleophiles such as alkyllithiums often give rise to side reactions, but their use 
with boron trifl uoride at  − 78  ° C gives very clean and effi cient ring - opening reactions.  25          
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 The regiochemistry of ring opening is determined mainly by steric, and, to a lesser extent, by inductive 
and electronic effects. Where strong Lewis acids are used or where a highly stabilised (incipient) carbonium 
ion can be formed, such as when an  α  - aryl substituent is present, reaction can occur mainly at the most 
substituted position, an extreme case being the solvolysis of 2 - furyloxirane in neutral methanol;  26   however, 
selective substitution at the most highly substituted position of even simple, alkyl epoxides can be achieved 
with an allyl - titanium reagent.  27          

 Regioselective opening of Sharpless epoxides, that is those (enantio - enriched) derived from allylic alco-
hols, has major synthetic signifi cance. The usual outcome is opening at C - 3, but the reaction with nucleo-
philes such as azide, cyanide and thiophenoxide, in the presence of trialkyl borates, can be highly selective 
for attack at C - 2.  28          

 The Payne rearrangement of epoxy - alcohols is a special case of an intramolecular nucleophilic opening 
of epoxides and is of particular synthetic utility when it is applied to epoxides from the Sharpless 
procedure.  29   

        Ring - opening of epoxides by  β  - elimination, on reaction with strong bases, such as lithium amides, or 
combinations of trimethylsilyl trifl ate with diazabicycloundecane,  30   is a useful synthetic method to prepare 
allylic alcohols, particularly as it can be carried out enantioselectively.  31   
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        The relative stereochemistry of epoxides can be inverted by equilibration with cyanate anion.  32          

 Acid - catalysed opening of aziridines is usually quite rapid, but simple nucleophilic reactions, without 
acid catalysis, are very slow, due to the much poorer leaving ability of negatively charged nitrogen, however 
 N  - acyl -  or  N  - sulfonyl - aziridines have reactivity similar to epoxides.  33          

 A number of catalysts have been used to promote ring opening of  N  - tosyl - aziridines, such as phospho-
molybdic acid and silica gel, for azide, cyanide and alcohols  34   and tri -  n  - butylphosphine for thiols and 
amines.  35   Opening with  ‘ iodide ’  occurs at room temperature with iodine and thiophenol in the presence of 
air.  36   In the nucleophilic ring opening of  N -  tosyl - aziridines, silver ion catalysis facilitates reactions with 
electron - rich arenes or hetarenes.  37          

  N  - Tosyl - aziridines (and  N  - tosyl - azetidines) react with cyclic enol ethers and enamides, under Lewis acid 
catalysis to give synthetically useful bicycles.  38          

 Methylene aziridines have some use as multi - functional synthons. They can be metallated on the ring 
carbon or ring opened with nucleophiles, giving enaminates that can be further transformed.  39          
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 Thiiranes similarly undergo ring - opening reactions with nucleophiles, such as amines,  40   but attack at 
sulfur can also occur with lithium reagents.  41          

 The heteroatom in a three - membered heterocycle can be eliminated  via  various cycloreversion reactions, 
for example by nitrosation of aziridines,  42   or by the reaction of thiiranes with trivalent phosphorus 
compounds.        

 A related elimination of sulfur dioxide occurs during the Ramberg – B ä cklund synthesis  43   of alkenes, 
which generates an episulfone as a transient intermediate, although episulfones are isolable under controlled 
conditions.  44          

 Substituted derivatives of all three systems are able to undergo a highly stereospecifi c concerted thermal 
ring opening, generating ylides that can be utilised (trapped) in [3   +   2] cycloaddition reactions, for example 
using aziridines provides a route to pyrrolidines.  45          

 Azirines with an ester group on the imine carbon, will take part in cycloadditions, with the imine unit 
as the dienophile, as illustrated below.  46           
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  30.2.2   Three - Membered Rings with Two Heteroatoms 

 Diaziridines, diazirines and dioxiranes are all relatively stable, isolable systems, although some dioxiranes 
are explosive.        

 Three - membered rings with two heteroatoms are usually encountered only as reagents. Diazirines are 
useful carbene precursors  47    –  they are generally more stable than the equivalent isomeric diazo compounds, 
though they are sometimes explosive in the pure state. They can be prepared by oxidation of diaziridines 
that, in turn, are available  via  the condensation of a ketone or aldehyde with ammonia and chloramine.  48   
Chloro - diazirines, from the reaction of amidines with hypochlorite, will undergo S N 2 or S N 2 ′  displacement 
reactions.  49                 

 Dimethyldioxirane is a relatively strong oxidant, but can show good selectivity: its reactivity is 
similar to that of a peracid, but it has the advantage of producing a neutral byproduct (acetone). 
Methyl(trifl uoromethyl)dioxirane is a more powerful oxidant that can insert oxygen into C – H bonds with 
retention of confi guration, as shown below.  50   Dioxiranes are obtained by reaction of ketones with  OXONE   ®   
(2KHSO 5 .KHSO 4 .K 2 SO 4 ).  51   ( NOTE :  Dioxiranes are explosive and are usually handled in dilute 

solution. )               
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 Oxaziridines, prepared by the oxidation of imines,  52   are selective oxygen - transfer reagents.  53   In particular, 
the camphor - derived reagent is widely used for enantioselective oxygenation of enolates  54   and other 
nucleophiles.          

  30.3   Four - Membered Rings        

 Derivatives of azete are only known as unstable reaction intermediates. Oxetane and azetidine are consider-
ably less reactive than their three - membered counterparts (oxetane reacts with hydroxide anion 10 3  times 
more slowly than does oxirane), but nonetheless do undergo similar ring - opening reactions, for example 
oxetane reacts with organolithium reagents  25   in the presence of boron trifl uoride, or with cuprates,  55   and 
azetidine is opened on heating with concentrated hydrochloric acid. Azetidinium ions react much more 
easily with nucleophiles.  56                 
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 The most important four - membered system is undoubtedly the  β  - lactam ring  57   that is present in, and 
essential for the biological activity of, the penicillin and cephalosporin antibiotics.  β  - Lactams are very 
susceptible to ring - opening  via  attack at the carbonyl carbon  –  in stark contrast to the fi ve - membered ana-
logues (pyrrolidones) or acyclic amides, which are relatively resistant to nucleophilic attack at carbonyl 
carbon. In addition,  β  - lactams are hydrolysed by a specifi c enzyme,  β  - lactamase, the production of which 
enzyme is a mechanism by which bacteria become resistant to such antibiotics. Although the  β  - lactam ring 
is easily cleaved by nucleophiles, both  N  -  and  C  - alkylation ( α  to carbonyl) can be achieved using bases to 
deprotonate; it is even possible to carry out Wittig reactions at the  ‘ amide ’  carbonyl without ring opening.  58   
Substitution of the acetoxy group in a 4 - acetoxy - azetidinone by nucleophiles is an important synthetic 
method; the reaction proceeds  via  an imine or an iminium intermediate, rather than by direct 
displacement.  59                 

 1 - Tosyloxyazetidin - 2 - ones undergo an interesting nucleophilic substitution at C - 3, the mechanism being 
thought to involve an allylic - type 1,3 - displacement  via  an enolised intermediate.  60          

  β  - Lactones (propiolactones)  61   too are readily attacked at the carbonyl carbon, for example they are par-
ticularly easily hydrolysed, but a second mode of nucleophilic attack  –  S N 2 displacement of carboxylate 
 via  attack at C - 4  –  occurs with many nucleophiles.  62   The example shows the use of a homochiral  β  - lactone, 
available from serine.         

  30.4   Metallation 
 3,4 - Dihydro - 2 H  - pyran and 2,3 - dihydrofuran can be metallated in the same way as their acyclic analogues, 
i.e. at the enol - ether carbon adjacent to the oxygen. Tetrahydrofuran can also be lithiated adjacent to the 
oxygen, by warming with  n  - butyllithium, but the lithio derivative produced then undergoes a cyclorever-
sion, generating ethene and the lithium enolate of ethanal.  63   This process represents a convenient preparation 
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of this enolate, but can also be a signifi cant, unwanted side - reaction during lithiation reactions using tetra-
hydrofuran as solvent.               

 Three - membered rings have not been metallated directly in the absence of anion - stabilising substituents 
but simple lithio derivatives of aziridines can be prepared by exchange from the corresponding stannane.  64   
 N  -  t  - Butylsulfonyl - aziridines can be substituted,  via  non - stabilised lithio intermediates, by reaction with 
LiTMP, usually in the presence of the electrophile.  65                 

 2 - Trifl uoromethyloxirane can be lithiated at C - 2 using  n  - butyllithium at  − 102  ° C, the product after reac-
tion with electrophiles retaining confi guration.  66    

  30.5   Ring Synthesis 
 Five -  and six - membered saturated rings can be prepared by reduction of the corresponding aromatic com-
pounds, but the most general method for making all ring sizes is by cyclisation of an  ω  - substituted amine, 
alcohol or thiol  via  an intramolecular nucleophilic displacement. As an illustration, the rate of cyclisation 
of  ω  - halo - amines goes through a minimum at the four - membered ring size; the fi ve and six - membered 
rings are by far the easiest to make. The relative rates for formation of 3 - , 4 - , 5 -  and 6 - membered rings 
respectively are 72   :   1   :   6000   :   1000.  67   A factor which infl uences the rate of 3 -  exo - tet  - cyclisations is the 
degree of substitution at the carbon carrying the heteroatom: increasing substitution increases the rate of 
cyclisation, because in the small ring product there is some relief of steric crowding for the substituents 
compared with the acyclic starting material.  68          
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 Related cyclisations involving heteroatom attachment to an alkene  via   π  - complexes with cations, such 
as Br + , I + , Hg +  and Pd + , are useful methods because they give products with functionalised side - chains for 
further transformations. 

  30.5.1   Aziridines and Azirines 

 The main routes to aziridine include alkali - catalysed cyclisation of 2 - halo - amines or of a 2 - hydroxyamine 
sulfonate ester, as illustrated,  69   or by additions to alkenes or imines.        

 Various homochiral aziridines can be easily obtained from serine;  70   such substances can be transformed 
into a range of polyfunctional homochiral intermediates and products.        

 Reversing the sense of cyclisation,  N  - chloro - amines, with a suitable C – H - acidifying substitutent, can be 
ring closed effi ciently producing  N  - alkyl - aziridines.  71          

 Aziridines can be obtained from alkenes using iodine isocyanate  72   or iodine azide.  73   The product from 
the latter reaction can be converted into the aziridine  via  reduction, or into an azirine  via  elimination of 
hydrogen iodide and pyrolysis.  74          

  N  - Tosyl - aziridines can be obtained directly from alkenes by reaction with Chloramine T (TsN(Cl)Na),  75   
or directly from sulfonamides using  t  - butyl hypochlorite with sodium iodide  76   or with iodosylbenzene and 
CuI.  77          
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 Aziridines can also be prepared by addition of nitrenes to alkenes,  78   or by the use of nitrogen - transfer 
agents analogous to epoxidising agents.  79   

        Addition to imines is a further obvious way in which to construct an aziridine, as illustrated 
below.  80          

 Azirines can be synthesised, enantioselectively if required, using a natural alkaloid as base, from the 
 O  - tosyl derivatives of the oximes of 1,3 - keto - esters; in this synthesis the carbon is the nucleophilic centre 
and it is the nitrogen that is attacked, with departure of tosylate.  81   

        A related reaction using  α  - benzotriazolyl - oximes is particularly useful because the benzotriazolyl unit 
in the product can be displaced by nucleophiles.  82          

 Intramolecular addition, catalysed by copper, produces bicyclic aziridines effectively from 
sulfonamides.  83           
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 Synthesis of 1 - azabicyclo[1.1.0]butane, which contains both a four - membered and two three - membered 
nitrogen - containing rings (!), follows the general route described above.  85   As one would anticipate, ring -
 opening reactions, one of which is illustrated, lead to products with an azetidine unit, rather than an aziridine 
unit.        

  30.5.2   Azetidines and  β  - Lactams 

 Azetidines can be obtained by cyclisations of 3 - halo - amines, but yields are generally not as good as those 
for the formation of aziridines. The generation of the bifunctional precursors for cyclisation to azetidines 
has been achieved in a number of ways.  84          

 Many methods have been developed for  β  - lactam synthesis,  57,86   including cyclisation of the correspond-
ing amino acids. The most widely used methods are two - component couplings,  47,87   which occur  via  con-
certed cycloaddition or two - step mechanisms. Another simple route to 3 - functionalised azetidinones is the 
reaction of aziridine - 2 - carboxylic acid sodium salt with oxalyl chloride or thionyl chloride.  88                  

  30.5.3   Pyrrolidines 

 A very neat method for the synthesis of pyrrolidines does not require a difunctionalised starting material, 
but relies on the Hofmann – L ö ffl er – Freytag reaction  89    –  which is a radical process  –  to introduce the second 
functional group. The six - membered size of the cyclic transition state leads selectively to a 1,4 - halo - amine, 
and thence to pyrrolidines.        
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 The cycloaddition of azomethine ylides to alkenes is another elegant entry to pyrrolidines. The required 
1,3 - dipoles can be produced in a number of ways; the example below is one of the most simple, wherein 
a trimethylsilylmethylamine, an aldehyde and the alkene are simply heated in tetrahydrofuran.  90          

 Normally, 5 -  endo - trig  - cyclisations are disfavoured geometrically (Baldwin ’ s rules), however formation 
of pyrrolidines does take place with tosylamide anion as nucleophile in a situation where 5 -  exo - tet  - attack 
at a trihalomethyl group is inhibited electrostatically.  91          

 In another example, 5 -  endo - trig  - cyclisation of a 2 - (2 - tosylaminoethyl)acrylate occurs with a phenyl 
ester, but 5 -  exo - trig  with an ethyl ester: the relative leaving abilities of groups from the 5 -  exo - trig  - 
intermediate allows the 5 -  endo - trig  - pathway to dominate (TsN  −      >    EtO  −   but PhO  −      >    TsN  −  ) rationalizes this 
dichotomy.         

  30.5.4   Piperidines   92    

 Closure of 5 - halo - amines by nucleophilic displacements of halogen, is complemented by the conversion 
of  N  - chloro - pent - 4 - enylamines into 3 - chloropiperidines by exposure to tetra -  n  - butylammonium iodide.  93   
The process is believed to involve conversion to an  N  - iodo - amine, which serves as an electrophilic source 
of iodine, cyclisation to a 2 - (iodomethyl) - pyrrolidine, ring closure to a bicyclic aziridinium ion and ring 
opening  via  attack by chloride to produce the six - membered heterocycle.        
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 A construction of functionalised glutarimides relies on the doubly nucleophilic dianion that can be gener-
ated by C -  and N - deprotonation, from a 2 - tosyl - acetamide.  94   Regioselective reduction to a piperidone can 
be achieved  via  formation of the stabilized enolate.        

 A particularly useful general method for the synthesis of saturated nitrogen -  and oxygen - containing 
partially unsaturated heterocycles, from 5 - membered to medium ring - sized,  95   is the Grubbs olefi n metath-
esis  96   applied, for example, to acyclic dialkenyl - amines, as illustrated by syntheses of a dihydropyrrole  97   
and a tetrahydropyridine.  98          

 The superacid HF - SbF 5  can also bring about cyclisation of  N  - protected bis(allyl) - amines, producing 
4 - fl uoropiperidines.  99           

  30.5.5   Saturated Oxygen Heterocycles 

 The most widely used method for the preparation of epoxides involves oxidation of an alkene by a 
peracid,  100    via  a direct one - step transfer of an oxygen atom. More highly (alkyl) substituted alkenes react 
fastest showing that electronic effects are more important than steric effects in this reaction. Steric effects 
do, however, control the facial selectivity of epoxidation; conversely hydrogen - bonding groups, such as 
OH and NH, can direct the reaction to the  syn  face.        
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 Several other direct oxygen - transfer reagents have been developed of which by far the most important 
is Sharpless ’  reagent  –  a mixture of a hydroperoxide with titanium isopropoxide and a dialkyl tartrate.  101   
The structure of the reagent is complex, but it reacts readily with alkenes containing polar groups, for 
example allylic alcohols, which can coordinate the metal. The most important feature of this process is that 
when homochiral tartrate esters are used, a highly ordered asymmetric reactive site results, leading in turn 
to high optical induction in the product.        

 Epoxides and oxetanes can also be prepared by cyclisation of 1,2 - halohydrins and 1,3 - halo - 
alcohols.  102                 

 Oxetanes have often been prepared by the  Patern ò  – B ü chi reaction ,  103   in which a compound containing 
a carbon – carbon double bond cycloadds to an aldehyde or ketone under the infl uence of light.  104    

  30.5.6   Saturated Sulfur Heterocycles 

 Thiiranes can be prepared by cyclisation of 2 - halo - thiols, but the most common method is  via  reaction of 
an epoxide with thiocyanate,  105   thiourea,  106   a phosphine sulfi de or with dimethylthioformamide.  107          

 Thietanes, tetrahydrothiophenes and tetrahydrothiapyrans can all be prepared by the reaction of the 
appropriate 1, ω  - dihalide with sulfi de anion. 
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 Special Topics      

  31.1   Synthesis of Ring - Fluorinated Heterocycles 
 This section deals only with compounds where fl uorine is attached to the heterocyclic ring. Compounds 
with fl uorine in a benzo - fused ring or in side - chains, for example as trifl uoromethyl, are usually prepared 
by methods similar to those used for standard analogues and thus do not require special treatment.  1   Several 
general reviews of organofl uorine chemistry are available.  2   

 The syntheses of ring - fl uorinated heterocycles are collected together in this section as a  ‘ special topic ’  
as they are signifi cantly different to those of other halo - heterocycles. Fluorine substituents are also much 
more important than the other halogens as stable modifying groups in drugs and are also of interest in other 
areas such as PET ( 31.2.3 ) and as very good leaving groups for nucleophilic substitutions in azoles and 
azines ( 3.3.2 ). Such fl uorine - containing compounds are only occasionally prepared by the standard methods 
for the other halides, i.e. direct halogenation or replacement of oxy groups, in fact the latter is almost 
unknown for fl uorine. 

 (Direct fl uorinations with elemental fl uorine and other powerful fl uorinating agents can be carried out, 
but they are, to say the least, inconvenient. They are also potentially very hazardous for the inexperienced 
chemist and are best left to a fl uorine specialist. Such reactions are, of course, carried out industrially, but 
using dedicated special equipment with rigorous safety control.) 

  31.1.1   Electrophilic Fluorination 

  CAUTION :  Both fl uorine gas and some other electrophilic fl uorinating agents are highly toxic and may 

react violently with organic materials. Hydrogen fl uoride, a common by - product of electrophilic fl uorina-

tions, is highly corrosive.  
 The reaction of organic materials with neat fl uorine gas is very vigorous and can result in explosions. 

Fluorine diluted with an inert gas (nitrogen or helium) is much safer, although even this can, for example, 
ignite paper, even at very low concentrations. 

 Other powerful fl uorinating agents, such as trifl uoromethyl hypofl uorite, perchloryl fl uoride and acetyl 
hypofl uorite (CF 3 OF, FClO 3 , AcOF) have been used successfully, but are not easy to obtain, are toxic and 
the last two are intrinsically explosive. Some newer, milder, but more limited, fl uorinating agents are dis-
cussed later in this section. 

 Direct reaction with fl uorine, can be carried out successfully and selectively on robust electron - rich ring 
systems and has been used commercially for the synthesis of 5 - fl uorouracil, an important anti - cancer drug. 
This reaction proceeds  via  5,6 - addition of F and the solvent, elimination of the 6 - substituent occurring on 
heating the reaction mixture.  3          
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 Similarly, direct fl uorination is a useful method for oxy -  and amino - purines,  4   but yields are often only 
modest.        

 With other electron - rich systems, such as pyrrole and thiophene, the reaction may be diffi cult to control 
and polyfl uorinated and/or non - aromatic products are often formed. 

 Pyridines react with fl uorine by formation of  N  - fl uoropyridinium fl uorides, which are unstable above 
0  ° C. These can be converted, by exchange with sodium salts, into more stable salts, such as tetrafl uorobo-
rates, some of which are commercially available as mild electrophilic fl uorinating agents for highly reactive 
substrates, such as enolates.  5   Addition of  N  - fl uoropyridinium tetrafl uoroborates to excess triethylamine 
results in the formation of the 2 - fl uoropyridine(s),  via  a carbene intermediate.  6   

 Reaction of pyridine with iodine fl uoride (a mixture of F 2  and I 2 ) gives 2 - fl uoropyridine directly, but this 
involves an addition - elimination mechanism on  N  - iodopyridinium fl uoride, rather than electrophilic 
fl uorination.  7          

 Several milder electrophilic fl uorinating agents are commercially available, the most notable being 
various  N  - fl uoro - amides or  N  - fl uoro quaternary salts, examples being NFSI and Selectfl uor ™ .        

 These can be used for direct C - fl uorination  8   or reaction with lithio - heterocycles or other organometallic 
derivatives. In a process for the synthesis of a 5 - fl uorothiazole using a lithio derivative, although the yield 
was moderate, the reaction could be carried out on a large scale.  9                 
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 Cesium fl uoroxysulfate (CsSO 4 F) is moderately stable, although potentially explosive, and is particularly 
useful for  ipso  - fl uorination of stannanes and boronic acids.  10          

  Ipso  - replacement of a carboxylic acid group can also be carried out.  11          

 Electrochemical (anodic) fl uorinations can be carried out, but may be diffi cult to control and over - 
fl uorination and/or fl uorination of substituents often results. The mechanism involves conversion of the 
substrates into radical cations, which are then trapped by fl uoride, rather than electrophilic fl uorination.  12   
Again, the method is more suited to robust systems such as pyrimidinones and purines.  

  31.1.2   The Balz – Schiemann Reaction 

 The Balz – Schiemann reaction, the classic synthesis of fl uoro - aromatic compounds, involves diazotisation 
of an aromatic amine, isolation of the diazonium fl uoroborate or hexafl uorophosphate, then thermal decom-
position of the dry salt, usually diluted with sand for safety. It is a useful method, with application to a 
number of heterocyclic systems, for example methyl 3 - aminothiophene - 2 - carboxylate.  13          
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 An industrial method involves diazotisation in anhydrous HF. This hazardous method has advantages 
for large - scale production, but is not suitable for normal laboratory - scale work! 

 A variation on the standard reaction avoids isolation of the diazonium salt by its generation, under 
anhydrous conditions, at its decomposition temperature. The only heterocyclic example so far described is 
the preparation of 3 - fl uoroquinoline,  14   but the method could no doubt be applied to other systems.        

 A method using polyvinylpyridinium hydrofl uoride (PVPHF), as fl uoride source, at low temperature was 
suitable for the relatively sensitive 2 - deoxy - nucleosides.  15   This low temperature reaction was probably 
successful due to the instability, i.e. high reactivity, of diazonium salts at the  α  - position of azines, and may 
not be general for other heterocycles.         

  31.1.3   Halogen Exchange (Halex) Reactions 

 These reactions, involving nucleophilic displacement of other halogens by fl uoride anion are important 
industrially and of some use in the laboratory for electron - defi cient rings. The exchange/equilibrium of  19 F 
with  18 F is of use in PET (see  31.2.3 ). Nitro is also a good leaving group for this process in a number of 
systems: purines ( 27.5 ), pyridines ( 8.3.2 ) and 1,2,4 - triazoles ( 29.1.1.2 ).  

  31.1.4   Ring Synthesis Incorporating Fluorinated Starting Materials 

 The most promising approach for the effi cient preparation of fl uoro - heterocycles is by ring synthesis from 
fl uorine - containing starting materials and intermediates. 

  CAUTION :  Monofl uoroacetates are intermediates for some literature syntheses of fl uorinated 

heterocycles. Fluoroacetic acid and its derivatives, such as fl uoroacetamide and ethyl fl uoroacetate, and 

compounds which could be metabolically converted into fl uoroacetate, such as 2 - fl uoroethanol, are 

extremely toxic and have no antidote. A lethal dose of the acid in humans may be as low as 100     mg. They 

should be avoided if at all possible, but if their use is essential, they must only be used under rigorous 

control.  
 There are, perhaps surprisingly, many complex polyfl uorinated starting materials available commercially 

and some apparently quite exotic reagents and intermediates can be easily (and often cheaply) prepared 
from these. These intermediates may simply be the fl uorinated analogues of standard intermediates, 
for example, 1,3 - dicarbonyl compounds or their equivalents, such as an iminium salt synthon for 
fl uoromalonaldehyde.  16          
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 A related method giving oxy compounds involves displacement of the  ‘ activated ’  fl uorine in 
2,3 - difl uoroacrylates.  17          

 The other approach, with great potential, involves cyclisation reactions of polyfl uoro compounds, with 
 in situ  aromatisation  via  loss of one or more fl uorines. The reaction mode involves nucleophilic addition 
to  gem  - difl uoro - methylidene intermediates. This moiety is highly susceptible to nucleophilic addition to 
the fl uorine - bearing carbon, even in the absence of other activation. A transient intermediate anion is 
thought to be stabilised by hyperconjugation and inductive effects from the two  β  - fl uorines, this being a 
much more favourable situation than an anion  α  to the fl uorines.  18          

 Reactions involving quinone methide intermediates do not need this special activation, but the aromatisa-
tion follows a comparable route. The synthesis of 4 - fl uoroquinolines  via  reaction of 2 - trifl uoromethylaniline 
with enolates illustrates, in part, the  gem  - difl uoromethylidene concept. Here elimination of hydrogen fl uo-
ride by the enolate acting as a base, initiates the sequence, generating a highly reactive quinone methide.  19          
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 Intramolecular addition of carbon nucleophiles can also be used. In this case a benzylic anion brings 
about the fi rst fl uoride elimination.  20          

 5 -  Endo - trig  - cyclisations, which are normally diffi cult, are successful with assistance from  ‘ difl uoro 
activation ’  as demonstrated by the synthesis of the 2 - fl uoroindole shown below. The corresponding 3 - unsub-
stituted 2 - fl uoroindole, benzofurans and benzothiophenes can also be prepared in similar yields.  21   The 
versatile, intermediate aniline, can also be converted into the corresponding isonitrile, which, in turn, can 
be used to generate a lithio - quinoline, which reacts well with a variety of electrophiles.  22   The isonitrile can 
also be reacted with Grignard reagents to give 2 - alkyl - quinolines and a similar addition to the correspond-
ing nitrile leads to isoquinolines.  23          
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 It is worth noting that these (5 -  endo - trig ) cyclisations also occur readily in simple aliphatic systems, 
giving dihydro - heterocycles.  21          

 Another cyclisation of this type gives a dihydroisoquinoline, which aromatises  in situ , by elimination of 
sulfi nate, if potassium hydride is used as base. The intermediate dihydroisoquinoline can be isolated if NaH 
is used as base.  24          

 Difl uoromethylene moieties can be incorporated into stable reagents and intermediates where, eventually, 
loss of one of the fl uorines results from a key aromatisation step.  25          

  gem  - Difl uoro - dihydro - heterocycles can be isolated in some cases, such as in the iodosilyl - ketone reaction 
shown below.  26          

 Dipolar additions onto perfl uoro - alkenes is followed by aromatisation  via  two fl uoride/halide 
eliminations.  27            
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  31.2   Isotopically Labelled Heterocycles   28    
 The preparation of heterocycles containing isotopically labelled atoms, either in the ring or as substituents, 
may be required for a number of purposes, for example mechanistic studies of reactions or biosynthesis, 
spectroscopic studies or for medical research and diagnosis. 

 [ NOTE : The correct term for an individual isotope of an element, for example  13 C, is  ‘ nuclide ’ , but the 
word  ‘ isotope ’  is in loose common usage. The use of  ‘ isotope ’ , without further qualifi cation, is equivalent 
to saying that  ‘ 1 - butene is an isomer ’ , without saying of what.] 

 The nuclides that are commonly used in heterocyclic systems are: 

  1.     Stable:  2 H (D),  13 C,  15 N  
  2.     Relatively long - lived, beta - emitting, radionuclides:  3 H (T) ( t   ½   12.3 years),  14 C ( t   ½   5,700 years)  
  3.     Short - lived, positron - emitting, radionuclides:  18 F ( t   ½   110 min),  11 C ( t   ½   20.4 min).    

  31.2.1   Hazards Due to Radionuclides 

  3 H and  14 C present a relatively low external risk, as the beta radiation is very easy to shield, so normal labo-
ratory techniques can be used, with appropriate containment. However, ingestion or inhalation of any 
radioactive material, even the weak beta emitters, is very hazardous. The short - lived positron - emitting 
nuclides generate intense gamma radiation, which requires heavy shielding with automated remote 
handling.  

  31.2.2   Synthesis 

 The syntheses used for labelled compounds are often not those that would be considered the best from a 
purely chemical point of view, but those that use the expensive, and possibly hazardous, nuclide most 
effi ciently and safely. 

 [ NOTE : Quoting yields in this area is more complex than usual. Normal chemical yields can be given, 
but for radionuclides, the radiochemical yield, which shows the effi ciency of incorporation of the nuclide 
into the fi nal product, is more meaningful. The situation is more complex for the very short - lived (PET) 
nuclides, where the yields have to be corrected for the very substantial decay that occurs throughout the 
whole process.] 

 Deuterium and tritium can be introduced at certain positions of heterocyclic rings by acid -  or base - cat-
alysed exchange of hydrogen, or protonolysis of organometallics, and this has long been used in mechanistic 
studies. 

 Incorporation of labelled atoms into and onto heterocyclic rings can also be carried out  via  standard 
heterocyclic ring syntheses using commercially available labelled organic building blocks, but the range is 
limited and prices generally high. More commonly, a synthesis is devised that uses simple, and relatively 
cheap, labelled inorganic components. Common  13 C or  14 C sources are cyanide and carbon dioxide (as, for 
example, from barium carbonate) and  15 N from ammonium salts and nitrite. 

 A common approach is to take a fi nal product or key intermediate and degrade it to a compound that 
can be built up again by insertion of the labelled atom. The chemical yield of the degradation is not impor-
tant, the most important factor being the effi cient use of the replacement nuclide. A nice example of this 
is a synthesis of  14 C - 2 sumatriptan.  29          
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 The synthesis of  15 N - 3 uridine triacetate was carried out by direct exchange of the nitrogen isotopes,  via  
nitration of N - 3, then reaction with  15 NH 3 ,  via  a double nucleophilic replacement of nitramide (NH 2 NO 2 ) 
( 14.9.2.2 ). Note the modifi ed conditions for effi cient use of the labelled reagent.  30          

 A modifi ed Dimroth rearrangement ( 27.1.1.2 ) allowed an effi cient labelling of N - 1 of adenosine,  via  
initial exocyclic introduction of the labelled nitrogen by nucleophilic substitution at C - 6.  31           

  31.2.3    PET  (Positron Emission Tomography)   32    

 One of the most signifi cant medical applications of radiolabelled compounds is for PET scans. These are 
important diagnostic and research tools that can be used to study the distribution of drugs or biomolecules 
in the body, and for imaging of organs. 

 Positrons are the antimatter counterparts of electrons and are emitted from a number of low - atomic -
 number radionuclides. The procedure begins with administration of a compound containing a very 



618 Heterocyclic Chemistry

short - lived, positron - emitting, nuclide to the patient. The emitted positron undergoes matter – antimatter 
annihilation with an electron, which happens within a very short distance, generating two gamma photons 
at 180    °  to one another, which can be detected synchronously outside the body. An array of gamma detec-
tors gives a 3D image of the distribution of the labelled compound. The dose of radiation to the patient is 
very small  –  about the same as an X - ray. The chemist is more at risk than the patient! 

 The nuclides  18 F and  11 C are by far the most commonly used positron emitters for complex organic 
molecules. Unfortunately, from the heterocyclic point of view,  13 N has a half - life that is just too short 
(10 min) for sensible organic chemistry. 

  31.2.3.1   Synthesis of Compounds for  PET  

 This is a challenging area for heterocyclic synthesis, as the very short half - lives of these nuclides give rise 
to two problems  –  the need for very rapid synthesis and purifi cation, and the high gamma emission, which 
requires the use of remote handling. The amounts of radioactive materials produced are minute (sub -
 microgram quantities); it should be borne in mind that one nanogram of  11 C is about as radioactive as one 
gram of radium. 

 Another unique requirement is that the radionuclides themselves must be prepared by nuclear reactions, 
brought about by bombardment of a target of  14 N or  18 O, usually in the presence of a co - reactant, with high 
energy (18 MeV) protons in a cyclotron. Some very simple reagents can then be prepared from the initial 
products. 

 Because of the very short half - lives, all the work, including the nuclear synthesis, must be done close 
enough to the patient  –  often in the same building  –  that suffi cient activity to carry out the procedure remains 
in the sample when it is used. This is a more acute requirement for  11 C than for  18 F. In the former case, 
87% of the material is lost in one hour, and 98% in two hours. 

 The development of an effi cient synthesis of labelled phosgene was the main determinant in a synthesis 
of  11 C - 2 thymine.  33          

 Simple reactions are best, but the complex conversion carried out using sequential enzymic transforma-
tions for the synthesis of labelled 5 - hydroxytryptophan, for use in neuroendocrine tumour imaging, is 
notable.  34          
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 The nuclide  18 F can be introduced using a number of standard methods using fl uorine, HF or fl uoride 
anion. In contrast to normal chemistry,  18 F 2  (as a dilute mixture in argon or neon) is a convenient reagent 
in the PET context, being prepared directly by proton bombardment of  18 O 2  in argon, or deuteron bombard-
ment of neon. An example of its use is the preparation of labelled 5 - fl uorouracil and its ribosides by direct 
electrophilic fl uorination.  35   

  18 F is often introduced by nucleophilic displacement using potassium fl uoride with the cryptand Kryptofi x 
2.2.2. The substrates can be halides, but nitro and quaternary ammonium are the preferred leaving groups 
in azines and purines.  36   Such reactions are standard, but apparently un - activated substrates, such as the 
nitro - oxindole shown below, have also been used successfully.  37             

  31.3   Bioprocesses in Heterocyclic Chemistry   38    
 The use of biological methods has a small, but signifi cant niche in synthetic heterocyclic chemistry, being 
used both on a research scale and for fi ne - chemicals production. The processes may use isolated enzymes 
or whole microorganisms, the main reactions being oxidations of a heterocyclic nucleus or of side - chains, 
but other reaction types are also used, for example enzymatic catalysis has been used to ribosylate purines 
and related bases by reaction with a 7 - alkylated nucleoside.  39          

 A particular advantage of biological methods is their potential regio - , stereo -  and enantioselectivity, 
which may not be attainable using chemical reagents. On the other hand, non - selective reactions have their 
uses: for example, the subjection of natural products to non - selective oxidations will generate a series of 
starting materials for the preparation of a wider range of analogues for biological evaluation.        
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 The oxidation of pyridines to pyridones  40   and the selective oxidation of a side - chain in alkyl - pyridines 
and other azines, have been well studied.  41   

 The enantioselective  cis  - dihydroxylation  42   of benzothiophenes and benzofurans in the heterocyclic ring, 
by  Pseudomonas putida , is analogous to well - known conversions of simple benzenoid compounds,  43   but 
in the heterocyclic context, hydroxyl groups introduced at an  α  - carbon easily epimerise. Indole gives 
indoxyl probably  via  dehydration of an intermediate 2,3 - diol. In contrast,  cis  - dihydroxylation of quinolines, 
or of 2 - phenylpyridines, takes place selectively in the benzene ring.  44          

 The introduction of an amino acid side - chain onto 4 - , 5 - , 6 -  and 7 - azaindoles by an enzyme - catalysed 
alkylation with serine is an impressive demonstration of the power of biological methods.  45           

  31.4   Green Chemistry 
  ‘ Green chemistry ’  is currently a fashionable topic, and a variation  –   ‘ sustainable chemistry ’   –  is also in 
vogue. However, although its aims are laudable, the term has been overused and frequently abused, often 
as a tag to aid publication and grant applications. Green chemistry can be simply and accurately, but 
broadly, defi ned as chemistry that can be carried out in a  relatively  environmentally friendly or benign 
manner; alternatively, carrying out a chemical process in the most environmentally friendly way that is 
reasonably achievable, as no chemical reaction or process can be totally  ‘ green ’ .  ‘ Offi cial ’  checklist defi ni-
tions have been stated and may include aspects of reaction safety, which is actually separate and more 
important,  46   but common sense is more useful than a clipboard in this area. 

 Atom economy  47    –  the incorporation of as much of the starting materials as possible into the product 
 –  is a useful concept, but it should not overshadow the whole. 

 No reaction can be green in its own right until  all  the aspects of the process in which it is involved have 
been analysed, which includes complete analysis of the  ‘ green - ness ’  of the origin of starting materials and 
reagents. 

 Many aspects of green chemistry have been in use for years, because effi cient chemical processes with 
minimum waste are also economically preferable, and in industry are also confi ned by legal controls on 
polluting practices, at least in some countries.  

  31.5   Ionic Liquids   48    
 The development of ionic liquids (ILs) was a signifi cant addition to the range of chemical tools and is of 
particular interest here because many of them are heterocycles.  49   The name is self - explanatory and can 
include a vast range of types, but is usually taken to mean salts that are liquid at or slightly above room 
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temperature and are thus sometimes referred to as  ‘ room temperature ionic liquids ’  (RTILs). They are either 
protic or, more usually quaternary, salts of organic bases, most prominently 1,3 - dialkyl - imidazolium salts, 
although pyridinium and higher azolium salts are also used. More diverse types are used industrially. 
Somewhat surprisingly, some types can be distilled  in vacuo .  50   

 Their normal laboratory applications are as specifi c solvents, catalysts and phase tags ( 5.1.5.2 ).  

      Typical heterocyclic ionic liquids   

 Their abbreviations, for use in reaction schemes, are not universally defi ned, but amongst the common 
styles are, for example, 1 -  n  -  b utyl - 3 -  m ethyl im idazolium chloride   =   [BMIM][Cl] or [bmim][Cl]. 

 The particular advantages of ILs are that they are good, but selective, solvents with very low vapour 
pressures, low fl ammability and high temperature stability, although the latter two features depend on the 
anion. Signifi cantly, their properties can be fi ne - tuned by variations of the core, alkyl groups and anions. 
The anion is chemically signifi cant  –  halides, which are good complex - forming anions with Lewis acids, 
and the trifl imide (Tf 2 N  −  ), which is very poorly coordinating, are extremes and can have a major effect on 
reactivity.  51   

 ILs have, unfortunately, become strongly associated with green chemistry to such an extent that merely 
using an IL as solvent is often claimed to make a reaction  ‘ green ’ , even when the work - up involves dilution 
with water and extraction with large amounts of normal solvents! The main claim to green - ness for ILs is 
their low volatility, in contrast to common solvents. However, although this gives scope for them to be 
used in green processes, they can have some very  ‘ un - green ’  features. The fact that they are more complex 
structures than the usual solvents means that signifi cant chemistry is required for their preparation, and 
therefore they start with a green defi cit, which has to be counterbalanced by signifi cant gains in other areas, 
particularly effi cient recycling/re - use. When certain counter ions, such as nitrate, are present, they can 
present a signifi cant fi re hazard  52   and many ionic liquids have signifi cant water solubility and signifi cant 
toxicity to aquatic organisms.  53   

 While it can be questioned how green ILs are, they are certainly useful chemically. They have 
numerous uses as Lewis or protic acid catalysts, for example aluminium chloride in [emim][Cl] is a 
superior catalyst for the Friedel – Crafts acylation of indoles bearing electron - withdrawing groups and of 
azaindoles.  54   

 Ionic liquid bisulfate salts are good catalysts for the esterifi cation of acids with neopentanol, where the 
starting materials are soluble in the ionic liquid, but the ester insoluble, allowing an easy isolation of the 
product.  55   

 Both pyridinium and imidazolium ionic liquids have been used as solvents for palladium - catalysed 
reactions, such as the Suzuki coupling, but only the use of 1 - (3 - cyanopropyl)pyridinium trifl imide salt 
(mp  − 64.5  ° C) allows very effi cient retention and recycling of the palladium catalyst.  56    

  31.6   Applications and Occurrences of Heterocycles 
 Apart from their academic interest and occurrences in natural substances (Chapter  32 ), heterocycles fi nd 
extensive applications in industrial and fi ne chemicals, medicines (Chapter  33 ), analysis, agriculture, and 
in many day - to - day activities and in many technological fi elds.  57   
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  31.6.1   Toxicity 

 This not really an  ‘ application ’  of heterocycles, but is essential knowledge for the practical chemist. The 
occurrence of explosive hazards is also of major importance (see  5.4  and  29.1.1.5 ). 

 The hazards of all common solvents and reagents are well known and those of new materials can 
often be inferred from structural properties and similarities. For example, toxic effects are to be 
expected from certain classes of heterocycle, particularly those that are subject to easy nucleophilic 
replacement of halogen and therefore are alkylating agents in their effect on biomolecules. For example,the 
fungicide davicil (2,3,5,6 - tetrachloro - 4 - methylsulfonylpyridine) and the useful intermediate 5 - bromo - 2,4 -
 dichloropyrimidine, are allergenic substances, the latter very strongly so. 

 However, structures do not always warn of toxicity, so vigilance must always be exercised  –  as in drugs, 
minor structural variations may lead to large changes in biological activity. These unexpected toxic effects 
are usually discovered by their actions being observed on the chemists who have fi rst made them! An 
example is the apparently innocuous - looking heterocycle (related to the anti - psychotic drug loxapine)  ‘ CR 
gas ’ , a powerful lachrymator, and a severe and very unpleasant skin irritant. It has been developed, con-
troversially, as a riot control agent. (It is not, of course, a  ‘ gas ’ .) 

 The group of fused triazoles shown below were implicated, although the precise agent was not estab-
lished, as chloracnegens, with similar effects to the notorious (heterocyclic) pollutant tetrachlorodioxin.  58   
This type of effect does not relate to any chemical reactivity, as they exert their effect by physical binding 
to DNA, and they may produce severe effects when present as only minor impurities.        

  ‘ PhPI ’   59   is one of a number of related (potential) carcinogens, known vaguely as  ‘ heterocyclic amines ’  
(HCAs), which are formed during cooking, particularly frying, of meat.  60   Interestingly, pre - microwave 
treatment of beef burgers before frying dramatically reduces the formation of these HCAs by removing 
their precursors  –   ‘ creatine, creatinine, amino acids ( sic ), and glucose ’ , together with water and fat!  61    

  31.6.2   Plastics and Polymers 

 Melamine condenses with formaldehyde to give a widely used plastic with good heat resistance, most 
familiar in laminates for kitchen worktops and as housewares, and known as Formica. 

 Polybenzimidazole fi bre forms one of the most fi re - resistant textiles (mp 760  ° C; usable to 540  ° C) and, 
although very expensive, is used for high - tech applications, such as protective clothing for fi re fi ghters, 
astronauts and motor - racing drivers.         
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  31.6.3   Fungicides and Herbicides 

 Heterocycles are contained in a large number of  ‘ agrochemicals ’ . Triazoles, such as cyproconazole, are 
effective plant fungicides and have mechanisms of action  –  inhibition of steroid synthesis  –  similar to those 
used medicinally. Other triazoles have limited antifungal activity, but are useful plant - growth regulators, 
for example paclobutrazol. Another widely used fungicide is davicil.        

 Useful selective herbicides include paraquat, pyridate, maleic hydrazide and atrazine, the last being 
somewhat controversial as it is widely used in the US, but banned in the EU.         

  31.6.4   Dyes and Pigments 

 (A pigment can be any colouring material but is often, particularly when synthetic, an insoluble substance, 
whereas a dye is a soluble colorant applied to a substrate for which it has an affi nity. Many dyes are also 
used as specifi c stains for biological tissues for use in microscopy, for example methylene blue. Pigments 
and dyes absorb certain wavelengths of white light, the non - absorbed (refl ected or transmitted) wavelengths 
being the colour. This is a contrast with fl uorescent substances, which emit specifi c wavelengths (see 
below). 

 Heterocycles are very important plant pigments, for example porphyrins and anthocyanins ( 32.3  and 
 32.5.6 ), but are also the basis of numerous synthetic pigments and dyes. Naturally derived dyes include 
substances such as indigo ( 20.13.2 ), and synthetic pigments include the very important copper phthalocya-
nins ( 22.3 ), which are used for many purposes, including in  ‘ cyan ’  inks. 

 The process of dying can involve carrying out heterocyclic chemistry, when using  ‘ reactive dyes ’ , which 
form a strong chemical bond to substrates that contain nucleophilic groups, for example cellulose - based 
materials. Reactive dyes are composed of a standard dye attached to a reactive linker containing leaving 
groups. The most common linkers are halo - azines, a typical example being Reactive Blue 4.        
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 Other potential organic pigments are those that show metallic  ‘ colours ’ , such as the dithienyl pyrroles 
above, which form high melting ( > 300    ° C) golden lustrous crystals.  62    

  31.6.5   Fluorescence - Based Applications 

 Fluorescence  –  the absorption of a photon, followed very rapidly by emission of a photon at longer wave-
length  –  has many practical applications. The intrinsic fl uorescent properties of a molecule can be utilised, 
or fl uorescent tags can be attached. 

 Fluorescein is probably the best known fl uorescent compound and is used for many purposes, such as 
tracking water leaks. A more specifi c fl uorescent reagent (for use in fl uorescence microscopy) is DAPI, 
which binds selectively to DNA, giving characteristic changes in its emission spectra. (Note that this strong 
binding to DNA results, not surprisingly, in its being mutagenic.) 

  31.6.5.1   Sensors 

 Fluorescent sensors have been widely investigated for the detection of many types of compounds and a 
particularly fruitful fi eld is the selective detection of metal ions: for example, a series (Zinpyr) of zinc 
sensors, based on fl uorescein - containing attached chelating ligands, which can be used for quantitative 
determination of Zn or imaging of zinc - containing biological structures.  63           

  31.6.5.2   Scintillators 

 Scintillators for detection of ionizing radiation (usually beta) can be incorporated into plastic blocks, or 
used in solution for liquid scintillation counting for the determination of  3 H and  14 C. In the latter case, they 
are often used as a  ‘ scintillation cocktail ’   –  a mixture of an organic solvent, such as toluene, a primary 
scintillator (fl uor), such as PBD or PPO, and a wavelength shifter, such as POPOP. The majority of the 
radiation is absorbed by the solvent, which transfers the energy to the primary scintillator (fl uor), which 
then emits UV light. The function of the wavelength shifter is to absorb this UV light and re - emit at a more 
effi cient wavelength (blue) for a photomultiplier to convert into an electronic signal.         

  31.6.5.3   Optical Brighteners 

 These are added to paper, plastics and detergents to increase the  ‘ whiteness ’  by absorbing UV light and 
emitting blue light. Many optical brighteners are stilbene derivatives, but a number of heterocyclic ring 
types are also important, for example the oxazole and triazole derivatives shown below, 1,3,5 - triazines and 
coumarins.  64            
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  31.6.6   Electronic Applications   65    

 An important area where technology and heterocyclic chemistry combine is that of electroactive organic 
materials. The potential applications of these materials are based mainly on their properties as conductors 
and semiconductors. Here they have potential advantages over conventional metal conductors and inorganic 
semiconductors, being available in essentially unlimited quantities and free from problems (political, 
geographic and environmental) associated with the supply of (often rare) inorganic materials. They also 
have very desirable fabrication properties, such as fl exibility and the ability to build electronic circuits 
by printing. Although there has been a large amount of research and specialist applications, large - scale 
commercialisation has proved to be relatively slow, but still has great promise and is developing. 

 The mechanism of electronic conduction involves charge transfer through and between long or medium 
chains of conjugated molecules and/or  π  - stacked structures. A detailed discussion of the theory of conduc-
tion is beyond the scope of this book; this section is restricted to demonstrating the range of applications 
of heterocycles in this area. 

 The types of compound used in organic conductors cover a wide range of unsaturated molecules, 
such as poly(acetylene) and poly(aniline), but of particular signifi cance from the heterocyclic viewpoint 
are poly(pyrrole), poly -  and oligo(thiophene) and  π  - stacked structures derived from tetrathiafulvalenes. 
An advantage of using heterocycles is that a wide range of electron - rich, electron - poor and mixed 
systems can be easily prepared, allowing for tuning of the electronic and electrical properties of such 
materials. 

  31.6.6.1   Poly(pyrrole) and Poly(thiophene)   66    

 Pyrrole, thiophene and their derivatives can be oxidatively polymerised, either electrochemically or chemi-
cally, for example using iron(III) chloride, to give mainly 2,5 - coupled polymers. The initial neutral poly-
mers are non - conducting, but on further oxidation are converted partially into cation radicals or dications, 
with incorporation of counter ions from the reaction medium  –  a process known as  ‘ doping ’   –  giving 
conducting materials. Reductive doping is also possible in other systems.        

 The conducting and physical properties can be modifi ed by the use of 3 - /4 - substituents, or  N  - substituents 
in the case of pyrrole. The counter - ions can be incorporated into a side - chain (self - doping), as in the polymer 
of 3 - (thien - 3 - yl)propanesulfonic acid. Oligo(thiophenes) are also useful in these applications and have been 
specifi cally synthesised up to 27 units long by palladium(0) - catalysed couplings or  via  the diacetylene 
synthesis ( 17.12.1.1 ).  67   
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 A number of polythiophenes, such as the Clevios series and Plexcore are commercially available in 
quantity. Monomeric ethylenedioxythiophene can be polymerized  in situ  by Fe(III) salts.        

 In addition to the straightforward application of conductors and semi - conductors, there are some interest-
ing examples of other uses. Polymers derived from 3,4 - ethylenedioxythiophene are produced commercially 
as anti - static agents and substituted compounds have found particular application in electrochromic devices 
 –  substances that change colour on application of an electric current.  

  31.6.6.2   Tetrathiafulvalenes   68    

 These unusual heterocycles and their analogues, such as with selenium and tellurium replacing sulfur, have 
been intensively studied since the discovery that single crystals of TTF.TCNQ (tetrathiafulvalene.tetracya-
noquinodimethane) show electrical conductivity. The bis(ethylenedithio) analogue of TTF, usually known 
as BEDT - TTF, is particularly useful. Incidentally, the electron - donating ability of TTF allows its use as a 
radical initiator for diazonium salts.  69   

 Tetrathiafulvalenes can be prepared in a number of ways, for example  via  1,3 - dithiole - 2 - thione - 4,5 - 
dithiolate  70    –  the simple salts of this dianion are not very stable, but can be stored as a zinc complex, or as 
the dithiobenzoate  71   shown below.        

 Most chemical transformations of TTF are based on lithiations  –  even a tetralithio derivative is easily 
formed. Palladium(0) - catalysed couplings utilising trialkyltin derivatives can also be carried out without 
diffi culty.  72      
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 Heterocycles in Biochemistry; 
Heterocyclic Natural Products      

  32.1   Heterocyclic Amino Acids and Related Substances 
 There are four amino acids, amongst the 20 that make up proteins, that have an aromatic side - chain, and 
of these, two have a heteroaromatic side - chain  –  histidine, with an imidazole, and tryptophan, with an 
indole. Both of these are amongst the  ‘ essential amino acids ’ , i.e. they need to be part of the diet since they 
cannot be biosynthesised by human beings. Decarboxylation of histidine produces the hormone histamine. 
Proline is the only heterocyclic DNA - coded  α  - amino acid  –  it is based on pyrrolidine; hydroxyproline is 
an essential component of collagen, the fi brous structural protein that supports tissues and is the main 
component of cartilage.        

32

 Decarboxylated tryptophan is called tryptamine. The phenol, 5 - hydroxytryptamine (5 - HT or serotonin) 
and histamine are important neurotransmitters ( 33.2 ).  N  - Acetyl - 5 - methoxytryptamine, known as melatonin, 
is produced by the pineal gland, a pea - sized gland at the base of the brain. It is involved in controlling the 
natural daily cycle of hormone release in the body  –  the circadian rhythm. The secretion of melatonin is 
triggered by the dark and is suppressed by natural daylight, therefore controlling periods of sleepiness and 
wakefulness. Indol - 3 - ylacetic acid (IAA) is an auxin  –  a plant growth stimulant. Brassinin, isolated from 
turnips, is a phytoalexin  –  one of a group of compounds produced by plants as a defense mechanism against 
attack by microorganisms.        

 The ability of an imidazole ( 24.1.1.1  and  24.4.1 ) to act as both an acid ( N  - hydrogen) and a base (the 
imine nitrogen) is put to good use in the active sites of several enzymes in which the imidazole rings of 
appropriately placed histidines effectively  ‘ shuffl e ’  protons from one place to another. One example is the 
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digestive enzyme chymotrypsin, which brings about the hydrolysis of protein amide groups in the small 
intestine: the enzyme provides a  ‘ proton ’  at one site, while it accepts a  ‘ proton ’  at another, making use of 
the ambiphilic character of the imidazole ring to achieve this. Effectively, the imidazole activates a serine 
alcoholic hydroxyl by removing the proton as the oxygen attacks the amide bond. Subsequently, that same 
proton is delivered to the cleaving amide nitrogen as the tetrahedral intermediate breaks down.     

     The role of histidine in chymotrypsin hydrolysis of peptides  

  32.2   Enzyme Co - Factors; Heterocyclic Vitamins; Co - Enzymes   1    
 Many enzymes require a component, other than the protein portion, for their catalytic activity  –  a co - factor. 
If the co - factor is removed, the remaining protein (apoenzyme) has no catalytic activity. A co - factor that 
is fi rmly bound to the apoenzyme is termed a prosthetic group and most contain a metal centre. A co - factor 
that is bound loosely to the apoenzyme and can be readily separated from it is called a co - enzyme. Co -
 enzymes play a critical role in the catalysis. 

 Vitamins are substances essential for a healthy life; humans must ingest vitamins  via  their diet because 
there is no mechanism for their biosynthesis in the body. There are 14 vitamins  –  the name was coined 
when the fi rst vitamin chemically identifi ed (vitamin B 1  in 1910) turned out to be an amine  –  a  vit al  amin e. 
A typical vitamin is folic acid, a complex molecule in which the functionally important unit is the bicyclic 
pyrazino[2,3 -  d ]pyrimidine (pteridine) ring system, and its arylaminomethyl substituent. Folic acid is con-
verted in the body into tetrahydrofolic acid (FH 4 ) which is crucial in carrying one - carbon units, at various 
oxidation levels, for example in the biosynthesis of purines, and is mandatory for healthy development of 
the foetus during pregnancy. Other essential co - factors that contain pteridine units must and can be bio-
synthesised in humans  –  without them we cannot survive  –  and are incorporated into oxygen - transfer 
enzymes based on molybdenum, in which the metal is liganded by a complex ene - dithiolate.  
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       Several highly signifi cant vitamins are water - soluble and heterocyclic in nature and further, their utility 
in the co - enzymes into which they are incorporated, can only be understood on the basis of their intrinsic 
heterocyclic reactivity. We consider in detail fi rstly the two important pyridine - containing vitamins  –  
vitamin B 3  (niacin or nicotinamide) and vitamin B 6  (pyridoxine) and then the thiazole - containing thiamin 
(vitamin B 1 ). 

         32.2.1   Niacin (Vitamin  B  3 ) and Nicotinamide Adenine Dinucleotide Phosphate ( NADP  + ) 

 Nicotinamide adenine dinucleotide phosphate (NADP + ) is a large complicated co - enzyme, but the signifi -
cant part for its role in oxidation/reduction processes is the pyridinium ring  –  to understand the mechanism 
one can think of it as simply an  N  - alkyl pyridinium salt of nicotinamide. The positively charged nitrogen 
acts as an electron sink and allows this co - enzyme to accept two electrons and a proton, i.e. effectively, 
hydride. In line with typical pyridinium reactivity ( 8.12 ) the hydride adds at a  γ  - position, thus pro-
ducing a 1,4 - dihydropyridine (NADPH), the process being feasible because NADPH is a stabilised 1,4 - 
dihydropyridine in which the ring nitrogen is conjugated to the carbonyl of the 3 - substitutent (cf. Hantzsch 
synthesis products,  8.14.1.2 ). In the reverse sense, NADPH is a vital reducing agent in biosynthesis  –  it is 
nature ’ s sodium borohydride. The rationale for the reverse process is the regain of aromaticity in the co -
 enzyme product  –  a pyridinium ion.     

     The role of a pyridinium ion and a 1,4 - dihydropyridine 

in enzyme - catalysed oxidation and reduction processes  

  32.2.2   Pyridoxine (Vitamin  B  6 ) and Pyridoxal Phosphate ( PLP ) 

 The vitamin is transformed into pyridoxal phosphate (PLP), which, as a pyridine, is basic at the ring nitro-
gen, and in the active form, is  N  - protonated. Enzymes containing PLP have various functions, all connected 
with amino acids. Amongst other activities, PLP - containing enzymes can: (i) effect transfer of an amino 
group from an  α  - amino acid to an  α  - keto acid; (ii) bring about decarboxylation of an  α  - amino acid or 
(iii) bring about de - amination of an  α  - amino acid. In each case, the chemistry of the process depends criti-
cally on the intrinsic reactivity of a pyridinium salt. The scheme shows decarboxylation of an  α  - amino 
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acid: condensation of the pyridine - 4 - aldehyde with the amino group generates an imine, stabilised by 
hydrogen bonding with the adjacent phenolic hydroxyl group. The decarboxylation is promoted by the fl ow 
of electrons from the breaking C – C bond through to the positively charged pyridine nitrogen, generating 
an extensively conjugated enamine/imine system, which regains the aromaticity of the pyridine ring by 
 C  - protonation. Finally, a standard hydrolysis of the new imine link produces the amine corresponding to 
the original amino acid, together with the regenerated co - enzyme.     

  32.2.3   Ribofl avin (Vitamin  B  2 ) 

 Ribofl avin is incorporated into another complex co - enzyme, fl avin adenine dinucleotide (FAD). This is 
involved in enzyme - catalysed reductions of carbon – carbon double bonds, and the reverse. By accepting 
two hydrogens, the co - enzyme is converted into a dihydro derivative (FADH 2 ), the driving force for this 
being the relief of the unfavoured interaction between the polarised, opposed C = N bonds.         

     The role of a pyridinium - 4 - aldehyde in enzyme - catalysed amino acid decarboxylation  

  32.2.4   Thiamin (Vitamin  B  1 ) and Thiamine Pyrophosphate 

 Thiamin pyrophosphate acts as a coenzyme in several biochemical processes and, in each case, its mode 
of action depends on the intermediacy of a C - 2 - deprotonated species  –  an ylide ( 24.1.2.1  and  24.10 ). 
For example, in the later stages of alcoholic fermentation, which converts glucose into ethanol and 
carbon dioxide, the enzyme pyruvate decarboxylase catalyses the conversion of pyruvate into ethanal 
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(acetaldehyde) and carbon dioxide, the former then being converted into ethanol by the enzyme alcohol 
dehydrogenase. Thiamin pyrophosphate, in the form of its ylide, adds to the ketonic carbonyl group of 
pyruvate; this is followed by loss of carbon dioxide then the release of ethanal by expulsion of the original 
ylide as a leaving group, to continue the cycle.    

     The role of a thiazolium ylide in the enzyme - catalysed decarboxylation of pyruvate  

 Aromatic thiophenes play no part in animal metabolism, however aromatic thiophenes do occur in some 
plants, in association with polyacetylenes with which they are biogenetically linked. Biotin (vitamin H), is 
a tetrahydrothiophene. 

 After the identifi cation of the 13th vitamin, vitamin B 12 , in 1948, there was a gap of 55 years before the 
14th, a pyrroloquinoline quinone (PQQ), previously known and named methoxatin as a redox enzyme co -
 factor in bacteria, was shown, in 2003, to be a human dietary requirement.          

  32.3   Porphobilinogen and the  ‘ Pigments of Life ’  
 Ultimately, all life on Earth depends on the incorporation of atmospheric carbon dioxide into carbohydrates. 
The energy for this highly endergonic process is sunlight, and the whole is called photosynthesis. The very 
fi rst step in the complex sequence is the absorption of a photon by pigments, of which the most important 
in multicellular plants is the green pigment chlorophyll  a . This photonic energy is then used chemically to 
achieve a crucial carbon – carbon bonding reaction to carbon dioxide, in which ultimately oxygen is liber-
ated. Thus, formation of the by - product of this process, molecular oxygen, allowed the evolution of aerobic 
organisms, of which man is one.        
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 Haemoglobin is the agent that carries oxygen from lung to tissue in the arterial bloodstream in mammals; 
it is made up of the protein globin associated with a prosthetic group, the red pigment haem (heme). The 
very close structural similarity of haem with chlorophyll is striking, strongly suggesting a common evolu-
tionary origin. In oxygenated haemoglobin, the iron is six - coordinate iron(II) with a ring nitrogen of a 
protein histidine residue as ligand on one side of the plane of the macrocycle, and on the other, molecular 
oxygen. Haem without the ferrous iron is called protoporphyrin IX and the unsubstituted macrocycle is 
called porphyrin. Haem is also the active site of the cytochromes, which are enzymes concerned with 
electron transfer. Another porphobilinogen - derived system is vitamin B 12 , which is involved in the metabo-
lism of all cells in the body.        

 All the tetrapyrrole pigments are biosynthesised by the combination of four molecules of porphobilinogen 
(PBG), this in turn is made from 5 - aminolevulinic acid (H 2 NCH 2 CO(CH 2 ) 2 CO 2 H), and this from glycine 
and succinic acid. There are complexities late in the tetramerisation sequence that we do not go into here, 
but the essence of the process can be easily understood on the basis of simple pyrrole chemistry: the fi rst 
step is typical. Protonation of the amino group of PBG converts it into a leaving group, generating an 
electrophilic azafulvene, (cf.  16.11 ) for attachment  via  a nucleophilic atom, X, on the enzyme. This fi rst 
enzyme - bound pyrrole now undergoes electrophilic substitution, as is typical for pyrroles, at an  α  - position 
(Chapter  15 ), the electrophile being a second azafulvenium ion.    
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 Catabolism of haemoglobin leads to the yellow bilirubin, which is excreted as a diglucuronide (to solu-
bilise it). The catabolic sequence is complex and malfunction can occur at several stages. For example, 
liver disease can be diagnosed by measurements of bilirubin levels in blood, which rise with defective 
operation. Bilirubin is responsible for the yellow colour of bruises and the yellow discolouration in 
jaundice.         

     The fi rst steps in the biosynthesis of porphyrins from porphobilinogen (PBG)  

  32.4   Ribonucleic Acid ( RNA ) and Deoxyribonucleic Acid ( DNA ); Genetic Information; 

Purines and Pyrimidines 
 Nucleic acids  2   are high molecular weight, mixed polymers of mononucleotides, in which chains are formed 
by monophosphate links between the 5 ′  - position of one nucleoside and the 3 ′  - position of the next.  3   They 
occur in every living cell. The polymer is known as  r ibo n ucleic  a cid (RNA) when the sugar is ribose, and 
 d eoxyribo n ucleic  a cid (DNA) when the sugar is 2 - deoxyribose. Deoxyribonucleic acid (DNA), the carrier 
of all genetic information, consists of two intertwining helices. Each intertwining strand has a backbone, 
on the outside, consisting of alternating ribose and dialkyl phosphate units. From each ribose, protruding 
inwards, there is one of four heterocyclic bases: two purines, adenine (A) and guanine (G), and two pyrimi-
dines, thymine (T) and cytosine (C), linked from C - 1 of the ribose to N - 1 of the pyrimidine bases or N - 9 
of the purine bases. The close association of the two strands is based on very specifi c hydrogen bonding 
between an A residue of one strand and a T residue in the precisely opposite section of the other strand, 
and between a C residue on one strand and a G residue on the other. This pairing is absolutely specifi c: 
adenine cannot form multiple hydrogen bonds with guanine or cytosine, and cytosine cannot form multiple 
hydrogen bonds with thymine or adenine. It is the  sequence of the bases  along the chain that carries the 
information  –  particular sets of three bases code for a particular amino acid  –  the genetic information content 
comes down simply to two sets of hydrogen bonds! The hydrogen bonding serves, not only to hold the two 
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strands together,  but also  to transfer information, since, when the two strands separate, each strand acts as 
a template to form a new strand through the specifi c AT and CG base pairings, of DNA  or  of RNA (ribo-
nucleic acid). The information in messenger RNA (mRNA) thus produced is translated into protein.        

 In order to understand the specifi c hydrogen bonding that is the genetic basis of all life, we need to recall 
the tautomeric forms that six - membered nitrogen heterocyles with amino and hydroxy substituents adopt:  4   
the amino - heterocycles  exist as amino tautomers ; the heterocycles with a potential hydroxyl  α  or  γ  to the 
nitrogen  exist in the carbonyl tautomeric form . These two preferences are illustrated in the structures for 
the four DNA bases shown above. Only when this propensity is recalled can the hydrogen bonding interac-
tions be understood. Ring imine nitrogens and carbonyl oxygens are hydrogen - bond acceptors and N - 
hydrogens are donors.    

     The only effective hydrogen bonding pairings in DNA: adenine/thymine (AT) and guanine/cytosine (GC)  

 There is another purine derivative of crucial biochemical importance  –  adenosine triphosphate (ATP). 
This substance is a carrier of energy, for when a phosphate link is broken, a large amount of energy is 
released. Note some trivial nomenclature: the moieties produced by linking one of the heterocyclic 
bases to a ribose or 2 ′  - deoxyribose sugar, are known as  ‘ nucleosides ’  (e.g. adenosine, guanosine, cytidine, 
thymidine). A  ‘ nucleotide ’  is a 5 ′  - phosphate (or di -  or tri - phosphate) of a nucleoside  –  ATP is a 
nucleotide.               
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 Caffeine (1,3,7 - trimethylxanthine) is the well - known stimulant present in tea and coffee. Uric acid, the 
end product of nucleic acid catabolism in humans, birds and reptiles (uric acid was one of the fi rst hetero-
cyclic compounds to be isolated as a pure substance, by the Swedish chemist Carl Scheele in 1776) is 
formed by the action of the enzyme xanthine oxidase. In cases of excess uric acid, deposition of crystals 
of uric acid can occur, leading to the joint pain known as gout, usually initially in the big toe and usually 
in males.         

  32.5   Heterocyclic Natural Products 
 In addition to substances involved in primary metabolism, there are a whole host of compounds that are 
termed secondary metabolites, the isolation and structural determination of which formed the major part 
of early science of organic chemistry. Many such substances are heterocyclic and we give here just a small 
selection to illustrate the enormous range and variety of structures produced by living organisms, often 
with no obvious purpose or benefi t to the organism! Many such substances do have very considerable 
biological effects on mammals, notably on man, and plant extracts containing them were used in ancient 
medicine. 

  32.5.1   Alkaloids   5    

 Plants of many genera produce compounds called alkaloids (alkali - like), and indeed all the thousands of 
known alkaloids contain nitrogen, by defi nition, and most are basic, and many are also toxic. Nicotine, a 
structurally simple example of an alkaloid, is a highly toxic substance, and is the major active component 
in tobacco ( Nicotiana  sp.), and amongst the most addictive drugs  –  an extraordinary contrast to the vital 
role in life played by nicotinic acid amide ( 32.2.1 ). Coniine, the active ingredient of hemlock ( Conium 

maculatum ), is another structurally simple example.        
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 Much more complex are the thousands of alkaloids that include an indole (or 2,3 - dihydroindole) sub - unit  6   
and in each of these one can discern the tryptamine unit of the biosynthetic precursor tryptophan: strychnine 
( 33.3.2 ) ( Strychnos nux vomica ), vincristine ( 33.7 ) ( Catharanthus roseus ), and the antipsychotic and anti-
hypertensive reserpine ( Rauwolfi a serpentina ) are examples. A group of amides of lysergic acid, for 
example, ergotamine, occur in ergot fungi (e.g.  Claviceps purpurea ), the remainder of the molecule com-
prising proline, phenylalanine and alanine units. Lysergic acid diethylamide is the notorious LSD. 

 Aromatic indolizines ( 28.1 ) are very rare in nature, but the fully reduced (indolizidine) nucleus is wide-
spread in alkaloids, of which swainsonine is a typical example. There are many saturated or partially satu-
rated pyrrolizidine alkaloids; senecionine is an example.        

 The quinolizinium ion ( 28.3 ) occurs naturally only rarely, for example as a fused ylide in the alkaloid 
sempervirine, however there are hundreds of indole alkaloids that contain the same tetracyclic system, but 
with the quinolizine at an octahydro level, as exemplifi ed above (reserpine). In addition, many simpler 
quinolizidine alkaloids, such as lupinine, are known.        

 There are also many alkaloids based on isoquinoline, but fewer on quinoline nuclei: papaverine and 
morphine from the opium poppy ( Papaver somniferum ) and quinine ( Cinchona offi cinalis ) are typical.         
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  32.5.2   Marine Heterocycles 

 Investigation of animals from the marine environment has thrown up an intriguing variety of poly - 
heterocyclic products (sometimes called sea alkaloids): fi ve representatives are variolin B  7   (sponge, 
 Kirkpatrickia varialosa ), lamellarin B  8   (mollusc,  Lamellaria  sp.), ascididemine  9   (tunicate,  Didemnum  sp.), 
wakayin  10   (ascidian,  Clavelina  sp.) and dendrodoine  11   (tunicate,  Dendroda grossular ), a rare natural 
example of a multi - heteroatom compound.               

 The development of synthetic routes to such systems has prompted new thinking in the construction of 
poly - heterocyclic systems, as a preamble to the preparation of synthetic analogues of these  ‘ lead com-
pounds ’ , for biological evaluation.  

  32.5.3   Halogenated Heterocycles 

 Halogenated natural products occur in land organisms, but are especially prevalent in the marine environ-
ment, yielding a multitude of structural types and many of these are heterocyclic. Given the typical 
susceptibility of pyrroles and indoles to electrophilic substitution, it is not surprising that biohalogen-
ation in the sea produces substances ranging from tetrabromopyrrole, hexabromo - 2,2 ′  - bipyrrole, to  N  -
 methyldibromoisophakellin and, amongst the halogenated indoles, from 4,7 - dibromo - 2,3 - dichloroindole to 
hinckdentine A and chartelline A (tryptamine residue in red).  12                  
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  32.5.4   Macrocycles Containing Oxazoles and Thiazoles 

 An extraordinary group of natural products, often again from the marine environment, having oxazole and/
or thiazole rings, often macrocyclic, are derived from biosynthetic cyclisation of precursor  α  - amino 
acid units in a small peptide chain, and include substances such as ulapualide A  13   (nudibranch,  Hexabran-

chus sanguineus ), telomestatin  14   ( Streptomyces anulatus ), and diazonamide A  15   (ascidian,  Diazona 

chinensis ).                

  32.5.5   Other Nitrogen - Containing Natural Products 

 The pyrazine ring system is found in the fungal metabolite aspergillic acid and in dihydro form in the 
luciferins of several beetles, including the fi refl y,  Cypridina hilgendorfi i , and is responsible for the chemi-
luminescence  16   of this ostracod. Quite simple methoxy - pyrazines are very important components of the 
aromas of many fruits and vegetables, such as peas and capsicum peppers, and also of wines.  17   Although 
present in very small amounts, they are extremely odorous and can be detected at concentrations as low as 
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0.00001   ppm. Related pyrazines, probably formed by the pyrolysis of amino acids during the process of 
cooking, are also important in the aroma of roasted meats. Several polyalkyl pyrazines are insect pheremo-
nes, for example 2 - ethyl - 3,6 - dimethylpyrazine is the major component of the trail pheremone of the South 
American leaf - cutting ant.        

 Some fungal metabolites from  Streptomyces  species include the quaternary salt pyridazinomycin. Divi-
cine, present as a glucoside in broad beans and related plants, is the toxic agent responsible for  ‘ favism ’ , 
a serious hemolytic reaction in genetically susceptible people (of Mediterranean origin).         

  32.5.6   Anthocyanins and Flavones 

 There certainly is a biological role for the anthocyanidins and natural fl avones, which, grouped together, 
are known as the fl avonoids.  18   These occur in fl ower pigments  –  as attractants for pollinating insects. The 
anthocyanidins are polyhydroxyfl avylium salts and occur in a large proportion of the red to blue fl ower 
pigments and in fruit skins, for example grapes and therefore in red wines made therefrom.  19   Anthocyani-
dins are generally bound to sugars, and these glycosides are known as anthocyanins.  20   As an example, 
cyanin (isolated as its chloride) is an anthocyanin that occurs in the petals of the red rose ( Rosa gallica ), 
the poppy ( Papaver rhoeas ) and very many other fl owers. Another example is malvin chloride, which has 
been isolated from many species, including  Primula viscosa , a mauvy - red alpine primula.        

 In the living cell these compounds exist in more complex bound forms, interacting with other molecules, 
for example fl avones,  21,22   and the actual observed colour depends on these interactions.  23   However, it is 
interesting that even  in vitro , simple pH changes bring about extreme changes in the electronic absorption 
of these molecules. For example cyanidin is red in acidic solution, violet at intermediate pH and blue in 
weakly alkaline solution, the deep colours being the result of extensive resonance delocalisation in each of 
the structures.        
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 The naturally occurring fl avones are yellow and are very widely distributed in plants. They accumulate 
in almost any part of a plant, from the roots to the fl ower petals. Unlike the anthocyanins, which are too 
reactive and short - lived, the much more stable fl avones have, from time immemorial, been used as dyes, 
for they impart various shades of yellow to wool. As an example, the inner bark of one of the North 
American oaks,  Quercus velutina , was a commercial material known as quercitron bark and much used in 
dyeing: it contains quercetrin. The corresponding aglycone, quercetin, is one of the most widely occurring 
fl avones, found, for example, in  Chrysanthemum  and  Rhododendron  species, horse chestnuts, lemons, 
onions and hops.        

 Coumarin  24   has the sweet scent of newly mown hay, and is used in perfumes. The offi cial birthdate of 
the synthetic fragrance industry is held to be  25   the discovery of a synthetic route to coumarin by W. H. 
Perkin in 1868  26   using the reaction we now call the Perkin condensation ( 12.3.2.2 ). 

 Benzofuran occurs in a range of plant -  and microbial - derived natural products, ranging in complexity 
from 5 - methoxybenzofuran, through the orange  ‘ aurones ’ , a group of plant pigments isomeric with co -
 occurring fl avones ( 12.2 ), to griseofulvin, from  Penicillium griseofulvum , used in medicine as an antifungal 
agent. 
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 Heterocycles in Medicine     

     The drugs used in human medicine  1   cover the whole range of chemical structure types, but a majority are 
heterocyclic small molecules or have heterocyclic structural components. Heterocyclic alkaloids were the 
active ingredients in many natural remedies before the development of modern chemistry and some are 
still used today, for example morphine derivatives. Rather than using complex systematic names, drugs are 
given  ‘ trivial ’  generic names and drugs acting on the same pharmacological basis often have related names, 
particularly by the word ending, for example ondansetron and granisetron (see  33.4.3 ), losartan and can-
desartan ( 33.4.5 ). The manufacturer will also give a proprietary (trade) name to a drug, which is treated as 
a proper noun and capitalised. In this chapter, we give fi rst the generic name with, where appropriate, the 
proprietary name in parenthesis. Note that proprietary names may be different in different countries. 

 In this book we are concerned with heterocycles and so the coverage in what follows does not necessarily 
refl ect the relative medical importance of different areas. Complete coverage of all areas of signifi cance is 
obviously impossible, but the aim is to give an appreciation of the wide - ranging importance of heterocycles 
in medicine. Although heterocycles occur in drugs for all areas, they are particularly prominent, for obvious 
reasons, for systems involving the heterocyclic neurotransmitters. 

 Of the top 10 best - selling (prescription) drugs by value in the year June 2006  –  June 2007, seven were 
(small molecule) heterocycles:  2   atorvastatin (Lipitor; $13.5bn; a statin for cholesterol reduction); esome-
prazole (Nexium; $6.9bn; a proton - pump inhibitor for reduction of gastric acid); clopidogrel (Plavix; 
$5.8bn; an anti - platelet agent to prevent blood clots); olenzapine (Zyprexa; $4.9bn; an anti - schizophrenic); 
risperidone (Risperdal; $4.8bn; an anti - schizophrenic); amlodipine (Norvasc; $4.5bn; an anti - hypertensive 
agent); quetiapine (Seroquel; $4.2bn; for treatment of schizophrenia and bipolar disorder). Of the three 
remaining compounds, two were biomolecules  –  modifi ed polypeptides: carbepoetin (Arancep; $5.1bn) and 
etanercept (Enbrel; $4.9bn) and the remaining one  –  seretide (Advair; $6.7bn; an anti - asthmatic)  –  is the 
only non - heterocyclic, small - molecule - based drug of the 10, a mixture of a steroid with a beta stimulant. 
Note, however, that these are not the best - selling drugs by volume  –  those include over - the - counter (OTC) 
drugs such as aspirin and paracetamol, which are available in supermarkets for very low prices (of which 
a good proportion is for the packaging!).                       

33
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  33.1   Mechanisms of Drug Actions   3    
 Drugs exert their effects by a number of mechanisms, the most important being the following. 

  33.1.1   Mimicking or Opposing the Effects of Physiological Hormones or Neurotransmitters 

 Compounds that mimic the effect of the natural agent are known as  agonists ; those that oppose are known 
as  antagonists . These drugs act by binding at a  receptor   –  the site where the natural physiological agent 
binds. This receptor is usually a specifi c domain of a protein molecule comprising part of a cell. Agonists 
activate the receptor and antagonists block it. Sometimes the word  ‘ blocker ’  is used in reference to antago-
nists, as in  ‘ beta - blocker ’ . There are variants on these simple defi nitions, for example  partial agonists  that 
cannot achieve the same maximum effect as full agonists, but can still compete with them for receptor 
binding, therefore acting partly as antagonists.  2    

  33.1.2   Interaction with Enzymes 

 Interaction with enzymes usually involves inhibition, but enzyme induction also has its uses, or can occur 
unintentionally. Interactions generally occur by binding at the  active site  of the enzyme (where the substrate 
binds), in a very similar manner to receptor binding  –  the comments below, concerning receptors, can 
equally apply to enzyme interactions with drugs.  

  33.1.3   Physical Binding with, or Chemically Modifying, Natural Macromolecules 

 Physical binding with, or chemically modifying, natural macromolecules such as DNA and RNA, can 
involve either direct interaction or the incorporation of synthetic analogues of structural components (e.g. 
one of the heterocyclic bases) into the polymer. 

 Binding at the receptor may be  competitive  (i.e. the drug is in equilibrium/exchange with the natural 
agent) or it may be  non - competitive   –  fi rmly bound with no exchange. 

 Receptors usually exist as a number of sub - types, often with further sub - divisions, which mediate dif-
ferent physiological effects by interaction with the single natural agent. The key to a successful drug very 
often depends on devising a molecule that has a selective interaction with just one sub - type. 

 Sometimes, binding at a site other than the normal receptor ( allosteric binding ) is the mechanism of 
action  –  the remote binding alters the shape of the protein as a whole and hence infl uences the receptor. 
Binding/action at the receptor is often only the start of a complex cascade of actions within the cell. 



Heterocycles in Medicine 647

 The mechanisms of binding to the receptor can be essentially physical (H - bonding or attractions  via  ionic 
or Van der Waals forces, etc.), with several points of interaction, or it may be covalent (e.g.  N  - alkylation 
or  O  - acylation), which is often irreversible.   

  33.2   The Neurotransmitters 
 The nervous system is made up of two parts: the  central nervous system  (CNS) and the  peripheral nervous 

system . The former operates in the brain and spinal cord and the latter in the rest of the body. 
 The CNS and the peripheral nervous systems are separated by the blood – brain barrier, which stands 

between the bloodstream and the brain tissue  –  it is essentially the walls of the brain ’ s blood vessels, which 
are different from those in the periphery. A complex combination of physical factors, such as lipophilicity/
polarity, molecular weight and active transport systems determines the ability of molecules to cross the 
blood – brain barrier and thus gain access to the CNS. The consideration as to whether a drug can or cannot 
reach the brain is always an important design consideration  –  drugs acting on the CNS obviously need to 
reach it, but for peripherally acting drugs, the opposite is required  –  keeping them out may be essential to 
avoid side - effects. 

 The conduction of signals along nerves is dependent on the release of neurotransmitters at synapses. 
 Some of the major neurotransmitters are heterocyclic (histamine, 5 - hydroxytryptamine), others are not 

heterocyclic (catecholamines: adrenaline, noradrenaline, dopamine; acetylcholine). These neurotransmitters 
are present in both the peripheral and central systems, although dopamine acts mainly in the latter. The 
CNS also has other neurotransmitters, including the amino acids glycine, glutamic acid and gamma - 
aminobutyric acid (GABA).               

 Some receptors are named after the natural agent, e.g. histamine and 5HT, but others after natural prod-
ucts, the interactions with which were the only means of characterisation before the structures of the true 
transmitters were known, e.g. opioid after opium (morphine)  –  the natural ligands here are peptides 
(enkephalins and endorphins); cannabinoid after cannabis  –  the natural ligands are amides of arachadonic 
acid.  

  33.3   Drug Discovery and Development 
  33.3.1   Stages in the Life of a Drug 

    1.     Discovery: fi nding a series of potential candidates.  
  2.     Optimisation: fi nding the best biological candidate(s) on the basis of safety and effectiveness.  
  3.     Chemical development: fi nding a suitable medium - scale synthesis (maybe 1 kg) for initial clinical trials 

and later a large - scale synthesis for production.  
  4.     Clinical trials (several stages): initially, proof of the biological concept and fi nally demonstration of 

clinical effectiveness and safety in a substantial number of patients.  
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  5.     Approval by the regulatory authorities, such as the US Food and Drug Administration (FDA) and the 
European Medicines Agency (EMEA), as having clinical advantages over current treatments and a suit-
able safety profi le.  

  6.     Release for marketing, with appropriate post - marketing surveillance to detect low - level and unexpected 
side - effects.  

  7.      ‘ Me - too ’  competition: competitor companies try to develop related compounds, not covered by the 
original patents, that may have a suffi ciently improved profi le to allow approval by the regulatory 
authorities.  

  8.     Expiry of patent: generic free - for - all: anyone free to make and market the compound, although processes 
may be protected by the original inventor company.  

  9.     Over - the - counter (OTC): Certain drugs, for example sumatriptan, ranitidine, omeprazole and various 
anti - histamines, after extensive usage under prescription, showing a low incidence of side - effects, may 
be approved for  ‘ over - the - counter ’  sales without a doctor ’ s prescription. These are generic drugs, but 
the original proprietary brand names are still owned by the inventing company and may still be preferred 
by some customers.    

  33.3.1.1   Me - too drugs 

 This stage of drug  ‘ development ’  starts as soon as the identity of the lead drug has been disclosed. It 
involves competitor companies investigating related molecules that are not covered by the inventor ’ s patent, 
in the hope that they will have advantages over the original. Although cynics regard this as simply a money -
 making exercise, which is true to some degree, it has played an important role in optimising particular 
classes of drug and is actually an important stage of development. It often happens that apparently similar 
compounds have different side - effect profi les. Thus the existence of competitor drugs allows the eventual 
emergence of the best, and of alternatives when the original drug shows unacceptable levels of side - effects 
a signifi cant length of time after release, as has often occurred. 

 In the absence of  ‘ me - too ’  drugs, there would be many fewer therapeutic options available.  

  33.3.1.2   Orphan Drugs 

 Research and development is very expensive, particularly as the majority of drugs in development fail to 
reach the market place, and requires suffi cient income from sales of successful drugs to fund it. However, 
some diseases have such a low incidence that income from potential sales of drugs developed under the 
standard scheme cannot cover these enormous costs. Here, the regulatory authorities may grant orphan drug 
status, which allows a less onerous version of the approval process. Safety is still checked rigorously, but 
larger - scale trials are waived, not least because there may not be enough patients available. The manufac-
turers are also given fi nancial incentives.  

  33.3.1.3   Prodrugs 

 A number of drugs, for example proguanil ( 33.6.1 ) and omeprazole ( 33.4.1 ), are not active in their own 
right, but undergo activation  in vivo . Sometimes, however, an active drug is deliberately converted into 
a protected, possibly inactive, form  –  a prodrug (esters are quite common), so as to give better absorption 
or protection from breakdown, for example in the stomach. It does, of course, require a mechanism for 
re - activation, possibly an enzymatic conversion, at the site of action.  

  33.3.1.4   Pharmacogenetics 

 It has always been known that in any group of patients there will be responders and non - responders to 
many drugs, and that there are differences in susceptibilities to side - effects. If a drug is only effective in a 
sub - population of patients, the benefi ts for this minority may be lost during statistical analysis if the (non -
 targeted) trials have involved the general population. Genetic variations can be very important in this respect 
and genetic targeting is a current  ‘ hot ’  topic.  
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  33.3.1.5   Risk – Benefi t 

 No medicine is perfect; all have side - effects. Some side - effects, because they are relatively uncommon, 
will not become statistically signifi cant until a large number of patients have been treated, and are therefore 
not apparent until after general release. There is always a risk to be balanced with a benefi t, higher risks 
(side - effects up to possible death) being acceptable, the more serious and less treatable the target disease 
is. This is inevitable and must be accepted by the informed patient as part of the  ‘ deal ’ .   

  33.3.2   Drug Discovery 

 A traditional logical approach to drug design involves synthesis of compounds that are structurally similar 
to the natural agent, with alterations of substituents or variations in the electronic nature or precise shape 
of any aromatic rings (a key asset of heterocycles!). Modifi cations using heterocycles can also be used to 
give favourable physical properties, for example replacing a benzene ring by a pyridine ring may improve 
aqueous solubility, or other variations may be used to facilitate or prevent access to the CNS. 

 A surprising number of drugs bear only a tenuous (or no!) structural similarity to the natural agent/ 
transmitter. An excellent illustration is the well - known indole alkaloid strychnine, which is a competitive 
antagonist of the CNS neurotransmitter glycine.        

 Other routes to drug discovery include screening of compounds ( ‘ natural products ’ ) from natural sources 
that may have been reported (but not necessarily  –  random screening of these natural compounds is more 
frequently used) in folklore to have medicinal properties, fortuitous discovery of unexpected activity in a 
compound being investigated in other areas (Viagra is a prime example) and the crude but reasonably 
effective method of screening large numbers of random compounds synthesised by combinatorial chemis-
try. This last method is very popular at present, as it is amenable to automation, as is much biological 
testing. 

 When a  lead compound  has been obtained by any of these methods, more rational optimisation is 
carried out.  

  33.3.3   Chemical Development 

 ( NOTE : The active compound may be referred to as the API (active pharmaceutical ingredient) or DS 
(drug substance). This is formulated with various additives into the fi nal medicine.) 

 One key to commercialising a drug is a good chemical synthesis, which is highly reproducible, both in 
chemistry and product purity. It must also be produced to a target price that varies greatly depending on a 
number of factors, including potency i.e. it relates to the amount of the chemical substance used in the fi nal 
formulation (tablets etc). Most of the total cost is in discovery, development and testing rather than manu-
facture. The cost of production of the API is a relatively minor part of the fi nal cost, but still substantial, 
so production costs are controlled, requiring a synthetic route that must be as effi cient and cheap as 
possible. 

 This is the most demanding area for the chemist. The requirements for scale - up and production are very 
different from those in medicinal chemistry/discovery and need a very different approach to chemistry. 
Yields for steps in a process are very frequently increased dramatically by intensive process research  –  
improving literature reactions with reported yields of 20 – 30% up to a usable 80 – 90% is not uncommon. 
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The number of steps in the synthesis is a major determinant of cost. Standard preliminary targets are for 
90% hplc yields in each stage, with purifi cation by (usually) crystallisation; chromatographic purifi cation 
on a production scale, which may be in ton quantities, is very rare. 

 A crucial aspect is the quality of the fi nal product, with very rigorous criteria for reproducible levels of 
purity and of levels of potentially toxic trace impurities, particularly metals. All impurities down to ca. 
0.1% must be identifi ed and possibly reference samples of the impurities synthesised, which often provides 
another interesting challenge for the chemist. Some metal derivatives, such as organotin compounds and 
mercury must be at essentially undetectable levels; others, such as palladium, may be acceptable at very 
low levels, depending on dose. These requirements can greatly restrict the synthetic chemistry available 
for the production route  –  many elegant and ingenious reactions found, for example, in this book, though 
suitable for general synthesis and preliminary phases of drug discovery, may be of no use for production 
due to residues of reagents in the fi nal product. A very clean synthesis from a chemical point of view could 
have 0.1% of a heavy - metal impurity, but this corresponds to 1000   ppm for something that may only be 
allowed at 10   ppm or less in a drug. 

 Minimisation of environmental impact must also be considered  –  there are legal constraints on effl uents 
of various types, as well as costs of disposal. These factors must therefore be taken into account when 
considering the production synthesis of a drug.  

  33.3.4   Good Manufacturing Practice ( GMP ) 

 (The term  ‘ cGMP ’  ( ‘ current good manufacturing practice ’ ), found in some publications, can be even more 
confusing for chemists for whom GMP can mean guanosine monophosphate and cGMP, cyclic guanosine 
monophosphate!) 

 GMP is the enforcement of rigorous control of purity and consistency of the production of any substance 
that is to be administered to a human. It is designed to avoid human error that could lead to contamination 
of the fi nal product. It does not apply to process  research , but does when any process on any scale is used 
for the preparation of any batch of drug for clinical use. It is the responsibility of the manufacturer, under 
potential scrutiny from the regulatory authorities, and adds dramatically to the cost of the process, particu-
larly at the small - scale early stages.   

  33.4   Heterocyclic Drugs   4,5    
 For convenience, the following sections are grouped, where possible but with fl exibility, according to the 
natural neurotransmitter or enzyme to which the drugs relate and may include central and peripheral actions. 
A separate section on CNS - specifi c drugs with more complex mechanisms is included later. Later major 
sections, for example infection and cancer, are, of necessity, related to disease areas. 

  33.4.1   Histamine 

 Four histamine receptors have been identifi ed, but two  –  H 3  and H 4   –  have no clinical relevance at 
present. 

 Histamine, acting at the H 1  receptor, is mainly known for producing allergic responses, for example hay 
fever and skin reactions, such as urticaria ( ‘ nettle rash ’ ). Antagonists of this receptor, which suppress these 
actions of histamine, are well known to the layman, under the loose description  ‘ anti - histamines ’ , as hay 
fever remedies. 

 Typical H 1  antagonists are not particularly structurally reminiscent of histamine! Early compounds often 
had side - effects caused by actions at other receptors such as that for acetylcholine, but their main drawback 
is antagonism of H 1  receptors in the CNS, leading to drowsiness. Promethazine (Phenergan) has such strong 



Heterocycles in Medicine 651

 The H 2  receptor is part of a complex system within parietal cells, involved in mediating release of acid 
into the stomach. Although this is an essential part of digestion, excessive amounts of acid can lead to 
simple indigestion, but can also cause or aggravate the more serious medical problem of peptic ulcers. The 
development, in the 1970s, of selective H 2  antagonists that inhibit the release of gastric acid was a major 
advance in medicine, as they are very effective in treating ulcers, are very safe, and have almost eliminated 
the need for surgery for this illness. They were an enormous fi nancial success because of this. The fi rst 
compound developed was cimetidine (Tagamet), which is closely related, structurally, to histamine and as 
such, a more  ‘ logically ’  designed compound than the H 1  antagonists. Other H 2  antagonists, particularly 
ranitidine (Zantac) followed, which had an even more favourable side - effect profi le. The dimethylamino-
furan unit in ranitidine can be visualised as replacing the imidazole ring at the receptor. A closer imidazole 
substitute is the thiazole ring found in famotidine (Pepcid).        

 Another type of antacid is the  proton - pump inhibitor . As mentioned above, H 2  receptors initiate a 
complex cascade within a cell resulting in the production of gastric acid, but the actual fi nal release of the 
acid from the cell is  via  an enzyme  –  H + ,K +  - ATPase, the  ‘ proton pump ’   –  which exchanges protons from 
inside the cell with potassium ions outside. Omeprazole (Losec) was designed to inactivate this enzyme 
and is even more effective than the H 2  antagonists, almost completely stopping the production of acid. The 
mechanism of action of omeprazole is very different from the competitive H 2  antagonism. The drug is 
converted  in vivo  into a highly selective sulfenylating agent for the SH of a specifi c cysteine residue in the 
enzyme. This disulfi de formation irreversibly deactivates the enzyme so effectively that recovery of acid 
production requires the biosynthesis of new enzyme. This activation of omeprazole is acid - catalysed and 
may involve initial protonation of the benzimidazole nitrogen and/or the sulfoxide oxygen. Because of this 
susceptibility to acid, omeprazole is formulated as gastro - resistant granules, so as to avoid activation and 
decomposition in the stomach before it can be absorbed from the more alkaline part of the gastro - intestinal 
(GI) tract.   

effects in the CNS that it has found use as a sedative and is also of use for treatment of motion sickness. 
Others, such as chlorpheniramine (Piriton), show only moderate sedative effects. More recently, compounds 
such as loratidine (Clarityn) have been devised that do not enter the CNS and are therefore free from seda-
tive effects.        
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  33.4.2   Acetylcholine ( AC  h ) 

 Acetylcholine mediates two different types of activity  via  corresponding receptors  –   muscarinic  and  nico-

tinic   –  which relate to the pharmacological activities of two natural products, muscarine and nicotine. The 
former type of action occurs in nerve synapses and the latter at neuromuscular junctions and peripheral 
ganglia. The term  cholinergic  is used for the general effects of acetylcholine. 

 Clinically useful muscarinic agents tend to be simple choline derivatives, although the alkaloid pilocar-
pine is a muscarinic agonist used in the treatment of glaucoma. The muscarinic antagonist pirenzepine 
(Gastrozepin) is an alternative to the H 2  antagonists for the treatment of peptic ulcers and some cholinergic 
side - effects caused by radiotherapy. The best - known nicotinic agonist is nicotine! Nicotinic antagonists 
include the natural bis - quaternary isoquinoline curare alkaloid tubocurarine, the paralytic agent from curare 
(a South American arrow poison), which is used in surgery as a muscle - relaxant.  

      Mechanism of action of omeprazole   
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        33.4.2.1   Anticholinesterase Agents 

 The physiological activity of acetylcholine relies on local release, stimulation of the receptor, then 
rapid hydrolysis (deacetylation) by acetylcholinesterase, which results in deactivation. The indole alkaloid 
physostigmine, from the West African calabar bean, and the relatively simple synthetic compound pyr-
idostigmine, which has a more obvious relationship to choline, are reversible inhibitors of acetylcholines-
terase. Controlled inhibition of the enzyme by such drugs, which results in a build - up of ACh, is useful in 
conditions such as myasthenia gravis, a muscle weakness, which is caused by insuffi cient production 
of ACh.        

 Irreversible inhibition of acetylcholinesterase is the mechanism of action of poisoning by nerve gases, 
such as sarin and, to a lesser degree, by other organophosphates, such as those used as insecticides, leading 
to persistent, widespread and quite possibly fatal, excessive cholinergic effects. The inhibition is due to 
phosphorylation of a serine OH at the active site of the enzyme  –  this OH is the nucleophile that attacks 
the acetyl group during physiological functioning of the enzyme. It is possible to reactivate the enzyme, 
provided treatment is given promptly, by use of pralidoxime (2 - PAM). Here, the  N  - methylpyridinium binds 
 via  electrostatic forces to the same site as the choline trimethylammonium, bringing the very nucleophilic 
oxime oxygen close enough to attack the phosphoryl group, releasing the serine OH. The (saturated het-
erocyclic) alkaloid atropine, a muscarinic antagonist, is also administered.          

  33.4.3   5 - Hydroxytryptamine (5 -  HT ) 

 5 - Hydroxytryptamine has at least 14 receptors and sub - types. Compounds acting on these receptors are 
drugs for the treatment of disorders of the cardiovascular, gastrointestinal and central nervous systems. 
Sumatriptan (Imigran), a 5 - HT 1D  agonist, in part, causes vasoconstriction selectively in intracranial blood 
vessels, opposing the vasodilation that is the pathological basis of migraine. The discovery of the triptan 
class of drugs was a major advance in the treatment of migraine. 
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 The 5 - HT 3  antagonists ondansetron (Zofran) and granisetron (Kytril) are effective in relieving the nausea 
and vomiting that are side - effects of radiotherapy and treatment with cytotoxic drugs. They probably func-
tion by a combination of central and peripheral actions.        

 Alosetron (Lotronex) is effective in certain variants of irritable bowel syndrome (IBS), but was with-
drawn from use because it may cause serious side - effects. However, it was later re - instated for restricted 
use following petitions from patients.  

  33.4.4   Adrenaline and Noradrenaline 

 Adrenaline and noradrenaline are prominent throughout the cardiovascular system, acting through  α  -  and 
 β  - adrenergic receptors, which exist as a number of sub - types. The interaction of effects from these recep-
tors is quite complex. Many common adrenergic drugs are simple carbocyclic analogues of adrenaline, but 
a few of the important compounds are heterocyclic, for example prazosin (Hypovase) and indoramin 
(Doralese) are  α  - antagonists, used for the treatment of hypertension and benign prostatic hypertrophy; 
timolol (Blocaderen) is an anti - hypertensive, anti - angina and anti - arrythmic  β  - antagonist.         

  33.4.5   Other Signifi cant Cardiovascular Drugs 

 Amlodipine (Norvasc) is one of a number of 1,4 - dihydropyridines, the mechanism of action of which 
involves blocking calcium channels (they are said to be  ‘ calcium antagonists ’ ), resulting in a relaxation of 
vascular smooth muscle. They are useful for hypertension and angina. Diazoxide (Proglycem) is a vasodila-
tor used for intravenous administration in hypertensive emergency. Hydralazine (Apresoline) and minoxidil 
(Rogaine) are vasodilators used for chronic hypertension, the latter being particularly useful for cases 
resistant to other drugs. Minoxidil is also one of the few drugs of proven value for the treatment of bald-
ness (alopecia).        
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 The angiotensin system also affects blood pressure. Angiotensin - I (inactive) is converted by angiotensin 
converting enzyme (ACE) into angiotensin - II, which causes vasoconstriction and therefore increased blood 
pressure. These effects of angiotensin - II can be controlled, either by use of an inhibitor of ACE or an 
angiotensin - II antagonist. ACE inhibitors are generally derived from amino acids, but the angiotensin 
antagonists are heterocyclic compounds, which notably contain tetrazoles as replacements for carboxyl 
groups, resulting in increased potency. Losartan (Cozaar) was a widely used angiotensin - II antagonist, but 
more potent compounds such as candesartan cilexetil (Amias) (a complex - ester prodrug) are now more 
popular.         

  33.4.6   Drugs Affecting Blood Clotting 

 Blood clotting is an essential function to avoid excessive bleeding, but its malfunction is also of major 
importance as a cause of disease. The mechanism of blood clotting is a complex sequence of events. It is 
initiated by platelet activation, leading to their aggregation and formation of plug at the site of damage. 
This aggregation also causes the release of substances that trigger the rest of the cascade, involving a series 
of clotting factors. 

 Controlled inhibition of blood clotting is a very important therapeutic strategy for prevention and treat-
ment of heart attacks and occlusive stoke. It is usually combined with drugs to reduce blood pressure and 
statins to control cholesterol levels. 

 Low - dose aspirin is the drug most commonly used to inhibit platelet aggregation. It acts by inhibiting 
the enzyme that initiates synthesis of pro - aggregatory prostaglandins. Proton - pump inhibitors or H 2  -
 blockers are often co - administered with aspirin to prevent gastric bleeding. Other drugs inhibit platelet 
action by different mechanisms. Ticlopidine (Ticlid) was the fi rst of its class, acting as an ADP antagonist, 
but clopidogrel (a close structural analogue; see     page 645 ) has a better side - effect profi le and, as was 
mentioned above, is extremely successful commercially. It is also used in combination with aspirin follow-
ing angioplasty. 

 Cilostazol (Pletal), a selective inhibitor of PDE III, is used for the treatment of intermittent claudication, 
an occlusive disease of blood vessels in the legs, which causes pain on walking. It acts as a vasodilator 
and inhibitor of platelet aggregation. Warfarin, initially developed as a rat poison, and a number of similar 
compounds, are effective anti - clotting agents by their action as vitamin K antagonists.         
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  33.4.7   Other Enzyme Inhibitors 

  COX (cyclooxygenase) enzymes  are involved in the fi rst stage of prostoglandin synthesis and their inhibition 
is the basis of action of the  N on -  S teroidal  A nti -  I nfl ammatory  D rugs ( NSAIDS ). There are two types of 
enzyme, COX - 1 and COX - 2  –  inhibition of the latter results in anti - infl ammatory and analgesic effects 
while inhibition of the former is responsible for side - effects, particularly gastric bleeding. Most older 
NSAIDS have both COX - 1 and COX - 2 activity (indomethacin (Indocin) is an example), although etodolac 
(Eccoxolac) shows very good selectivity for COX - 2. Highly selective COX - 2 inhibitors such as celecoxib 
(Celebrex) are now at the forefront, although another COX - 2 inhibitor (Vioxx) was withdrawn due to 
cardiovascular problems. Ketorolac (Acular) has a different balance of analgesic and anti - infl ammatory 
properties and is particularly useful for topical administration to the eye.        

  Statins  reduce the amount of cholesterol in the blood by inhibition of one of the enzymes (HMG CoA 
reductase) involved in its biosynthesis and are therefore very useful for prevention of heart disease. The 
original statins were complex aliphatic fungal metabolites, such as simvastatin (Zocor), but a number of 
synthetic heterocyclic analogues carry only a small portion (comprising the ring - opened lactone) of the 
original structures. Atorvastatin (Lipitor) (   page 645  for structure) is the most signifi cant drug in this class 
by value, and is particularly useful due to its lower incidence of the serious side - effects sometimes found 
for other drugs of this class. Cerivastatin (Baycol), another heterocyclic analogue (with improved solubility) 
was widely used, but later withdrawn from sale due to an unacceptable level of these serious 
side - effects.        

 Other useful enzyme inhibitors include acetazolamide (Diamox) (carbonic anhydrase inhibitor) for the 
treatment of glaucoma, congestive heart failure, epilepsy and motion sickness (a very useful drug!). Silde-
nafi l (Viagra), famous for treatment of impotence, inhibits a phosphodiesterase enzyme (PDE5) that is 
involved in the breakdown of ATP.        
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 Lefl unomide (Arava) is an anti - proliferative drug that inhibits dihydroorotate dehydrogenase, an enzyme 
essential for the synthesis of pyrimidines such as uracil,  via  aromatisation of dihydroorotic acid. It also has 
some immunomodulatory effects and is useful for intractable cases of rheumatoid arthritis, despite being 
liable to cause a number of serious side - effects. It is actually a prodrug, being converted into the active 
compound, a nitrile formed by cleavage of the isoxazole ring (cf.  25.5.1 ). 

         33.4.7.1   Cytochrome  P 450 Enzymes 

 The enzymes in this very large group have active sites containing haem, where oxidation – reduction reac-
tions are governed by interconversion of Fe(II) and Fe(III). They are very widely distributed in all forms 
of life from animals down to the simplest organisms. They are important medically as they are responsible 
for much metabolic degradation of drugs and are also involved in the biosynthesis of biomolecules, such 
as steroids. Sub - types, which may be genetically determined, may lead to different rates of metabolism of 
drugs in different patient groups, causing problems in establishing the correct dose. 

 Inhibitors can be used therapeutically, but also occur in unwanted situations. They cover a range of 
structural types, but often are heterocycles containing imine groups (azines and azoles), in which the nitro-
gen coordinates to the metal. This binding can be quite sensitive to steric hindrance, allowing control in 
the design of drugs where inhibition is either wanted or not.        

 Fomepizole is used for the treatment of poisoning by ethylene glycol or methanol. It acts by inhibiting 
alcohol dehydrogenase, the enzyme that converts these two compounds into toxic metabolites. Abiraterone, 
which inhibits enzymes involved in the biosynthesis of testosterone, shows great promise in the treatment 
of prostate cancer. The logic of the design of this drug is clear  –  add the 3 - pyridyl inhibitor group to a 
structure closely related to the target biomolecule. The anti - fungal azoles (see  33.6.1 ) have a related mecha-
nism as they selectively inhibit enzymes involved in the biosynthesis of steroids necessary for fungal 
growth. 

 On the downside, grapefruit juice contains inhibitors such as bergamotin and naringin, which can drasti-
cally reduce the rate of metabolism of many drugs, leading to toxic effects from overdose! However, there 
may be some potential here for improving drugs that are subject to excessively rapid metabolism.          
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  33.4.8   Enzyme Induction 

 Although most enzyme - related drugs are inhibitors, some are enzyme inducers  –  they switch on the gene 
responsible for synthesis of the enzyme, increasing its production. An interesting example is methylene 
blue, originally used as a biological stain, but also having a complex combination of biological actions. Its 
best - established medical role is for the treatment of methemoglobinemia  *  , a condition in which a portion 
of hemoglobin exists in the Fe(III) state, which is unable to transport oxygen. Methylene blue induces 
production of the enzyme diaphorase II, also known as NADPH methemoglobin reductase, which is self -
 explanatory  –  it reduces Fe(III) to Fe(II), the oxygen - carrying form. 

 Other actions of methylene blue include monoamine oxidase  inhibition , which can cause dangerous 
interactions with certain other drugs. However, it also has potential to treat malaria and Alzheimer ’ s disease, 
the latter as a formulation named  ‘ Rember ’ . Its activity in Alzheimer ’ s disease is thought to depend on 
converting an abnormal  ‘ tangled ’  form of a protein in the brain back to the normal form, although the 
mechanism for this is not clear.   

  33.5   Drugs Acting on the  CNS  
 The CNS contains a wide variety of neurotransmitters and high concentrations of receptors. Mechanisms 
of action of many drugs are often complex combinations of receptor - based actions. Some of the most widely 
used (and abused) drugs are hypnotics/sedatives, for treatment of insomnia. Barbiturates such as amylo-
barbitone have been used for many years, but suffer from side - effects and are addictive. Thiopentone 
sodium salt (sodium pentothal), however, is very useful as a short - acting intravenous anaesthetic. The 
benzodiazepines, such as diazepam (Valium) and alprazolam (Xanax), are safer drugs for insomnia and 
also can be used for treatment of anxiety and muscle spasms. Zolpidem (Ambien) is a newer and more 
selective hypnotic.               

* Pronounced  ‘ met - hemoglobinemia ’ , not  ‘ meth -  ’ , which could imply methylation. 
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 Another barbiturate (phenobarbitone (Luminal)) and a newer drug lamotrigine (Lamictal) are used to 
treat epilepsy. Trazodone (Molipaxin) is a useful anti - depressant with fewer side - effects than some of the 
older drugs. The action of varenicline (Champix), used to treat smoking withdrawal, has a straightforward 
mechanism, being a nicotinic partial agonist.        

 Anti - psychotic agents, acting primarily as dopamine and 5 - HT antagonists, are used mainly to treat 
schizophrenia. Newer agents such as olanzapine (Zyprexa) and risperidone (Risperidal) have fewer side -
 effects than the traditional phenothiazines, such as chlorpromazine (Thorazine).        

 The neurodegenerative states present a challenge for medicinal chemistry. Parkinson ’ s disease is caused 
primarily by a defi ciency of dopamine and so dopamine agonists, such as ropinirole (Requip) and prami-
pexole (Mirapexin), are effective in alleviating some of the symptoms. Both of these are also used to treat 
 ‘ restless legs ’  syndrome. Riluzole (Rilutek) is the only drug so far developed to have a signifi cant effect 
in treatment of motor neurone disease.         

  33.6   Anti - Infective Agents 
 This section covers parasitic (protozoa and helminths ( ‘ worms ’ )), bacterial and viral diseases. The mecha-
nisms of action of many of these agents are complex and diverse and, in some cases, not fully understood, 
but enzyme inhibition is common to many. 

  33.6.1   Anti - Parasitic Drugs 

 The most important protozoan infection is malaria and this was an early target for medicinal chemical 
research. The traditional treatment was an extract of the bark of the cinchona tree, which contained the 
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alkaloid quinine. Current emphasis is on prevention by continuous dosing during exposure, using 
synthetic anti - malarial drugs, which must be under constant review as resistance eventually develops. Many 
of these drugs are quinolines with obvious similarities to quinine, for example mefl oquine (Lariam). 
Proguanil (Paludrine) is of particular interest because the active species, formed  in vivo , is a triazine 
(cycloguanil).        

 Metronidazole (Flagyl) is used for both bacterial (commonly for dental infections) and some proto zoan 
infections, such as amoebic dysentery. Benzimidazoles, such as mebendazole (Pripsen), are an important 
group of anthelmintics. The most common anti - fungal agents are triazoles such as fl uconazole 
(Difl ucan).         

  33.6.2   Anti - Bacterial Drugs 

 Among anti - bacterial agents, the simplest must be isoniazide (Rimifon), an important anti - tuberculosis 
drug. Heterocyclic contributions to mainstream antibiotics include a group of quinolones e.g. the broad -
 spectrum anti - bacterial ciprofl oxacin (Cipro) perhaps best known in connection with terrorist use of anthrax 
and the diamino - pyrimidine trimethoprim (Triprim). Many of the sulfonamides, the fi rst synthetic antibiot-
ics, contain heterocyclic residues. 

 Co - trimoxazole (Septrin) is a well - known combination of a sulfonamide (sulfamethoxazole) with trim-
ethoprim. This combination inhibits enzymes at two points of folic acid ( 32.2 ) utilisation  –  the sulfonamide 
inhibits incorporation of  p  - aminobenzoic acid during bacterial folic acid synthesis, and trimethoprim inhib-
its its conversion into tetrahydrofolate. The overall result is  synergistic , i.e. there is a greater activity than 
the sum of the two components.  
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       Penicillins and cephalosporins are saturated heterocycles; many aromatic heterocycles are included in a 
multitude of their side - chain variants.         

  33.6.3   Anti - Viral Drugs 

 Many antiviral  6   agents are simply modifi ed nucleosides, often only in the ribose residue, such as the anti -
 herpes drug acyclovir (Zovirax), the anti - HIV protease inhibitor zidovudine (Retrovir) (AZT) and lamivu-
dine (Epivir) (3 - TC), which is active against HIV and hepatitis. Heterocycle - modifi ed compounds include 
the anti - herpes idoxuridine and a general anti - viral compound ribavirin (Rebetol). These generally work 
by disrupting the synthesis of viral DNA following incorporation, in competition with natural nucleosides, 
at an early stage. Non - nucleoside compounds, such as delavirdine (Rescriptor), a reverse transcriptase 
inhibitor, and saquinavir (Invirase), a protease inhibitor, (both anti - HIV drugs) act by binding close to the 
active site of an enzyme, altering its conformation and thereby deactivating it.                 

  33.7   Anti - Cancer Drugs 
 Anti - cancer drugs generally act by disrupting the growth of cells and therefore oppose the excessive and 
abnormal growth that is the basis of cancer pathology. They are often referred to as cytotoxic or anti -
 metabolites. One of several mechanisms can be operative: disrupting the synthesis of DNA either by  N  -
 alkylating one of the bases (adenine, guanine, cytosine or thymine) or by incorporation of a modifi ed base 
or nucleoside by competition with the natural bases for the DNA - synthesising enzymes. Alkylating agents 
are usually simple chemical  ‘ reagents ’  or their precursors, an example of the latter being temozolomide 
(Temodal), which breaks down  in vivo  to give the powerful alkylating agent diazomethane. Possibly the 
resemblance of temozolomide to a nucleic acid base allows it to come into close contact with its target. It 
is used for glioma and melanoma. 6 - Mercaptopurine and 5 - azacytidine (Vidaza) are anti - leukemics; gem-
citabine (Gemzar) is used against breast and lung cancers. 
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 Some cytotoxic agents, such as azathioprine (Imuran), are used as immunosuppressive drugs rather than 
for treating cancer, acting by similar mechanisms, but with different balances of effects. These drugs would 
typically be used to prevent organ rejection following transplantation or to treat severe infl ammatory dis-
eases due to autoimmune reactions. Other mechanisms include interference with the function of folic acid, 
an important growth factor. Methotrexate (MTX) is a well - established and widely used anti - cancer and 
immunosuppressive agent that acts in this manner.               

 5 - Fluorouracil (5 - FU) is a cytotoxic agent used to treat solid tumours, such as those of the breast and 
colon. However, its prodrug capecitabine (Xeloda) is much better absorbed orally. 5 - FU, applied as a cream, 
is also very useful for the treatment of certain skin cancers. It is signifi cant that 8% of the population lack 
an enzyme that can metabolise 5 - FU. In these people, administration of normal doses of the drug can lead 
to dangerously high toxic levels in the blood.        

 A number of inhibitors of various tyrosine kinase enzymes are important new cancer drugs: sunitinib 
(Sutent) is used for the treatment of certain kidney and GI cancers; imatinib (Glivec) for chronic myeloid 
leukemia and GI tumours, and lapatinib (Tykerb/Tykerv) for breast and lung cancers. Bortezomib (Velcade), 
a proteasome inhibitor is used to treat multiple myeloma and is notable for being a boronic acid.        
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 Irinotecan (Camptosar), a more selective synthetic analogue of camptothecin (a natural, but toxic, anti -
 cancer alkaloid), acts by inhibiting topoisomerase I, an enzyme involved in ordering the strands of DNA. 
Some compounds act by physical binding with vital natural polymers  –  the complex indole alkaloid vin-
cristine is a classic example  –  it binds to tubulin, a protein essential to cell division.         

  33.8   Photochemotherapy 
 Treatment of certain diseases, particularly of the skin, by ultraviolet irradiation (including sunshine) is a 
very old technique (phototherapy). A more modern approach involves administering photosensitising agents 
followed by irradiation with ultraviolet or visible light (photochemotherapy). The ideal situation is that 
selectivity is achieved by the sensitising agent concentrating in the target organ, but accurately targeted 
irradiation using a laser is also possible. Note, the laser is not a burning laser, just a high intensity source 
for activation of the sensitiser. 

  33.8.1   Psoralen plus  UVA  ( PUVA ) Treatment 

 Oral administration of a psoralen such as methoxsalen (8 - methoxypsoralen), followed by exposure to 
ultraviolet light (UV - A) can be used to treat psoriasis, eczema, vitiligo and a number of other skin diseases. 
There is a small risk of inducing relatively easily treatable, non - melanoma, skin cancers and possibly, 
generally only after extensive treatment, a very small risk of malignant melanoma. Similar psoralens are 
the components, somewhat controversially, of some tanning aids.  
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  33.8.2   Photodynamic Therapy ( PDT ) 

 Photodynamic therapy is a slightly different type of photochemotherapy and is used to treat cancers and 
pre - malignant lesions, both of the skin and internal organs, the latter using an endoscopic laser. It usually 
involves intravenous administration of certain porphins, followed by laser irradiation at visible wavelengths. 
A common agent used is porfi mer (Photofrin is porfi mer sodium), a linked porphin oligomer (MW ca. 
10 000) prepared from natural materials, but 5 - aminolevulinic acid (ALA) can be applied topically to some 
accessible (skin) lesions, where it becomes a precursor for biosynthesis of protoporphyrin IX. This therapy 
can only be used for tumours that lie relatively close to the surface of the tissue, that is, to the depth that 
the light can penetrate. 

 Verteporfi n (Visudyne) is used similarly for the treatment of the  ‘ wet ’  form of macular degeneration (the 
variant characterised by excessive vascularisation of the retina) and other eye diseases.        

 The mechanism of PUVA and PDT both involve the formation of singlet oxygen, which is cytotoxic, 
and the former also probably also includes some direct action on DNA.        
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Benzopyrylium ions, addition of ammonia 230
1-Benzopyrylium ions 229

addition of carbon nucleophiles 231
addition of silyl enol ethers 231
ring synthesis

from ArOH plus R(C=O)(C)(C=O)R 237, 238
from ArOH plus RC≡C(C=O)R 238
from ortho-Ar[OH][C=O)R] plus RCH2(C=O)R 237

2-Benzopyrylium ions 229
ring synthesis from ortho-Ar[C=O][CH2(C=O)R] 242

Benzothiazoles 503
2-metallation 505, 507
2-nucleophilic substitution 505
ring synthesis

from ortho-Ar[SR][(C=O)R] 459
from Ar(NH)(C=S)NHR 509
from ortho-Ar[NH2][SH] plus RCO2H 507, 508

a Benzo[b]thiophene 2,3-quinodimethane 33
Benzo[c]thiophenes, synthesis from dihydrobenzo[c]thiophene 

S-oxides 450
Benzothiophenes, 2,3-dihydroxylation 620
Benzotriazole 579–581

N-arylation 581
displacement with Grignard reagents 580
leaving group in VNS processes 580, 581
use in cyclopropane synthesis 580
use in 1,4-diketone synthesis 580
use in ene-one synthesis 580
use in general synthesis 579
use in peptide synthesis 580
use in stabilising cations 580

Benzotriazoles, conversion into other heterocycles 581



668 Index

Benzoxazoles 503
2-metallation 506
2-nucleophilic substitution 505
ring synthesis from ortho-Ar[NH2][OH] plus RCO2H 507, 

508
Benzyl isonitriles, preparation 564
3-Benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride 471
Bergamotin 657, 658
Biginelli synthesis of dihydropyrimidinones 278

with ionic liquid tag 102
Bilirubin 635
Biotin 633
2,2′-Bipyridyl 60
Birch reduction 139, 140, 307, 353, 392
Bis(pinacolato)diboron 50
Bischler synthesis of indoles 411, 412
Bischler–Napieralski synthesis of isoquinolines 195
Blocaderen 654
Blood-brain barrier 647
[bmim][Br], synthesis in fl ow reactor 105
[BMIM][Cl] see [bmim][Cl]
[bmim][Cl] 621
1-Boc-indole, 2-lithiation 389
a 1-Boc-indole-2-stannane 391
N-Boc-pyrrole 304

addition of a carbene 308
Diels–Alder reactions 307

Bohlmann–Ratz reaction 161
in fl ow reactor 104

Boronates, in cross couplings 65, 66
Boronic acids, acidity 48

esters 49
oxidation to phenols 52
preparation via lithation 44, 50
preparation via Pd(0)-coupling 50
preparation via transmetallation 51
structure 48

Boroxins 49
Bortezomib 662, 663
Bpy see 2,2′-Bipyridyl
Brassinin 629
3-Bromo-1-TIPS-pyrrole 298

halogen-metal exchange 306
3-Bromo-7-azaindole 401
2-Bromobenzimidazole 504
6-Bromochromone 232
3-Bromocoumarin 232
1-Bromo-3-formyl-2H-isoindole 448
2-Bromofuran 349
3-Bromofuran, halogen-metal exchange 351
1-Bromo-2H-isoindole, from phthalimidine 448
4(5)-Bromoimidazole, halogen-metal exchange 468
3-Bromoindazole, halogen-metal exchange 506
3-Bromoindole 375
5-Bromoindole, halogen metal exchange 391
5-Bromoindoles, Cu-catalysed 5-amination 86
4-Bromoisoquinoline 178
5-Bromoisoquinoline 178

3-Bromoisoquinoline, conversion into 3-aminoisoquinoline 181
3-Bromo-2-pyrone, in Diels–Alder reactions 217
5-Bromo-2-pyrone, in Diels–Alder reactions 217
4-Bromopyrazole 488

halogen-metal exchange 490
2-Bromopyridine 134
3-Bromopyridines 137

nucleophilic displacement of bromine 133, 134
3-amination 86

5-Bromopyrimidine 255
halogen-metal exchange 250, 260
Minisci reaction at C-4 261

3-Bromoquinoline, halogen-metal exchange 182
5-Bromoquinoline, halogen-metal exchange 182
2-Bromothiophene 326

displacement of bromide with methoxide 330
conversion into 3-bromothiophene 332
oxidative coupling 83

3-Bromothiophene 327
displacement of bromide with methoxide 330
Grignard reagent from 331, 332

Bromo-triazoles, relative reactivity in nucleophilic 
displacements 558

5-Bromo-1,2,4-triazolo[1,5-a]pyridine 547
5-Bromouracil 264
Buchwald–Hartwig amination 83, 84
Buchwald-Hartwig biphenyl ligands 60
But-2-en-1,4-diones from furans 351
Butenolides 357

from 2-trimethylsilyloxyfurans 357
2-t-Butoxyfuran, 5-lithiation 358
2-t-Butylisoindole, electrophilic substitution 448
3(5)-t-Butylpyrazole, N-acetylation 486

Caffeine 637
Calcium antagonists 654
Camptosar 663
Candesartan cilexetil 655
Cannabinoid receptors 647
Capecitabine 662
Carbazole, ring synthesis 113
Carbene ligands for Pd(0) reactions 60
Carbepoetin 645
Carbocyclic bromovinyldeoxyuridine, notable pyrimidone ring 

synthesis 281
β-Carboline, dihydro, synthesis via Vilsmeier reaction 377
γ-Carboline, ring synthesis using benzotriazole 581
Carbonyl diimidazole 463, 464
Carbostyril 180
Catalysts, for Pd(0) reactions 59
CDI see Carbonyl diimidazole 464
Celebrex 656
Celecoxib 656
Central nervous system 647, 649, 658
Cephalosporins 587, 661
Cerivastatin 656
Cesium fl uoroxysulfate 611
Chalcone 230
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Champix 659
Chan–Lam reaction 86, 87
Chartelline A 639, 640
Chemical shifts

13C, heterocycles 16
1H NMR, heterocycles 15

Chichibabin reaction 132, 179, 180, 256, 575
Chloramine T 600
4-Chloro-5-azaindole, relative reactivity to nucleophiles 402
4-Chloro-7-azaindole

from the N-oxide 401
nucleophilic substitution 402

2-Chlorobenzimidazole 505
2-Chlorobenzoxazole 505
2-Chloro-3-formylindole, from oxindole 397
5-Chloroimidazo[1,2-a]pyridine 543
Chloro-isoquinolines, rates of nucleophilic substitution 26
1-Chloroisoquinoline 184
3-Chloro-1,2,4-triazole 560
Chlorophyll a 633, 634
2-Chloropurine 522
6-Chloropurine 522
2-Chloropyrazine

from N-oxide 251
lithiation 250

3-Chloropyridazine 258
Chloropyridines, rates of nucleophilic substitution 24
2-Chloropyridine, nucleophilic displacement 134
3-Chloropyridine, from pyrrole 308
4-Chloropyridine 136
2-Chloropyrimidine 258, 259

addition of heteroaryllithium 256
2-Chloropyrrole 298
Chloroquine, notable quinoline synthesis 198
Chloro-quinolines, rates of nucleophilic substitution 26
2-Chloroquinoline

3-metallation 182
nucleophilic substitution 181

Chloro-thiadiazoles 558
2-Chlorothiazole 466
Chlorpheniramine 651
Chlorpromazine 659
Chromenol 230
Chromones 205, 229

addition of Grignard reagents 234
ring opening with amines 233
ring opening with base 233
ring synthesis

from ortho-Ar[OH][(C=O)R] plus RCO2R 237, 240, 241
from ortho-Ar[OH][Hal] plus HC≡CR plus CO 242

Chromylium 229
Chuangxinmycin, notable indole synthesis 419, 420
Chymotrypsin 630
Cilostazol 655
Cimetidine 651
Cinnoline 253
Cipro see Ciprofl oxacin
Ciprofl oxacin 660

Claisen ortho-ester rearrangement in indole series 394
Claisen rearrangement, in furan series 355
Clarityn 651
Clevios 626
Clopidogrel 645, 655
C-Methylation via Pd(0)-catalysed coupling 68
CNS see Central nervous system
Cobalt catalysis

of coupling reactions 61
pyridine ring synthesis 164

Coelenterazine, notable pyrazine synthesis 282
Co-enzymes 630, 631
Collagen 629
Combes synthesis of quinolines 188, 189
Coniine 637,638
Conjugate acid 19
Conrad-Limpach-Knorr synthesis of quinolones 189
Cookson’s reagent 561
Copper(I) 3-methylsalicylate, additive in coupling reactions 63
Copper(I) thiophene-2-carboxylate, additive in coupling 

reactions 63
Copper-catalysed

amination 85
imidazole N-phenylation 85
imidazole N-thiophen-2-ylation 85
O-arylation 87

Copper-halogen exchange 48
Co-trimoxazole 660
Coumarins 205, 229, 642

addition of Grignard reagents 234
2-arylation 234
Diels–Alder reaction 235
electrophilic substitution 232
halogenation 232
photochemical dimerisation 236
photochemical [2 + 2] addition 236
reductive ring opening 235
ring synthesis

from ArOH plus R(C=O)(C)CO2H 237
from ortho-Ar[OH][(C=O)R] plus RCH2CO2R 237, 

238, 239
Coupling constants, 1,2- and 1,3-, NMR, heterocycles 17
COX enzymes 656
Cozaar 655
CR gas 622
Cross couplings

mechanism/coupling cycle 64, 65
named reactions 66
nucleophilic partner 65, 66, 70
side reactions 65
Stille reaction 67, 68
Hiyama–Denmark reaction 68
Kumada–Corriu reaction 69
Negishi reaction 69
Sonogashira reaction 69

CuTC see Copper(I) thiophene-2-carboxylate
Cyanin 641
Cyanoacetamide 161
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Cyanocobalamin 634
1-Cyanoimidazole 464
2-Cyanoisoquinoline 188
3-Cyanopyridine, synthesis via Pd(0)-catalysed cyanation 70
2-Cyanopyrimidine 258
3-Cyanopyrrole, via irradiation of 2-cyanopyrrole 309
5-Cyanotetrazole 562
Cyanuric acid 574
(3.2.2)Cyclazine 552
(3.3.3)Cyclazine 552
Cyclazines 552, 553
Cyclic guanosine monophosphate 650
Cycloguanil 660
Cyclopentadienyl anion

mesomeric structures 9
orbital picture 9

Cypridina luciferin 641
Cyproconazole 623
Cytochrome P450 657
Cytosine 263, 635

DAPI 624
Davicil 623
Delavirdine 661
Dendrodoine 639
Deoxyribonucleic acid see DNA
1,4-Diacetylindole, from 4-trimethylsilylindole 392
Diaminomaleonitrile, in pyrazine ring synthesis 280
2,4-Diaminopyrimidine, diazocoupling 272
5,6-Diaminouracil, in pyrazine ring synthesis 280
Diamox 656
Diazepam 658
Diazines, mesomeric structures 8
Diazinones

N-substitution 266, 267
O-alkylation 267

Diaziridine 596
Diazirine 596
Diazonamide A 640
Diazo-pyrazoles 494
Diazotetrazole, hazards 564
Diazotisation in HF 612
Diazoxide 654
3,5-Dibromo-1,2,4-triazole 559
3,4-Dibromo-1-TIPS-pyrrole 298
3,5-Dibromo-2-pyrone, in Diels–Alder reactions 217
2,3-Dibromofuran, halogen-metal exchange, regioselectivity 

353
1,3-Dibromo-4,4-dimethylhydantoin, for bromination of pyrrole 

298
2,3-Dibromopyridine, regioselectivity in halogen-metal 

exchange 137
2,5-Dibromopyridine

metal-halogen exchange, regioselectivity 137
nucleophilic substitution of bromine, regioselectivity 

134
3,4-Dibromopyridine, nucleophilic substitution of bromine, 

regiochemistry 133

2,4-Dibromothiazole 472
halogen-metal exchange, regioselectivity 468

2,3-Dibromothiophene 327
2,5-Dibromothiophene 326
1,4-Dicarbonyl compounds, from furans 348
1,3-Dichloroisoquinoline, nucleophilic substitution of chlorine, 

regioselectivity 181
2,6-Dichloropurine 522
2,6-Dichloropyridazine 274
a 2,6-Dichloropyridine, regioselectivity in coupling 74
2,4-Dichloropyrimidine

lithiation 259
regioselective nucleophilic substitution 257

2,4-Dichloroquinolines, regioselectivity in coupling 74
2,5-Dichlorothiophene 326
Diels–Alder reaction 216, 217, 235, 236, 248, 250, 261, 262, 

270, 271, 307, 308, 330, 333, 334, 353–355, 358, 372, 
393, 394, 469, 491, 559, 561, 577, 578

Dienomycin C 151
1-(Diethoxymethyl)indole 376

2-lithiation 389
Diethyl furan-3,4-dicarboxylate, ring synthesis 360
1-(2,2-diethylbutanoyl)indole

for 3-lithiation 389
for 7-lithiation 390

Difl ucan 660
2,3-Difl uoroacrylates 613
3,5-Dihalo-2(1H)-pyrazinones, Diels–Alder reactions 271
3,4-Dihydroazete 597
2,5-Dihydro-2,5-dimethoxyfuran, via bromination of furan 349
2,3-Dihydrofuran 590

lithiation 599
2,5-Dihydrofuran acids, via Birch reduction 353
2,3-Dihydroindole see Indoline
4,7-Dihydroindole, from Birch reduction 392
Dihydroorotic acid 657
2,5-Dihydro-1-phenylsulfonylpyrrole, from reduction 306
3,4-Dihydro-2H-pyran 590
1,4-Dihydropyrazine 261
Dihydropyridazinones, dehydrogenation 274
Dihydropyridines 588
1,4-Dihydropyridines, stability 159
Dihydropyrimidones, ring synthesis from R(C=O)(C)(C=O)R 

plus RCH=O plus urea 278
2,5-Dihydropyrrole, from reduction of pyrrole 306, 307

via olefi n metathesis 604
cis-Dihydroxylation, biological 620
3,6-Diiodopyridazine 258
2,5-Diketopiperazines 279
2,5-Dilithiofuran 352
2,5-Dilithiothiophene 331
2,5-Dimethoxytetrahydrofuran, in pyrrole ring synthesis 312
3-Dimethylaminomethyl-7-azaindole 401
4-Dimethylaminopyridine 128
2-Dimethylaminothiophene 328
Dimethyldioxirane 233

indoles into 3-hydroxy-oxindoles 386
oxidation with 255, 530, 596
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Dimethyl formamide dimethyl acetal, in indole ring synthesis 
407

2,5-Dimethylfuran, as a fuel 347
O,N-Dimethylhydroxylamine, use to make amines via halogen 

displacement 258
4,5-Dimethylpyrimidine, side-chain halogenation 273
Dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate, ring synthesis 

from 2xEtO2CC=N2 579
2,4-Dimethylthiazole, ring synthesis 474
1,3-Dimethyluracil

Diels–Alder reaction 270
reaction with guanidine 266

Dimroth rearrangement 271, 516, 527, 528, 617
Dioxane 587
Dioxiranes 596
2,4-Dioxygenated pyrones, tautomerism 218
1,3-Diphenylisobenzofuran 448
1,3-Dipolar cycloadditions 112
Dipolar cycloadition, of münchones 472
a Dipyrromethane 301
Dipyrromethene cation 302
Direct metallation 37

mechanism 38
Direct zincation 47, 48
Directed ortho-metallation 38

in pyridines 43, 135–137
in diazines 44, 259, 260
in furans 41, 352, 353
in indoles 390
in quinolines 181, 182
in thiophenes 331

Directed ortho-halogen exchange 137
ortho-Directing groups 135

on diazines 44
on pyridines 43

Disconnections
for 5-membered heterocycles 108
for 6-membered heterocycles 108

2,5-Di-t-butylfuran 359
from furan 350
ring synthesis 359

2,5-Di-t-butylpyridine 130
2,4-Di-t-butylpyrrole 296
Dithieno[3,2-b:2′,3′-d]thiophene 332
Divicine 641
DMAP see 4-Dimethylaminopyridine
DMFDMA see Dimethyl formamide dimethyl acetal
DNA 635, 646
Doebner–Miller synthesis of quinolines 191
DoM see Directed ortho-metallation
Dopamine 647, 659
Doralese 654
Dragmacidin D, notable indole/pyrazine synthesis 420, 421

Eccoxolac 656
Ehrlich colour reaction

of indoles 381
of pyrroles 301

Electrophilic aromatic substitution
mechanism 20, 21
comparison pyrrole/thiophene/furan 22

Electrophilic radicals 27, 30
EMEA 648
Enaminates 54, 146
Enamines typical reactivity 107
Enbrel 645
Endorphins 647
Enkephalins 647
Enol phosphates, cross coupling 590
Enols typical reactivity 107
Episulfi de 592
Epivir 661
Epoxides 592

inversion of stereochemistry 594
from alkenes 604, 605
reaction with cyanate 594
reaction with nucleophiles 592–594
regiochemistry of ring opening 593
ring opening reactions 592
ring synthesis

from R2C=CR2 plus RCO3H 604, 605
from Hal(C2)OH 605

trifl uoromethyloxirane, lithiation 599
Ergotamine 638
Erlenmeyer azlactone 472
Eschenmoser’s salt

in reaction with indole 383
in reaction with thiophenes 328

Eseroline alkaloid skeleton 394
Esomeprazole 645
Etanercept 645
3-Ethoxyacryloyl isocyanate, in pyrimidone ring synthesis 277
Ethyl indole-2-carboxylate, ring synthesis 406
Ethylene imine 592
Ethylene oxide see Epoxides
Ethylene sulfi de 592
Etodolac 656
European Medicines Agency 648

FAD see Flavin adenine dinucleotide
Famotidine 651
FDA see Food and Drug Administration
Fe(0)-Fe(II) cross coupling cycle 61
Fe(I)-Fe(III) cross coupling cycle 61
Feist-Benary synthesis of furans 360
FH4 see Tetrahydrofolic acid
Fischer synthesis of indoles 372, 403–405

in fl ow reactor 104
mechanism 403
regioselectivity 404
tryptophans and tryptamines 405

‘Fish hook arrows’, defi nition 5
Five-membered heterocycles

metallation regioselectivity 292
side-chain reactivity 292
substituent effects in electrophilic substitution 291
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Flagyl 660
Flavin adenine dinucleotide 632
Flavone 2,3-epoxides 233
Flavones 641

lithiation 235
reaction with malononitrile 234

Flavonoids 229
Flavylium 229, 230

addition of water 230
Flow reactor 104, 105, 564
Flower pigments 209, 230
Fluconazole 660
Fluorescein 624
Fluoroacetamide, hazards 612
Fluoroacetic acid, hazards 612
2-Fluoroethanol, hazards 612
a 3-Fluorofuran 615
4(5)-Fluorohistamine, notable imidazole synthesis 478
a 2-Fluoroindole 614
a 3-Fluoroindole 611
a 3-Fluoroisoquinoline 615
a 5–18Fluorooxindole 619
a 2-Fluoropurine 612
2-Fluoropyrazine 260
a 4-Fluoropyrazole 613
Fluoropyridines

nucleophilic displacements 133
rates of nucleophilic substitution 25

2-Fluoropyridine 133
3-Fluoropyridine 136
N-Fluoropyridinium fl uorides 610
N-Fluoropyridinium salts, enol addition 151, 152
N-Fluoropyridinium trifl ate 127
a 5-Fluoropyrimidine 613
a 2-Fluoropyrrole 611
a 3-Fluoropyrrole 615
a 3-Fluoroquinoline 614
a 4-Fluoroquinoline 613
5-Fluorothiazoles 610, 611
5-Fluorouracil 609, 662
Fluorous silica gel 101
Folic acid 282, 630, 660, 662
Fomepizole 657
Food and Drug Administration 648
3-Formylchromone

Diels–Alder reaction 235
ring synthesis from o-hydroxyacetophenone 

234
2-Formylfuran, reaction with bromine 349
3-Formylfuran, 5-lithiation 353
2-Formylimidazole 466

ring synthesis 475
3-Formylindole

from Vilsmeier reaction 377
4-thallation 385

5-Formylindole 391
3-Formylpyrazolo[1,5-a]pyridine 546
5-Formylpyrimidine 260

2-Formylpyrrole 299
2-Formylthiophene 327
Friedel–Crafts acylation of thiophene 327
Friedländer synthesis of quinolines 192, 193
5-FU 662
Fukuyama synthesis of indoles 414
Furans 289, 347

acylation 349
addition of singlet oxygen 355
2,5-addition 291
2,5-adduct from bromination 349
2,5-adduct from nitration 348
alkylation 350
basicity 348
bromination 349
Diels–Alder reactions 353–355
dipolar cycloadditions 354
dipole moment 10
hydrolytic ring opening 348
Mannich reaction 350
metallation 352
mercuration 351
nitration 348
ortho-directed lithiation 352, 353
oxidative conversion

into piperidines 351
into pyrans 351
into unsaturated 1,4-diketones 351

orbital picture 10
photochemical [2 + 2] additions 356
protonation 347
2,3-quinodimethane 31, 32
reaction with chloral 350
reaction with imines 350
resonance energy 7
ring synthesis

from R(C=O)(C)Hal plus R(C=O)(C)(C=O)OR 360
from C4O compounds 361, 362
from oxazoles 293
from but-3-ene-1,4-diols 53
from HO(C)C=C(C)OH and similar 361
from oxazoles 53, 469
from R(C=O)(C2)(C=O)R 293
from R(C=O)(C2)(C=O)R 359
miscellaneous methods 362

structure 10
sulfonation 348
typical reactivity 289
Vilsmeier reaction 349

Furan-2,5-disulfonic acid 348
Furan carboxylic acids

decarboxylation 356
ipso-nitration 356
3-carboxylic acid, 5-nitration 356

a Furan-3,4-bis-silane, ring synthesis 53
a Furan-3-stannane 53
Furaneol, notable furan synthesis 363
Furazan 569
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Furfural 347 see also 2-formylfuran
conversion into 1,2-diaminocyclopentenones 357
synthesis from xylose 359

Furfuryl halides, tele-substitution 356
Furoxan 569
Fürstner synthesis of indoles 414
Fusarinic acid, notable pyridine synthesis 165

GABA see γ-Aminobutyric acid
Gassman synthesis of 3-alkythioindoles 414
Gastro-intestinal tract 651
Gemcitabine 661
Gemzar 661
Gewald synthesis of thiophenes 340
GI tract see Gastro-intestinal tract
Glivec 662
D-Glucal, conversion into a furan 359
α-(D)-Glucopyranose 591
β-(D)-Glucopyranose 591
Glucose 591, 632
Glutaconaldehyde, sodium salt 152
Glycosyltrifl uoro-acetimidates 267
GMP see Good manufacturing practice
cGMP see cyclic guanosine monophosphate
Good manufacturing practice 650
Gramine 383

conversion into 3-alkenylindoles 396
displacement of dimethylamine with nucleophiles 395

Grandberg synthesis of tryptamines 406
mechanism 406

Granisetron 645, 654
Grignard reagents, in cross couplings 65, 66
Grignard reagents

preparation 45, 46
reactions with electrophiles 45, 46

Griseofulvin 642
Grubbs olefi n metathesis to make heterocycles 604
Guanidines, synthesis 487
Guanine 516, 527, 635
Guareschi synthesis of pyridines 160, 161

H1 antagonists 650
H2 antagonists 651
Haem 634
Haemoglobin 634
Halex reactions 612
Halo-azoles, relative reactivity in nucleophilic substitution 558
Halo-diazines, relative reactivity in nucleophilic substitution 

256
Halogen dance process

in pyridines 136, 137
in thiophenes 332

Halogen-metal exchange 37, 39
reagents 39–40

Halopyrazines, relative reactivity in nucleophilic substitution 
256

Halopyridazines, relative reactivity in nucleophilic substitution 
256

Halopyrimidines, relative reactivity in nucleophilic substitution 
256–258

2-Halopyrimidines, nucleophilic displacement 250
Halo-ribosides 518
Hammick reaction 148, 185
Hantzsch synthesis of pyridines 158, 159
Hantzsch synthesis of thiazoles 473
Hazards

fl uoroacetate 609
explosions 105, 561, 564
perchlorates 105, 209
tosyl azide and replacements 105
toxicity of heterocycles 622
toxicity of tin compounds 67

Heavy fl uorous compounds 101
Heck reaction 77, 87, 88, 123, 384

mechanism/catalytic cycle 88
Hemetsberger–Knittel synthesis

of a 5-azaindole 422
of indoles 113, 415

N-Heterocyclic carbenes 471
Hinckdentine A 639, 640
Hippuric acid 472
Histamine 463, 629, 647
Histamine receptors 650
Histidine 462, 463, 629
Hiyama–Denmark coupling reaction 66, 68
Hofmann exhaustive methylation 588, 589
5-HT see 5-Hydroxytryptamine
HT3 antagonists 654
Hydralazine 654
Hydrazine substituent, oxidative removal 577
β-Hydride elimination from palladium compounds 58
2-Hydroxy-5-methylfuran 357
2-Hydroxyfurans, tautomerism 357
3-Hydroxyindazole, tautomerism 507
1-Hydroxyindoles

synthesis from indoline 418
tautomerism 399

2-Hydroxyindole, tautomerism 397
3-Hydroxyindole, tautomerism 398
3-Hydroxyisoquinoline, tautomerism 184
5-Hydroxyisothiazole, tautomerism 493
Hydroxylamine O-sulfonic acid 126
Hydroxyproline 629
1-Hydroxypyrazole 486
3-Hydroxypyrazole, tautomerism 493
Hydroxypyridines, tautomerism 142
3-Hydroxypyridine, electrophilic substitution, regioselectivity 

143
5-Hydroxypyrimidines, in Wittig reactions 270
2-Hydroxypyrrole, tautomerism 310
8-Hydroxyquinoline 183
3-Hydroxythiophene 336

tautomerism 226
2-Hydroxythiophene, tautomerism 335
5-Hydroxytryptamine 63, 629, 647

11C-1′-5-hydroxytryptophan 618
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Hygrine 589
Hypovase 654
Hypoxanthine 516, 517

IEDDA see Inverse electron demand Diels–Alder
Imatinib 662, 663
IMes 60
1H-Imidazole see Imidazoles
Imidazoles 455, 461

acidity 30, 467
C-acylation, mechanism 465, 466
N-acylation 463, 464
N-alkylation 462, 463, 467
N-arylation with boronic acids 86
basicity 461
2-bromination, mechanism 465
hydrogen bonding 462
Mannich reaction 463
nitration 464
orbital picture 11
radical substitution 469
reversible N-alkylation
ring synthesis

from R(C=O)(C)Hal plus H2N(C=NH) 473, 474
from TosMIC plus R(C=NR) 476

sulfonation 465
tautomerism 462
N-vinylation 463

an Imidazole N-oxide, ring synthesis 473
Imidazole-5-sulfonic acid 465
Imidazolidine 461
Imidazoline 461
Imidazolium salts, nucleophilic addition to 470
Imidazolium ylide 464
Imidazo[1,2-a]pyridines 543, 544

lithiation 544
ring synthesis from pyridines 544

Imidazo[1,5-a]pyridines 543, 545
lithiation 545
ring synthesis from pyridines 546

Imidazo[4,5-b]pyridin-2-ones 508
Imidazo[1,5-a]pyrimidine 549
Imidazo[1,5-c]pyrimidine 543
Imidazo[2,1-b]oxazole 552
Imidazo[2,1-b]thiazole 552
Imidazo[1,5-a]-1,3,5-triazines, ring synthesis 550
Imidazo[5,1-f][1,2,4]triazines, ring synthesis from imidazoles 

550
Imidazol[1,5-d][1,2,4]triazine 543
Imuran 662
Indazol-3-one, ring synthesis from anthranilic acid plus HNO2 

511
1H-Indazole see Indazole
Indazoles, acidity 505

N-alkylation 503, 504
N-acylation 504
basicity 503
nitration 504

ring synthesis
from ortho-Ar[Hal][(C=NNH2)R] 510
from ortho-Ar[NHAc][CH2R] plus RONO 510

N-substitutions 505
Indigo 373

from indoxyl 398
Indocin 656
Indol-3-ylacetic acid 629
Indol-3-ylacetonitrile, synthesis from gramine 395
Indol-5-ylboronic acid 391
1H-Indole see Indole
3H-indole 373

nucleophilic addition to 379
Indoles 369, 373

acidity 386
C-acylation 376–378
N-acylation 387
C-alkylation 378

α-alkylation, mechanism 379
N-alkylation 387
alkynylation 379
allylation 379
benzene-ring acylation 378
a 3-boronic acid, ipso substitution 52
bromination 375
a 3-bromoindole, halogen-metal exchange 390
N-carboxylation for 2-lithiation 389
carboxylic acids, decarboxylation, mechanisms 396, 397
Diels–Alder addition, intramolecular 393
dimer 383
dipolar cycloadditions, intramolecular 393
3-ketones, reduction to alkyl 371
C-lithiations, N-protecting groups for 388
Diels–Alder reaction with a 1,2,4,5-tetrazine 394
dimerisation 383
direct metallation

regioselectivity 81
electrophilic substitution

rate 23
regioselectivity 370
α-substitution, mechanism 370

halogenation 375, 376
2-halo- into 2-nitro- 386
iodination 375
Mannich reactions 370, 382–384
mercuration 384
nitration 374
nitrosation 384
N-substituted, 2-lithiation 371
orbital picture 11
protonation 37
2,3-quinodimethanes 32, 33
radical attack 391

with displacement of arylsulfonyl 391
reaction with aldehyde plus arylsulfi nic acid 383

with aziridines 380
with azodicarboxylate 375
with conjugated carbonyl compounds 380, 381
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with conjugated imines 381
with epoxides 380
with formaldehyde 382
with isocyanides 377
with ketones and aldehydes 382
with nitroethene 381
with oxalyl chloride 377

reactivity 370
reduction to indoline 392
ring synthesis

from ArNHOH plus RC≡CR 405
from ArN(CHR)(C=O)R 411, 412
from ArNHCl plus RSCH2(C=O)R 414
from ArNR(N=CRH) 372, 403–405
from ortho-Ar[(N)(C=O)][((C=O)R] 414
from ortho-Ar[Hal][(N)C=C(C=O)R] 413
from ortho-Ar[Hal][NHR] plus RC≡CR 410
from ortho-Ar[N(C=O)][CH2R] 410, 411
from ortho-Ar[N≡C][C=CR] 414
from ortho-Ar[N3][C=CNO2] 415
from ortho-Ar[NH][C(C=O)R] 406
from ortho-Ar[NHR][C≡CR] 409
from ortho-Ar[NO2][C=C] 408
from ortho-Ar[CH3][NO2] 372, 407, 408
from p-benzoquinones and enamines 413
from pyrroles 307, 412

sulfonation 375
1-TIPS-gramine, 4-lithiation 390, 396
1-TIPS-indole, 3-lithiation 389
1-TIPS-indole-3-bromo, via lithiation 389
thiocyanation 375
typical reactions 369
N-sulfonylation 387
synthesis from indolines 415, 416

Indolenine see 3H-indole
Indolines 588

from indole 39
an Indole-3-acid, decarboxylation 378
an Indole-3-silane 53
an Indole-5-silane 52
an Indole-2-trifl uoroborate, ipso alkylation 52
1H-Indolium cation 373
2H-Indolium cation 373
3H-Indolium cation 373

addition of hydrogen sulfi te 374
Indolizine 539, 540

acetylation 540
aromaticity 539
basicity 540
lithiation 540
nitration 540
reaction with diethyl acetylenedicarboxylate 540
ring synthesis from pyridines 541, 542

Indolyl anion, mesomeric structures 386, 387
Indolyl N-Grignard reagents, 3-substitutions 387, 

388
Indomethacin 656
Indophenine, colour test for thiophene 328

Indoramin 654
Indoxyl 398, 399

anion methylation 398
oxidation to indigo 398
ring synthesis from ortho-Ar[CO2H][(N)CH2CO2H] 417

Inhibitor of transforming growth factor β1, type 1 receptor, 
notable imidazole synthesis 478, 479

1,1-Insertion of Pd 58
1,2-Insertion of Pd 57, 58
Inverse electron demand Diels–Alder reactions 261, 262
Invirase 661
Iodine fl uoride 610
3-Iodo-1-TIPS-pyrrole, halogen-metal exchange 306
a 5-Iodo-2-pyrone, ring synthesis via iodolactonisation 216
4-Iodo-3-formylindole, via 4-thallium compounds 385
3-Iodochromone 233
3-Iodoindazole 504
3-Iodoindole 375
4-Iodoisothiazole 490, 493
2-Iodopyrazine 259
7-Iodopyrazolo[1,5-a]pyridine 546
5-Iodo-1-methyltetrazole 563
4-Iodothiazole 468
2-Iodothiophene 326

displacement with thiol 330
Iridium-catalysed boronation 51
Irinotecan 663
Iron catalysis of coupling reactions 61
Isatins 399

conversion into oxindoles 399
reaction with thiophene 328
electrophilic substitution 399
ring synthesis from ArNH2 plus CCl3CH=O 418

Isay synthesis of pteridines 282, 283
Isobenzofurans 447

Diels–Alder reactions 248
synthesis from 1-alkoxyphthalans 451

from phthalides 452
synthesis via cycloreversions 451

Isobenzothiophene 447
Isocarbostyril 180
Isochromylium 229
Isocoumarins 229

ring synthesis
from ortho-Ar[CO2H][CH2(C=O)R] 243
from ortho-Ar[CO2Me][Hal] plus RC≡CR 243

1H-Isoindole 447
2H-Isoindole 447
Isoindoles 369, 447

Diels–Alder reaction 372
ring synthesis from ortho-Ar[(C=O)R][(C=O)R] plus RNH2 

450
synthesis by cycloreversions 450
synthesis from 1,3-dihydro-isoindoles 449

Isomaltol, conversion into 4-pyridones 357
Isoniazide 660
Isonicotinic acid 148
Isophakellin, N-methyl-dibromo- 639
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Isoquinolines 115, 177
basicity 177
bromination 178
electrophilic substitution, regioselectivity 122
hydroxylation 180
linked to a solid-support 99
nitration 178, 180

mechanism 22
nitro-, oxidative amination 180
nucleophilic substitution of halogen, regioselectivity 

122
oxidation of the benzene ring 179
radical substitution 182
reaction with activated alkynes 187
ring synthesis

from Ar(C2)NH2 plus R(C=O)H 195, 196
from ortho-Ar[C≡CR][CH=NR] 197
from 2-benzopyrylium ions 206, 231
from Ar(C2)NH2 plus R(C=O)Cl 195
from ArCH=O plus H2NCH2CH(OR)2 194, 195
from indanedione monoximes 198
from ortho-dialdehydes 197

Isoquinoline-1-carboxylic acid, decarboxylation 185
Isoquinolinium salts, Grignard addition 186
Isoquinoline N-oxide

conversion into 2-cyanoisoquinoline 188
nitration 188

Isoquinoline 3,4-quinodimethane 33
1-Isoquinolone 184

conversion into 1-chloroisoquinoline 184
formylation 184

Isothiazoles 455, 485
N-alkylation 486
basicity 486
halogen-metal exchange 490
5-lithation 489
nitration 487
sulfonation 487

Isothiazolidine 485
Isothiazolium salts, ring opening with hydride 492
Isothiazoline 485
Isothiazol-5-one 493
Isoxazole 455, 485

basicity 486
interconversion with 1,2,4-thiadiazole 491
nitration 487
ring opening via 3-anion 489
ring synthesis

from nitrile oxides 53
from R(C=O)(C)(C=O)R plus H2NOH 494, 495
from RC≡N+—O− plus RC≡CR 496

synthons for β-amino-enones 490

Isoxazole-4-boronates, synthesis from alkynylboronates 73

Isoxazole-5-boronates, synthesis from alkynylboronates 

73

an Isoxazole-5-stannane, ring synthesis 53

Isoxazolidine 485

Isoxazoline 485

Isoxazolium salts, base-catalysed ring opening 492

Japp–Klingemann reaction 419

JohnPhos 60

Ketorolac 304, 656

Knorr synthesis of pyrroles 312

Knorr’s pyrrole 313

Kryptofi x 619

Kumada–Corriu coupling reaction 66, 69, 71, 123

Kytril 654

‘Lab on a chip’ 104, 105

β-Lactamase 598

β-Lactams 587, 598

β-Lactones 598

Lamellarin 639

Lamictal 659

Lamivudine 661

Lamotrigine 659

Lapatinib 662, 663

Lariam 660

Lawesson’s reagent, in thiophene ring synthesis 336, 337

Lead compound 649

Leaf-cutting ant 641

Leaving groups, in oxidative addition 62, 63

Lefl unomide 657

Leimgruber–Batcho synthesis of indoles 372, 407

mechanism 498

‘Ligandless’ catalysts 61

Ligands, for palladium(0) reactions 60

Light fl uorous compounds 101

Lipitor 645, 656

Lithiated heterocycles, regiostability 40

Lithiating reagents 38, 39

Lithiation

in the presence of N-hydrogen 44

of indoles, protecting groups 41

of pyridines, regioselectivity 43, 44

of pyrroles, protecting groups 41

solvents 39

3-Lithiofuran, stability 352

1-Lithioindoles, N-substitutions 388

3-Lithiothiophene, stability 331

Lithium chloride

promoter of CuI-catalysed N-arylation of imidazoles 86

use in direct metallations 46

use in halogen-metal exchange 46

Loratidine 651

Losartan 655

Losec 651

Louisanin A, notable pyridine synthesisc166

Loxapine 622

Luciferin 641

Luminal 659

Lupinine 638

Lysergic acid 638

Lysine 589

Madelung synthesis of indoles 410, 411

Maleic hydrazide 274, 632
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Malvin chloride 641
Manganese(II) catalysis of coupling reactions 61
Mannich reaction 289, 302, 303, 328, 350, 370, 382–384, 383, 

486, 563
using boronic acids 51

Mebendazole 660
Mechanism of aromatic electrophilic substitution 20, 21
Mechanism of aromatic nucleophilic substitution 24–26
Mefl oquine 660
Melamine 575, 622
Melatonin 629
Meldrum’s acid, use to make 3-hydroxythiophene 335, 336
5-Membered heterocycles, ring synthesis, from enol and C2XH, 

mechanism 109
Mercury compounds

by metal-metal exchange 54
by electrophilic mercuration

furans 351
indoles 384
oxazoles 54
thiazoles 54
thiophenes 329

Mesionic heterocycles, structures, mesomeric structures 13
Mesoionic compounds

cycloadditions 113
defi nition 113

Mesoionic oxazolones 472
Mesoionic thiazolones 472
Messenger RNA 636
Metal-metal exchange 37
2-Methanesulfonylpyrimidine 258
Methotrexate 282, 662
Methoxatin 633

notable isoquinoline synthesis 198, 199
Methoxysalen 663
N-Methoxycarbonylpyrrole, reaction with singlet oxygen 307
Methoxydiazines, nucleophilic displacements 258
3-Methoxyfuran, Diels–Alder as a dienophile 355
2-Methoxyfuran, Diels–Alder reactions 358
5-Methoxyimidazo[1,2-a]pyridine 543
1-Methoxyindole, 2-lithiation 400
1-Methoxyphthalan 451
8-Methoxypsoralen 663
2-Methoxypyrazines, displacement of MeO 258
4-Methoxypyridazine, displacement of MeO 258
2-Methoxypyridine 133
4-Methoxypyrimidine, displacement of MeO 258
Methyl chromone-3-carboxylate, Diels–Alder reaction 235
1-Methyl-1,2,3,4-tetrahydrocarbazole, ring synthesis 404
1-Methyl-1,2,3-triazole, bromination 558
3-Methyl-1,2,4-oxadiazole 569
1-Methyl-1,2,4-triazole 559
Methyl-1,2,5-thiadiazoles, side-chain deprotonation 570
4-Methyl-4H-1,2,4-triazole 559
Methyl-4-pyrones, side-chain condensations 218
1-Methyl-7-azaindole 401
2-Methyladenine, notable pyrimidine ring synthesis 281
Methyl-chromones, side-chain condensation 236
Methyl-coumarins, side-chain condensation 236

Methylene blue 623, 658
3-Methylfuran, mercuration 351
3-Methylimidazo[1,2-a]pyridine 543
2-Methyl-imidazoles, side-chain reactions 55
Methyl-imidazolium salts, side-chain reactivity 457
N-Methyliminodiacetic acid 49
Methyl-indoles, side-chain substitution 394, 395
1-Methylindole, photochemical [2 + 2] addition 394
2-Methylindole

5-nitration, mechanism 375
alkylation with araldehyde and a silane 382
reaction with a glycosyl bromide 382
ring synthesis from o-allylaniline 113
side-chain reactions 55

3-Methylindole, oxidative cleavage of 2,3-bond 385
2-Methylisoquinolinium iodide

cycloaddition 183
reduction 183, 186
conversion into 2-methyl-1-isoquinolone 186

Methyl-isothiazoles, side-chain acidity 492
Methyl-oxazoles, side-chain acidity 470
4-Methyloxazole, lithation and ring openingn 468
Methyl-purines, condensation at methyl 530
Methylpyrazines, side-chain oxidation, biological 255
2-Methylpyrazine 255
Methyl-pyrazoles, side-chain acidity 492
3(5)-Methylpyrazole 485
2-Methylpyrazolo[1,5-a]pyridine 546
3-Methylpyridazine 254
4-Methylpyridazine, side-chain substitution 273
Methyl-pyridines

oxidation of side-chain 130
side-chain acidity 54, 55, 146
side-chain halogenation 147
side-chain substitution 55, 120, 146, 147

1-Methylpyridinium iodide 128
Methyl-pyrimidines, acidity 252
Methyl-pyrimidones, side-chain metallation 269
Methyl-pyrroles, oxidation of side-chain 303
3-Methylpyrrole, dimerisation 306
N-Methylpyrrolidone 587
Methyl-pyryliums, side-chain substitution 213
2-Methylquinoline side-chain substitution 185
4-Methylquinoline, radical substitution 182
2-Methyltetrahydrofuran, solvent properties 347
Methyl-tetrazoles, side-chain lithiation 563
1-Methyltetrazole 562

electrophilic substitution 563
2-Methyltetrazole 562
Methyl-thiazoles

side-chain acidity 470
side-chain condensation 470

Methyl-thiophenes, side-chain halogenation 334
2-Methylthiothiazole, ring synthesis 474
4-Methypyrimidine, side-chain oxidation, biological 255
‘Me-too’ drugs 648
Metronidazole 660
MIDA 49
Migraine 653
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Minisci reaction 27, 138, 182, 560, 576
Minoxidil 654
Mirapexin 659
Mitomycins 587
Mitsunobu reaction

using fl uorous reagents 101
using polystyrene-diphenylphosphine 100

Molipaxin 659
Molybdenum cofactor 282, 630
Monomode microwave heating 103
Morphine 638, 647
Morpholine 588

basicity 588
mRNA see Messenger RNA
MTX 662
Mucobromic acid, from 2-formylfuran 349
Mukaiyama reagent, fl uorous version 102
Multimode microwave heating 103
Münchnones 47
Muscarine 652
Muscarinic receptor 652
Myasthenia gravis 653

NAD+ 631
NADPH 588, 631
Names of aromatic heterocycles 1, 2
Names of saturated heterocycles 3
Naming fused heterocycles 2
Naphthalene, resonance 6
Naringin 657, 658
Negishi coupling reaction 66, 69, 74, 77, 78, 269, 371
Nemertellin, notable pyridine synthesis 166
Nenitzescu synthesis of 5-hydroxyindoles 413
Nerve gases 653
Nettle rash 650
Neurotransmitters 629, 646, 647, 649
Nexium 645
NFSI 610
NHC see N-Heterocyclic carbene
Ni(0)-catalysed amination 85
Niacin 630
Nicotinamide 631
Nicotine 637, 638, 652
Nicotinic acid 148
Nicotinic antagonists 652
Nicotinic receptor 652
Nitrene insertion 113
Nitrile imines, generation (in situ) for cycloaddition 496
Nitrile oxides, generation (in situ) for cycloaddition 496
N-Nitro groups, as leaving groups 488
Nitroacetamide 161
3-Nitro-7-azaindole 401
6-Nitrochromone 232
2-Nitrofuran 348
4(5)-Nitroimidazole 464, 467
3-Nitroindazole 504
2-Nitroindole, via 2-lithiation 389
1-Nitroisoquinoline 180

4-Nitroisoquinoline 178
5-Nitroisoquinoline 178
8-Nitroisoquinoline 178
Nitrones 590
4-Nitropyrazole 487
3-Nitropyridine 129
Nitro-pyrroles, nucleophilic displacement of nitro 303
2-Nitropyrrole 297
3-Nitropyrrole 297
Nitrosation of amino-oxydiazines 272
2-Nitrothiophene 326
3-Nitrothiophene 326
3-Nitro-1,2,4-triazole 560
NMP see N-Methylpyrrolidone
Noradrenaline 647, 654
Norvasc 645, 654
N-Oxides, rates of nucleophilic substitution 25
NSAIDS 656
Nucleophilic aromatic substitution

mechanism 24–6
enhancement in acid for heterocycles 25

Nucleophilic radicals 27
Nucleophilicity, of azines 20
Nucleoside 515
Nucleotide 515, 636
Nudibranch 640
Numbering of heterocycles 1

O- versus N-arylation, ligands for 87
Octaethylhemiporphycene, notable pyrrole synthesis 318
Octahydroindole, from indole 392
Octaethylporphyrin, notable pyrrole synthesis 317
Olenzapine 645, 646, 659
Omeprazole, mechanism of action 652
Ondansetron 645, 654

notable indole synthesis 418
Opium 647
Opium poppy 638
Ornithine 589
Orphan drugs 648
OTC drugs 648
Oxadiazoles, aromaticity 569

ring syntheses 571–573
1,2,3-Oxadiazoles 569
1,2,4-Oxadiazoles 569

as masked amidines 571
ring synthesis

from amidoximes 571
from N-acylamidines 571

1,2,5-Oxadiazoles 569
ring opening 570

1,3,4-Oxadiazoles 569
ring synthesis

from C(C=O)NHNH(C=O)R 572
from tetrazoles 564, 572

Oxaziridines 596, 587
Oxazoles 455, 461

adducts from bromination 465
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N-alkylation 462, 463
basicity 461
Diels–Alder reactions 469
magnesiation 468
mercuration 54
ring synthesis

from R(C=O)(C)(NH)(C=O)R 474, 475
from R(C=O)(C=N2)R plus RCN 476, 477
from TosMIC plus R(C=O)H 476

Oxazole-3-carboxylic acid, ester, ring synthesis 475
Oxazolidine 461
Oxazoline 461
Oxazolium salts, nucleophilic addition 470
Oxazolium ylide 464
Oxazolo[4,5-b]pyridines 508
an Oxazol-2-one, conversion into chloride 472
Oxetane 597
2H-Oxete 597
Oxidative addition 57

regioselectivity 57, 63
Oxindoles 397

electrophilic substitution 397
from indole-2-boronic acids 52
from isatins 399
ring synthesis from Ar(N)(C=O)CHalR 416, 

417
Oxiranes see Epoxides
OXONE® 596
Oxyalkyl radicals, generation 28
Oxy-diazines

electrophilic substitution 264
tautomerism 263, 264

Oxypurines
O-acylation 526
N-alkylation 526
conversion into halides 527
conversion into sulfi des 527
O-silylation 526
O-sulfonylation 526
tautomerism 525

Oxypyrimidines, electrophilic substitution 251

Paal-Knorr synthesis of furans 359, 360
Paal-Knorr synthesis of pyrroles 311, 312
Paclobutrazol 623
Palladation, aromatic 59
Palladium catalysis, general discussion 56–59
Palladium compounds

from boronic acids 58, 59
from Grignard reagents 58
from stannanes 58
from zinc compounds 58

Palladium-alkene complexes 59
Palladium-catalysed reaction types 56
Palladium-on-carbon catalysis of coupling reactions 60, 

61
Paludrine 660
Papaverine 638

Papaverine, notable isoquinoline synthesis 198
Paraquat 138, 632
Parkinson’s disease 659
Passive heating elements 103
Paternò-Büchi reaction 605
Payne rearrangement 593
PBD 624
PBG see Porphobilinogen
Pd(0)-catalysed reaction

involving amination: mechanism/catalytic cycle 84
involving boron compounds 66, 67
involving carbonylation 89
involving cyanation 70
involving Grignard reagents 69
involving silicon compounds 68
involving tin compounds 67
involving zinc compounds 69, 71
leaving groups 61–64
using alkynes 69
using 9-BBN derivatives 70
using benzofuran-2-boronic acid 61
using a bromoalkyne 69
using a 5-bromobenzofuran 78
using 2-bromofuran 75
using a 2-bromofuran 74
using 4-bromoindole 88, 90
using 5-bromoindole 61
using 7-bromoindole 67
using 6-bromoisoquinoline 123
using a 2-bromopyridine 67, 70, 78
using 3-bromopyridines 70, 71, 72
using 5-bromopyrimidine 61, 67
using a 5-bromopyrimidine-2,4-dione 78
using 3-bromoquinoline 68, 88
using 2-bromothiazoles 67, 85, 250
using a 2-bromothiophene 67, 71, 75
using 3-bromothiophene 67, 71
using 4-chloro-7-azaindole 402
using a 2-chloroimidazole 73
using a 2-chloropyrazine 79
using 2-chloropyrazine 71
using 3-chloropyridine 70
using 2-chloropyridines 69, 80
using a 2-chloropyrimidine 75, 84
using 4-chloropyrimidine 72
using a 6-chloro-1,2,4-triazine 76
using coumarin-4-tosylates 76
using 2,5-dibromopyridine 84
using 2,6-dibromopyridine 69, 75
using 3,5-dibromo-2-pyrone 76
using 2,4-dibromothiazole 73
using 2,5-dibromothiophene 71, 78
using 2,6-dichloropyridines 74
using a 2,3-diiodoindole 72
using direct palladation

of 4-acetylpyridine 82
of a 7-azaindole 81
of a furan 88
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of an imidazo[1,2-a]pyridine 80
of indole 81, 88
of a thiazole 80
of a thiophene 80

using enolates 70
using furan-2-boronic acid 69
using furan-3-boronic acid 73
using furan-2-carboxylic acid, for oxidative Heck 89
using a furan-2-zinc compound 62. 371
using a furan-3-stannane 292
using 5-halopyrimidines 76
using an imidazole-2-stannane 76
using an imidazole-2-zinc compound 72
using an imidazole-5-boronic acid 73
using an indole-3-stannane 72
using indole: N-vinylation 84
using indole: N-alkenylation 84
using indole: oxidative coupling 83
using an indole-2-boronate 71
using an indole-4-boronate 420
using an indole-3-boronic acid 72, 420, 421
using an indole-2-Grignard 72
using an indole-3-Grignard 72
using indole-3-mercury compound 384
using an indole-2-silanol 68
using an indole-2-trifl ate 62
using indole-5-trifl ate 371
using an indole-2-zinc compound 72
using 4-iodo-1-phenylsulfonylimidazole 457
using a 3-iodopyridine 69, 123
using monoalkyl tins 67, 68
using nonafl ates 64
using an oxazole-2-stannane 72, 76
using an oxazole-4-trifl ate 73
using phosphates as leaving groups 64
using a purine-8-bromide 77
using a purine-6-chloride 77
using a purine-2-iodide 77
using a purine-6-zinc compound 76
using a pyrazine-2-stannane 75, 76
using a pyrazole-5-stannane 73
using a pyridazine-4-boronate 75
using a pyridine-3-borane 77
using pyridine boronic acids 74, 78
using pyridine stannanes 74, 76, 77
using pyridine-2-thiones 64
using a pyridine-3-zinc compound 74
using a pyrimidine-5-boronic acid 75
using a pyrimidine-2-stannane 75
using a pyrimidine-5-stannane 250
using a pyrrole-2-boronic acid 71
using a pyrone-3-trifl ate 76
using sulfonates of deoxyguanosine 76
using sulfonium salts 64
using tetrazole-5-stannanes 73, 74
using a thiazole-5-boronate 79
using thiazole-2-stannanes 72, 73, 76
using thiazole-5-stannanes 73, 79
using thiones 64

using a thiophene-3-boronic acid 71
using thiophene-2-stannanes 67, 71
using a thiophene-2-zinc compound 78
using a 1,2,3-triazolyl-5-zinc compound 74
using trifl uoroborates 66, 67, 70
using a uridine-5-zinc compound 269

PDE5 656
PEG see Polyethylene glycol
Pelargonidin chloride, notable benzopyrylium synthesis 243
Penicillins 587, 661
Pentazoles 557, 565
Pentosans 359
Pepcid 651
PEPPSITM-IPr 60
Perchlorate salts, hazards and alternatives 209
Perchloryl fl uoride 609
Peripheral nervous system 647
Petasis reaction 51, 52, 329
Pfi tzinger synthesis of quinolines 193
Pharmacogenetics 648
Phase tags 97, 101
Phenanthroline 60
1,10-Phenanthroline, 4,6-dimethoxy, ligand for N-arylation of 

imidazoles 85
Phenergan 650
Phenobarbitone 659
1-Phenyl-1,2,3-triazole

5-lithiation 559
Diels-Alder reaction 559

2-Phenyl-2H-1,2,3-triazole 558
4-Phenyl-1,2,4-triazoline-3,5-dione 561

ring synthesis 567
Phenylalanine 638
2-Phenylindole, ring synthesis 403
1-Phenylisoindole, tautomerism 449
4-Phenyloxazole, reaction with benzyne 469
3(5)-Phenylpyrazole 488
1-Phenylsulfonyl-2-nitroindole, diopolar cycloaddition 393
1-Phenylsulfonylindole

2-lithiation 389
magnesiation 388
nitration 37
3-bromo, halogen-metal exchange 391
3-methyl bromination 396
3-trifl ate 399

1-Phenylsulfonylindoxyl, ring synthesis 399
1-Phenylsulfonylpyrrole

acylation, regioselectivity 299
2-boronic acid 305
lithiation 305
sulfenylation 297
2-tri-n-butylstannane 306

5-Phenyltetrazole, regioselective N-alkylation 562
2-Phenylthiopyridine 133
4-Phenylurazole 567
Photochemotherapy 663
Photofrin 664
PhPI 622
Phthalazine 253
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Phthalimidine 448
Phthalocyanines 449
Phytoalexin 629
Picolinic acid 148
Pictet–Gams synthesis of isoquinolines 195
Pilcarpine 652
Piloty-Robinson synthesis of pyrroles 315
Pinacol borane 50
Pinacol boronates 49
Pinacol diboron 50
Piperideine 588

trimer 589
Piperidines 588

basicity 588
conformation 590
dehydrogenation139
dipole moment 7
from pyridine 139
ring synthesis from X(C5)Y 603

Pirenzepine 652
Piriton 651
1-Pivaloylindole, 4-acylation 378
pKa, defi nition 19
pKaH, defi nition 19
Plavix 645
Pletal 655
Plexcore 626
PLP 631
Poly(acetylene) 625
Poly(aniline) 625
Poly(pyrrole) 625
Poly(thiophene) 625
Polybenzimidazole 622
Polyethylene glycol 100
Polymer-bound

base 100
brominating agent 100

Polyvinylpyridinium hydrofl uoride 612
Pomeranz–Fritsch synthesis of isoquinolines 194, 195
POPOP 624
Porphine 301
Porphobilinogen 295, 633, 634, 635
Porphyrinogen 301
PPO 624
PQQ 633
Pralidoxime 653
Pramipexole 659
Prazosin 654
Precatalysts, for Pd(0) reactions 59
Prins reaction 221
Pripsen 660
Prodrugs 648
Proglycem 654
Proguanil 660
Proline 629, 638

as ligand for CuI-catalysed amination 86
Promethazine 650, 651
Propiolactones 598
N-Protecting groups for lithiations 45

Protodeboronation 49, 50
Proton-pump inhibitor 651
Protoporphyrin IX 634, 664
Psoralen 663
PTAD see 4-Phenyl-1,2,4-triazoline-3,5-dione
Pteridines 282, 283, 630

ring synthesis
from 4,5-diaminopyrimidones 283
from pyrazine N-oxides 283

9H-Purine see Purine
Purine 515

acidity 524
N-acylation 519
basicity 516
N-alkylation 516–518

regioselectivity 517, 518
amino, basicity 516
diazocoupling 520
halogenation 519, 520
leaving groups 523
linked to a resin 98
8-metallation 524
nitration 520
nucleophilic substitution 521–523, 526

regioselectivity 522
N-oxidation 519
ring synthesis

from 1,3,5-triazines 533
from 5-aminoimidazole-4-carboxamide 532, 533
from formamide 534
from pyrimidine-4,5-diamines plus RCO2H 530–533

tautomerism 515
PUVA 663
PVPHF 612
2H-Pyran 209, 212, 590
4H-Pyran 209, 212, 590
Pyrazine 249, 253

N-oxide, conversion into halides 251, 263
conversion into nitriles 263

lithiation 263
basicity 253, 254
boiling point 253
lithiation 259
N-oxidation 254
photochemical conversion into pyrimidine 262
radical substitution 261
reaction with chloroformates and nucleophiles 273
halogenation 255
Diels–Alder reactions 262
ortho-assisted lithiations 260
ring synthesis

from N=CC=NC=C 281
from 2xR(C=O)CNH2 279
from R(C=O)(C=O)R plus H2N(C2)NH2 279, 280
from R(C=O)(C=O)R plus H2N(C2)NH2 252

2-tri-n-butylstannane 259
Pyrazinium-3-olate, mesomeric structures 13

dipolar cycloadditions 270
Pyrazino[2,3-b]pyrimidine
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Pyrazol-3-one 493
1H-Pyrazole see Pyrazole
Pyrazole 455, 485

acidity 30, 488
N-acylation 486
N-alkylation 486, 488
basicity 486
halogenation 487
halogen-metal exchange 490
hydrogen-bonding 485
5-lithation 489
Mannich reaction at nitrogen 486
nitration 487
photochemical conversion into imidazoles 491
N-protecting groups for 5-lithiation 489
protonation 486
reaction with cyanamide 487
sulfonation 487
ring synthesis

from R(C=O)(C)(C=O)R plus RNHNH2 494, 495
from RC≡N+–NR− plus RC≡CR 496
from RCH=N2 plus RC≡CR 497
from an isoxazole 490
miscellaneous methods 497

a 4-stannane 490
a 5-stannane, synthesis from an alkynylstannane 7
5-stannanes 497

Pyrazoline 485
Pyrazolo[1,5-a]pyridines 543, 546
Pyrazolo[1,5-a]pyridine

electrophilic substitution 546
lithiation 546
ring synthesis

from pyridines 546
from pyrazoles 550

Pyrazolo[1,5-b]pyridazine 549
a Pyrazolo[3,4-d]pyrimidine, ring synthesis 491
1H-Pyrazolo[4,3-d]pyrimidine 535
3-Pyrazolone, ring synthesis from acrylonitrile 495
Pyrazolones, condensation with aldehydes 493
Pyridate 623
Pyridazine 249, 253

N-alkylation 254
ortho-assisted lithations 260
basicity 253, 254
boiling point 253
a 4-boronate 275
Diels–Alder reactions 262
lithiation 259
N-oxide, nitration 262

nitro-, displacement of nitro 262
reaction with n-BuLi 256
reaction with chloroformates and nucleophiles 273
ring synthesis

from 1,2,4,5-tetrazines and alkynes 275
from R(C=O)(C2)(C=O) plus N2H4 252
from R(C=O)(C2)(C=O)R plus N2H4 274
from 1,4-dihydrofurans plus N2H4 274

4-stannanes, ring synthesis 75, 275
zincation 259

Pyridazinomycin 641
Pyridazinones, conversion into halides 274
Pyridines 115, 125

acetoxymercuration 130
α-acids, decarboxylation 148
α-alkylation/arylation 131
α-amination 132
N-alkylation 128
N-amination 126
basicity 125
bromination, mechanism 22
α-cyanation 129
dimerisation 138, 139
dipole moment 7
donation of lone pair 116
electrophilic substitution

rate 116, 117
regioselectivity 116, 117
substituent effects 117

Grignard reagents, preparation 138
halogenation 130
N-halogenation 127
lithiation, with ortho assistance 135
lithiation at C-2 134, 135
mesomeric structures 7
C-nitration 129
N-nitration 126
N-oxidation 126
3-phosphonate, via Pd(0)-catalysed coupling 70
proton exchange in basic solution 134
N-sulfonation 127
nucleophilic substitution of halide

mechanism 118
regioselectivity 118

orbital picture 7
photochemical conversion into 2-aza-bicyclo[2.2.0]

hexadienes 141
proton exchange 128
protonic salts 125, 126
radical halogenation 138
radical substitution, regioselectivity 119, 138
reaction with thionyl chloride 127
resonance energy 7
ring synthesis

from 1,2,4-triazine 577
from a pyrimidine 250
from [2 + 2 + 2] cycloadditions 164
from 1,2,4-triazines 162
from 2R(C=O)(C)(C=O)R plus H2NC=C(C=O)R 160
from aza-1,3,5-trienes 163
from azadienes plus alkynes 163
from C≡C(C)NH2 plus RCH2(C=O)R 164
from enamides 165
from furans 164
from oxazoles 162
from R(C=O)(C)3(C=O)R plus NH2OH 157
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from R(C=O)(C)3(C=O)R plus NH3 156–158
mechanism 109

from RC≡C(C=O)R plus H2NC=C(C=O)R 161
from RCH=O, 2R(C=O)(C)(C=O)R plus NH3 158, 

159
industrial 165
from RC=O)(C)(C=O)R plus enamine, mechanism 110

a 3-silane, synthesis via coupling 52
a 4-silane, ipso substitution 54
silylation 132
a 2-stannane 53

ipso substitution 53
synthesis via coupling 74

a 3-stannane, synthesis via coupling 74
sulfonation 129
3-sulfonic acid 129
typical reactivity 115

Pyridine sulfur trioxide complex 127
ring opening 152
sulfonation of indole 375
sulfonation of pyrrole 297
conversion into pyrylium perchlorate 219

Pyridinium bromide 127
Pyridinium hydrobromide 127
Pyridinium tribromide 127
Pyridinium salts

N-alkoxycarbonyl, nucleophilic addition 150
N-alkoxycarbonyl, reduction 149
N-dealkylation 153
dithionite reduction 149
enolate addition 150, 151
Grignard addition 150, 151
linked to solid-support 98, 100
orbital picture 8
organozinc addition 151
oxidation to pyridones 148
photochemical conversion into cyclopentenes 141
rates of nucleophilic substitution 25
reduction 148, 149
structure 8
N-trifl uoromethanesulfonyl, phosphite addition 152

Pyridinium-3-olate, in cycloadditions 140
4-Pyridone, linked to a resin 98
2-Pyridone, N-arylation with boronic acids 86, 87
Pyridones, acidity 143

N/O-alkylation 143
conversion into amines 144
conversion into halides 144

mechanism 120
electrophilic substitution

mechanism 21
regioselectivity 142

halogenation 143
mesomeric structures 9
nitration 143

2-Pyridones, from 2-pyrones 206, 207
2-Pyridones, in [2 + 2] cycloadditions 141

in [2 + 4] cycloadditions 140

photochemical conversion into 2-aza-bicyclo[2.2.0]
hexadienes 141

4-Pyridones
ring synthesis

from 4-pyrones 206, 207
from a furan 357

Pyridine N-oxides 126
O-alkylation 154
bromination 154
conversion into 2-aminopyridines 156
conversion into halides 121, 155
deoxygenation 126
dipole moment 153
electrophilic substitution 121
Grignard addition 155
mercuration 154
mesomeric contributors 154
nitration 154
nucleophilic substitution 121
oxidation of 2-methyl 156
reaction with POCl3 155

Pyridoxal phosphate 631
Pyridoxine 631

notable pyridine synthesis 165
3,4-Pyridyne 134
Pyrimidines 249, 253

N-alkylation 254
ortho-assisted lithiations 260
basicity 253, 254
boiling point 253
5-boronic acid 260
bromination 255
5-carboxylic acid, methyl ester, aza-Diels–Alder reaction 

250
conversion into pyrazole 256
Diels–Alder reactions 262
linked to solid-support 99
mesomeric structures 8
N-oxidation 254
orbital picture 8
an N-oxide, ring synthesis 262
a 4,5-quinodimethane 32
radical substitution 261
reaction with chloroformates and nucleophiles 273
reaction with hydrazine 256
ring synthesis

from R(C=O)(C)(C=O)R plus H2N(C=NH) 252
from 1,3,5-triazine and alkynes 277
from ketones plus 2xRCN 278
from R(C=O)(C)(C=O)R plus H2N(C=NH) 

275–277
from 1,3,5-triazine 577

synthesis from pyrazine, photochemical 262
a 4-silane 259
a 2-stannane 259
4-stannanes 52, 53
typical reactivity 249
zincation 259
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Pyrimidones, conversion into amines 270
conversion into chlorides 269
conversion into thiocarbonyl 269
reaction with nucleophiles 265, 266
ring synthesis

from 3-ethoxyacryloyl isocyanate plus RNH2 277, 278
from R(C=O)(C)(C=O)R plus urea 276

O-silylation 267
2-Pyrones 205, 209

conversion into 2-pyridone 215
photochemical conversion into a bicyclic β-lactone 217
5-carboxylate, Diels–Alder with 2-methoxyfuran 355
bromination 214
Diels–Alder reactions 216, 217
ring synthesis

from RC=C(C)CO2H plus CH2O 221
from R(C=O)(C)CO2H plus R(C=O)CH2R 220
miscellaneous routes 221, 222

4-Pyrones 205, 209
electrophilic addition 213
Grignard addition 215
conversion into 4-halides 212
conversion into 4-pyridones 215
mesomeric structures 9
photochemical conversion into 2-pyrones 212, 213
ring opening with base 215
ring synthesis

from 4xRCO2H 223
from enamines and diketene 224
from R(C=O)(C)(C=O)(C)(C=O)R 222
from 1,3,5-triketones 207
miscellaneous routes 223

1H-Pyrrole see Pyrroles
Pyrroles 289, 295

acidity 11, 30, 304
acylation 298, 299, 300
aldehydes/ketones, reduction to side-chain alkyl 309
alkenylation 300
alkylation 300
basicity 296
bromination 298
carboxylic acids, decarboxylation 309, 310

ipso iodination 310
chlorination 298
Diels–Alder reaction 308
dipole moment 10
electrophilic substitution mechanism 22

rate 22, 290
regioselectivity 290

halo-, halogen-metal exchange 305, 306
iodination 298
C-lithiation 305
Mannich reaction 302
mesomeric structures 9
nitration 296, 297
orbital picture 9
polymerization 295
protonation 296

reaction with acetone 301
with dichlorocarbene 308
with hydroxylamine 296
with ketones 300

resonance energy 7
sulfonation 297
3-sulfonic acid 297
trimerisation 303
radical displacement of phenylsulfonyl 306
reaction with para-dimethylaminobenzaldehyde 302
ring synthesis

from C4N units 316
from isonitriles 293
from ketone oximes and acetylene 316
from mesionic compounds and acetylenes 317
from R(C=O)(C)NH2 plus R(C=O)CH2(C=O)R, 

mechanism 313
from R(C=O)(C)NH2 plus EwgC ≡ CEwg 314
from R(C=O)(C)NH2 plus R(C=O)CH2(C=O)R 312
from R(C=O)(C2)(C=O)R plus NH3 293

mechanism 109
R(C=O)(C2)(C=O)R plus RNH2 311, 312
from RCH2CH=NN=CHCH2R 315
from RO2CCH2N≡C plus RC=C(NO2)R 314
from TsCH2N≡C plus RC=C(C=O)R 314

side-chain reactivity 309
a 3-stannane 306
substitution regioselectivity 23
N-substitution 304
1-TIPS-pyrrole 304

bromination 298
nitration 297

typical reactivity 289
Pyrrolidine 588

acidity 304
basicity 291, 588
dipole moment 10
N-protonation 290
ring synthesis

from X(C4)Y 602, 603
from cycloaddition to alkenes 603
from pyrrole 306

3-Pyrrolin-2-one 310
4-Pyrrolin-2-one 310
Pyrroline 588
1H-Pyrrolium cation 296
2H-Pyrrolium cation 296
3H-Pyrrolium cation 296
3H-Pyrrolizine see Pyrrolizine
Pyrrolizine 539, 551

anion 539
lithiation 551

Pyrrolo[1,2-a]pyrazine 543
ring synthesis from pyrroles 550

a Pyrrolo[1,2-a]quinoxaline 542
Pyrrolo[1,2-c]pyrimidines, ring synthesis from pyrroles 550
a Pyrrolo[2,1-b]thiazole 542
Pyrrolo[2,3-b]pyridine 400
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Pyrrolo[2,3-c]pyridine 400
Pyrrolo[3,2-b]pyridine 400
Pyrrolo[3,2-c]pyridine 400
Pyrryl anion 304

mesomeric structures 11
orbital picture 11

Pyrylium hexachloroantimonate(V) 209
Pyrylium perchlorate, synthesis from Py+SO3

− 219
Pyrylium ions, addition of cyanide 211

addition of NH3 210
addition of nitromethane 211
addition of organometallics 211
addition of water 210
addition of Wittig reagent 212
conversion into benzenes 211
conversion into pyridines, mechanism 210
mesomeric structures 8
orbital picture 8
reactivity 205, 206
ring synthesis

from R(C=O)(C)3(C=O)R 207
from C=CCH2R plus 2R(C=O)Cl 219
from R(C=O)(C)(C=O)R plus R(C=O)CH2R 220
from R(C=O)(C)3(C=O)R 218, 219

ring synthesis, detailed mechanism 111, 112
typical reactivity 205

Pyrylium-3-olates
generation 213
dipolar cycloaddition 213

Quaternisation, rate of, in azines 20
Quercetin 642
Quercitron bark 642
Quetiapine 645, 646
Quinazoline 253
Quinine 638, 660
Quinodimethanes, generation 31, 32
Quinolines 115, 177

acid-catalysed exchange 177
amination, regioselectivity 179, 180
basicity 177
3-boronic acid, oxidation 182
bromination 178
electrophilic substitution, regioselectivity 122
hydroxylation 180
mesomeric structures 12
nitration 177, 178

mechanism 22
nucleophilic substitution, regioselectivity 122
nucleophilic 2-alkylation/arylation 179
orbital picture 11
oxidation of the benzene ring 179
reduction, regioselective 183
a 3-stannane 53
structure 11
6-sulfonic acid 178
8-sulfonic acid 178
2,3-quinodimethane 31

3,4-quinodimethane 31
ring synthesis

from ArNH2 plus R(C=O)C=CR 190, 191
from ArNH2 plus R(C=O)(C)(C=O)R 188–190
from ortho-Ar[(C=O)R][NH2] plus R(C=O)CH2R 192
from isatin and R(C=O)CH2R 193
from ortho-Ar[NH2][C≡C(C=O)R] 193

sulfonation 178
typical reactivity 121

Quinolizidine alkaloids 638
4H-Quinolizine 539
Quinolizinium ions 539, 551

ring opening 551
ring synthesis from pyridines 551

2-Quinolone, 3-lithiation 182
4-Quinolone, nitration, regioselectivity 184
Quinolones, tautomerism 184

ring synthesis, from ArNH2 plus R(C=O)(C)CO2R 189
Quinoxaline 253
a Quinoxaline 2,3-quinodimethane 32
Quinoxaline, benzene ring oxidation 255

Radical substitutions (see also ring systems in Contents)
of a furan 30
of a pyrrole 30
of a benzothiazole 28
of a pyridine 29
of a pyrimidine 28
of a quinoline 28, 29
of an isoquinoline 28
regiochemistry in azines 27–30

Ramberg-Bäcklund reaction 595
Raney nickel, desulfurisation of thiophenes 333
Ranitidine 651

notable furan synthesis 363
Reactive blue 4 623
Rebetol 661
Receptors 646
Reductive elimination 57
Reissert compounds 186, 187, 507
Reissert reaction, on solid-support 99
Reissert synthesis of indoles 406
Rember 658
Requip 659
Rescriptor 661
Reserpine 638
Retrovir 661
Rheumatoid arthritis 657
Rhodium catalysis, benzimidazole-2-alkylation 82
Rhodium-catalysed silane formation 52
Ribavirin 661
Ribofl avin 632
Ribonucleic acid 635
Ribose sugars 515
Ribosylation

of purines 518
of uracils 267, 268

Riecke zinc 47
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Rieke magnesium, with bromothiophenes 332
Rilutek 659
Riluzole 659
Rimifon 660
Ring closure, rate of versus size 599
Rink resin 97
Risk-Benefi t 649
Risperidal 645
Risperidone 645, 646, 659
RNA 635, 646
Robinson-Gabriel synthesis of oxazoles 475
Rogaine 654
Ropinirole 659
RTILs 621
RuPhos 70

Salcomine 588
Saquinavir 661
Selectfl uorTM 610
1-SEM-imidazole, 2-lithiation 467
N-SEM-pyrrole, 2-lithiation 305
Sempervirine 638
Senecionine 638
Septrin 660
Seretide 645
Serine 598
Seroquel 645
Serotonin 377, 629

notable indole synthsis 419
Sharpless epoxides 593
Sharpless epoxidation 605
Side-chain oxidation, biological 619
Silanes

in cross coupling reactions 65, 66, 68
ipso alkylation 54
synthesis via coupling 52

Sildenafi l 649, 656
notable 1H-pyrazolo[4,3-d]pyrimidine synthesis 535

2-Silyloxypyrroles, reactions with aldehydes 311
2-Silyloxythiophenes, reaction with aldehydes 336
Simvastatin 656
Singlet oxygen

addition to a pyrrole 307
addition to furans 355
reaction with tryptophan 385

Skraup synthesis of quinolines 190, 191
Sodium coumarate 233
Sodium coumarinate 233
Solid-phase scavengers 100
Solid-phase synthesis 98
Sonogashira reaction 66, 69, 76, 77, 457
SPhos 60, 66
Sponges 639
SPS see Solid-phase synthesis
Stannanes

in cross couplings 65, 66
ipso substitution 53
synthesis via coupling 52
toxicity 67

Statins 656
Staurosporine aglycone, notable indole synthesis 419
Stille reaction 66, 67, 71, 72, 73, 74, 75, 76, 79, 250
Strychnine 638, 649
N-Substituents for pyrrole C-lithiation 305
N-Substituted indoles, lithiation, regioselectivity 388
Sucrose 590
Sugasawa synthesis 417
Sulfamethoxazole 660
Sulfolane 587
Sulfonamides 660
Sulfone

displacement to release a pyrimidine from solid-support 99
as leaving group 257, 258, 523, 560, 576

Sulfoxide as leaving group, ability 578
Sulfur to link a pyrimidine to solid-support 99
Sumatriptan 654

14C-2-Sumatriptan 617
Sunitinib 662, 663
Sutent 662
Suzuki–Miyaura reaction 66, 67, 71, 72, 73, 74, 75, 78, 420, 

421
using encapsulated Pd catalyst 103

Swainsonine 638
Sydnones 569

Tagamet 651
Tartrazine 493
Tautomerism in heterocycles 12
Taylor synthesis of pteridines 283
3-TC 661
tele-Substitution

in halo-diazines 256, 257
in thenyl halides 335
in furan series 356

Telomestatin 640
Temodal 661
Temozolomide 661, 662
2,2′:5′,3″-Terthiophene, notable thiophene ring synthesis 

341
Testosterone 657
Tetrachlorodioxin 622
Tetracyanoquinodimethane 626
4,5,6,7-Tetrahydroindole, from Birch reduction 392
1,2,3,4-Tetrahydrocarbazole 379
Tetrahydrofolic acid 630
Tetrahydrofuran 587

basicity 291
ring opening 599

Tetrahydropyran 590
conformation 590

Tetrahydropyridines, from olefi n metathesis 604
1,2,3,4-Tetrahydropyrimidine derivative 261
Tetrahydrothiophene, basicity 291
1,2,3,4-Tetrahydro-β-carbolines, from tryptamines 384
Tetrakis(2-thienyl)methane, notable thiophene synthesis 341
1,2,3,3-Tetramethyl-3H-indolium iodide, from indole 378
Tetrathiafulvalenes 626
‘Tetrazene’ 561
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1,2,3,5-Tetrazine 574
1,2,4,5-Tetrazine 574

Diels–Alder reaction 578
nuclophilic substitutions 578
ring synthesis from 2xArC≡N 579

Tetrazoles 557
acidity 11, 557
a 5-stannane 563
lithiation 563
N-alkylation 562
ring synthesis

from amidrazones 568
from RC≡N plus RN3 567, 568

stability 561
anion, mesomeric structures 11

Tetrazolo[1,5-a]pyridine, ring-opening 547
Tetronic acid 357
Thenyl halides, via side-chain halogenation 334
THF see tetrahydrofuran 291
Thiadiazoles

aromaticity 569
ring syntheses 572–574

1,2,3-Thiadiazole 569
ring synthesis on solid-support 99
metallation 570

1,2,4-Thiadiazole 569
ring synthesis from RC(C=S)NH2 plus [O] 573

1,2,5-Thiadiazole 569
ring synthesis from H2N(C2)NH2 plus S2Cl2 574

1,3,4-Thiadiazole 569
1,2,3-Thiadiazoles, ring synthesis from a hydrazone plus SOCl2 

572
Thiamin 631, 632
Thiamin pyrophosphate 457, 471, 632, 633
Thiapyran 590
1,2,3,4-Thiatriazole 574
Thiazoles 455, 461

N-alkylation 462, 463
basicity 461
mercuration 54
nitration 464
ring synthesis

from R(C=O)(C)Hal plus H2N(C=S)R 473, 474
from TosMIC plus R(C=S) 476
from thiazolidines 477

4-stannanes 468
Thiazolidine 461
Thiazoline 461
Thiazol-2-one, bromination 472
Thiazolium salts, deprotonation
Thiazolium ylide 457, 464, 471, 633
Thiazolo[3,2-c][1,2,3]triazole 552
Thieno[2,3-f:5,4-f ’]bis[1]benzothiophene, notable thiophene 

synthesis 341
Thieno[2,3-d]imidazole, notable imidazole synthesis 478
Thieno[3,4-b]thiophene, notable thiophene synthesis 340
Thietanes 597

ring synthesis from X(C3)Y 605
2H-Thiete 597

Thiiranes 592, 595
ring synthesis from epoxides 605
removal of S 595
ring opening reactions 595

Thiolane 590
Thiolanium salts 591
3-Thiolen-2-one 335
4-Thiolen-2-one 335
Thiolenones, acidity 336
Thiophenes 289, 325

acids, decarboxylation 335
S-alkylation 329
S,S-dioxides, Diels–Alder reaction 330
S-oxide, Diels–Alder reaction 334
chloromethylation 328
dipole moment 10
halogenation 326
lithiation 331
Mannich reaction 328
nitration 326
orbital picture 10
reaction with aldehydes 328

with isatin 328
resonance energy 7
structure 10
sulfonation 326
trimerisation 325, 326
2-sulfonic acid 326
3-boronic acid 332

ipso displacement 328
acylation 333
Diels–Alder reaction 333, 334
mercuration 329
nitro-, nucleophilic substitution 330
S-oxidation 330, 331
radical substitution 333
reduction to tetrahydrothiophenes 333
reductive desulfurisation 333
ring synthesis

from R(C=O)(C)(C=O)R plus HSCH2CO2R 293
from R(C=O)(C)(C=O)R plus HSCH2CO2R 338
from R(C=O)(C=O)R plus R(C=O)CH2SCH2(C=O)R 

337
from R(C=O)(C2)(C=O)R plus ‘S’ 336, 337
from R(C=O)R plus EtO2CCH2CN plus S 340
from RC≡CC≡CR plus sulfi de 337
from thiazoles 340
miscellaneous methods 339, 340

3-tri-n-butylstannane 332
ipso substitution 53

typical reactivity 289
3,4-Thiophyne, generation 331
Thiopurines, conversion into halides 529
Thorazine 659
Thymine 263, 635

11C-2-thymine 618
Ticlid 655
Ticlopidine 655
Timolol 654
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Tin compounds, toxicity 67
Topoisomerase I 663
Tosyl azide, hazards and substitutes 105
Toxicity of heterocycles 622
Trace amounts of tin 67
Traceless link 98
Transmetallation 58
Traube synthesis of purines 531, 532
Trazodone 548, 659
Trialkyltin reagents, toxicity 67
1,2,3-Triazine 574, 575

ring synthesis from 1-aminopyrazole 578
1,2,4-Triazine 574

Diels–Alder reaction 577
nucleophilic substitutions 575, 576
ring synthesis from R(C=O)(C=O)R plus H2N(C=NNH2) 

578
VNS reaction 575

1,3,5-Triazine 574
amination 575
bromination 575
formate equivalent 576
Diels–Alder reaction 577
ring synthesis

from 3xRC≡N 578
miscellaneous methods 578, 579

1,2,3-Triaziniums, nucleophilic addition 576
radical substitution 576

1,2,3-Triazoles 557
N-alkylation 558
ring synthesis

from enamine plus RN3 112
from RC≡CR plus RN3 565, 566
miscellaneous methods 566

1,2,4-Triazoles 557, 559, 560
N-acetylation 559
leaving group in purine chemistry 523
N-methylation 559
nucleophilic substitution 560
radical substitution 560
ring synthesis from hydrazine derivatives 566, 

567
1,2,3-Triazolo[1,5-a]pyridine 543, 547

ring-opening 547
ring synthesis 548

1,2,4-Triazolo[1,5-a]pyridine 543, 547, 548
ring synthesis 549

1,2,4-Triazolo[4,3-a]pyridine 543, 548
ring synthesis 548

[1,2,4]Triazolo[1,5-a]pyrimidine 564
[1,2,3]Triazolo[1,5-c]pyrimidine 549
[1,2,4]Triazolo[4,3-b]pyridazine 549

ring synthesis from pyridazines 550, 551
2,4,5-Tribromoimidazole 465
2,3,5-Tribromothiophene 327
Trifl uoroborates 49

ipso substitutions 52
Trifl uoromethyl hypofl uorite 609
1-(Triisopropylsilyl)indole see TIPS-indole under Indoles

1-(Triisopropylsilyl)pyrrole see TIPS-pyrrole under 
Pyrroles

Trimethoprim 660
Trimethoxysilane, toxicity 68
1,3-Bis(2,4,6-trimethylphenyl)imidazole carbene 471
4-Trimethylsiloxypyridine 143
Trimethylsilyl azide 565
2-Trimethylsilyl-2H-1,2,3-triazole 558
2-Trimethylsilyl-2H-indazole 506
a 2-Trimethylsilylbenzimidazole, ipso substitution 504
2-Trimethylsilylbenzothiazole 505

ipso substitution 504
2-Trimethylsilylfurans, conversion into butenolides 358
1-Trimethylsilylimidazole 462
a 2-Trimethylsilylimidazole, 5-lithiation 467
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