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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 fifth 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 significant 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 first 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.

X +H X
| = |
~ +
N :
H
NBS \
I\ / .
s s

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 fifth edition are discussions in Chapter 5 of the modern techniques of: (i) solid-
phase chemistry, (ii) microwave heating and (iii) flow reactors in the heterocyclic context. Reflecting 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: fluorinated 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 resumés. These last are therefore suitable
as an introduction to the chemistry of that heterocyclic system, but they are insufficient 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 first 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 justified.

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 official Chemical Abstracts name, thus: indole [1H-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' 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 Crossfire can easily find 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* — is of considerable value at the start of a literature search. These
listings appear in Advances in Heterocyclic Chemistry,’ itself a prime source for key reviews on hetero-
cyclic topics; the journal, Heterocycles, also carries many useful reviews specifically in the heterocyclic
area. Progress in Heterocyclic Chemistry* published by the International Society of Heterocyclic Chem-
istry® 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 0riginal6” and its two updates,ﬁ"‘6c or, for a useful introduc-
tion and overview, the handbook’ 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.®
Volumes 9-17 discuss aromatic heterocycles.

8. There are three comprehensive compilations of heterocyclic facts: the early series’ edited by Elderfield,
discusses pioneering work. The still-continuing and still-growing series of monographs'® 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"
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), fluoroacetate (31.1.1.4), chloromethylation (e.g. 14.9.2.1))," but this should not be taken
to mean that every possible hazard is specifically 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 fifth 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 first degree course. Nevertheless we believe that undergraduates will find the book of value and offer
the following modus operandi as a means for undergraduate use of this text.

The undergraduate student should first 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 significance, 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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Definitions of Abbreviations

acac = acetylacetonato [MeCOCHCOMe]

adoc = adamantanyloxycarbonyl

Aliquat® = tricaprylmethylammonium chloride [MeN(CgH;,);Cl]
p-An = para-anisyl [4-MeOC¢H,]

ag. = aqueous

atm = atmosphere

9-BBN = 9-borabicyclo[3.3.1]nonane [CgH,sB]

BINAP = 2,2"-bis(diphenylphosphino)-1,1’-binaphthalene [C4,H;,P-]
BINOL = 1,1’-bi(2-naphthol) [C,H,,0,]

Bn = benzyl [PhCH,]

Boc = tertiary-butoxycarbonyl [Me;COC=0]

BOM = benzyloxymethyl [PhCH,OCH,]

BOP = (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate
BSA = N,O-bis(trimethylsilyl)acetamide [MeC(OSiMe;)=NSiMe;]
Bt = benzotriazol-1-yl [C4H N3]

i-Bu = iso-butyl [Me,CHCH,]

n-Bu = normal-butyl [Me(CH,);]

s-Bu = secondary-butyl [MeCH,C(Me)H]

t-Bu = fertiary-butyl [Me;C]

Bus = tertiary-butylsulfonyl [Me;CSO,]

c. = concentrated

¢ = cyclo as in ¢-CsHy = cyclopentyl [CsHo]

CAN = cerium(IV) ammonium nitrate [Ce(NH,),(NOs)g]

Cbz = benzyloxycarbonyl (PhCH,0C=0)

CDI = 1,1’-carbonyldiimidazole [(C5H3N,),C=0]

Chloramine T = N-chloro-4-methylbenzenesulfonamide sodium salt [TsN(CI)Na]
cod = cycloocta-1,5-diene [CsH ;]

coe = cyclooctene [CgH 4]

cp = cyclopentadienyl anion [c-CsHs]

cp* = pentamethylcyclopentadienyl anion [Mes-c-Cs]

m-CPBA = meta-chloroperbenzoic acid [3-CIC{H,CO;H]

CSA = camphorsulfonic acid

CuTC = thiophene-2-carboxylic acid copper(I) salt [CsH;CuO,S]
Cy = cyclohexyl [C¢Hy]

DABCO = 1,4-diazabicyclo[2.2.2]octane [C¢H,N,]

dba = trans,trans-dibenzylideneacetone [PhCH=CHCOCH=CHPh]
DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene [CoH cN>]

DCC = N,N’-dicyclohexylcarbodiimide [c-C¢H,;\N=C=N-c-C¢H,,]
DCE = 1,2-dichloroethane [CI(CH,),Cl]

DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone [CsCI,N,O,]
de = diastereomeric excess
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DEAD = diethyl azodicarboxylate [EtO,CN=NCO,Et]

DIAD = diisopropyl azodicarboxylate [i-PrO,CN=NCO,i-Pr]

DIBALH = diisobutylaluminium hydride [(Me,CHCH,),AlH]

DMA = N,N-dimethylacetamide [MeCONMe,]

DMAP = 4-dimethylaminopyridine [C;H;,N,]

DME = 1,2-dimethoxyethane [MeO(CH,),OMe]

DMF = N,N-dimethylformamide [Me,NCH=0]

DMFDMA = dimethylformamide dimethyl acetal [Me,NCH(OMe),]
DMSO = dimethylsulfoxide [Me,S=0]

DoM = directed ortho-metallation

DPPA = diphenylphosphoryl azide [(PhO),P(O)N;]

dppb = 1,4-bis(diphenylphosphino)butane [Ph,P(CH,),PPh,]

dppf = 1,1’-bis(diphenylphosphino)ferrocene [CiH,sFeP,]

dppp = 1,3-bis(diphenylphosphino)propane [Ph,P(CH,);PPh,]

EDTA = ethylenediaminetetracetic acid [(HO,CCH,),N(CH,),N(CH,CO,H),]
ee = enantiomeric excess

El* = general electrophile

eq = equivalent(s)

ESR = electron spin resonance

Et = ethyl [CH;CH,]

f. = fuming

Fur = furyl as in 2-Fur = 2-furyl (furan-2-yl) [C,H;0]

FVP = flash vacuum pyrolysis

Het = general designation for an aromatic heterocyclic nucleus

HMDS = 1,1,1,3,3,3-hexamethyldisilazane [Me;SiNHSiMe;]

hplc = high pressure liquid chromatography

HOMO = highest occupied molecular orbital

hv = ultraviolet or visible irradiation

hy = high yield

Kryptofix 2.2.2 = 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane [C;sH3sN,O¢]
LDA = lithium diisopropylamide [LiNi-Pr,]

LiTMP = lithium 2,2,6,6-tetramethylpiperidide [LiN(CMe,(CH,);CMe,)]
lig. = liquid

LR = Lawesson’s reagent [C,,H,,0,P,S,]

LUMO = lowest unoccupied molecular orbital

Me = methyl [CH;]

MOM = methoxymethyl [CH;OCH,O]

mp = melting point

MS = molecular sieves

MTBD = 1,3,4,6,7,8-hexahydro-1-methyl-2H-pyrimido[ 1,2-a]pyridine [CsH;sN;]
Ms = mesyl (methanesulfonyl) [MeSO,]

MSH = O-(mesitylenesulfonyl)hydroxylamine [H,NOSO,CsH,-2,4,6-Mes]
MW = reaction heated by microwave irradation

NBS = N-bromosuccinimide [C,H,BrNO;]

NDA = sodium diisopropylamide [NaNi-Pr,]

NIS = N-iodosuccinimide [CH,INO;]

NMP = N-methylpyrrolidone [C,H,NO]

NPE = 2-(4-nitrophenyl)ethyl [4-O,NCH,CH,CH,]
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Nu™ = general nucleophile

n-Oct = normal-octyl[Me(CH,)/]

OXONE® = potassium peroxymonosulfate [2KHSO;s.KHSO,.K,SO,]

Ph = phenyl [C¢Hs]

PhH = benzene [C¢Hg]

Phosphorus oxychloride (phosphoryl chloride ) = POCI;

Phth = phthaloyl [1,2-COC¢H,CO]

PIFA = phenyliodine(III) bis(trifluoroacetate) [PhI(OCOCFs;);]

PMB = para-methoxybenzyl [4-MeOC¢H,CH,]

PMP = 1,2,2,6,6-pentamethylpiperidine [C,;oH,N]

= pyrophosphate [OP(=0)(OH)OP(=0)OH]

PPA = polyphosphoric acid

i-Pr = iso-propyl [Me,CH]

n-Pr = normal-propyl [CH;CH,CH,]

proton sponge = 1,8-bis(dimethylamino)naphthalene [C;,;H;sN>]

PSSA = polystyrenesulfonic acid

py = pyridine, usually as a solvent

Py = pyridyl, as in 2-Py = 2-pyridinyl (pyridin-2-yl), 3-Py, 4-Py [CsH,N]
Pybox = 2,6-bis[(4S,55)-4,5-diphenyl-2-oxazolin-2-yl]pyridine [C;sH;N;0,]
R; = general designation of perfluoroalkyl [C,Fa,.]

Rr = R(CHy),

rp = room (atmospheric) pressure

It = room temperature

salcomine = N,N’-bis(salicylidene)ethylenediaminocobalt(Il) [C;sH;,N,0,Co]
SDS = sodium dodecylsulfate [C,,H,5SO;Na]

SEM = trimethylsilylethoxymethyl [Me;Si(CH,),OCHS,]

SES = 2-(trimethylsilyl)ethanesulfonyl [Me;Si(CH,),SO,]

SET = single electron transfer

SOMO = singly occupied molecular orbital

TASF = tris(dimethylamino)sulfur (trimethylsilyl)difluoride [(Me,N);S(Me;SiF,)]
TBAF = tetra-normal-butylammonium fluoride [rn-Bu,N* F")

TBAS = tetra-normal-butylammonium hydrogen sulfate [n-Bu,N* HSO,")
TBDMS = tertiary-butyldimethylsilyl [Me;C(Me),Si]

TBTA = tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine

TfO™ = triflate [CF;SO;57]

tfp = trifuran-2-ylphosphine [P(C,H;0);]

THF = tetrahydrofuran (2,3,4,5-tetrahydrofuran) [C,HO]

THP = tetrahydropyran-2-yl [CsHsO]

TIPS = tri-iso-propylsilyl [i-Pr;Si]

TMEDA = N,N,N’,N’-tetramethylethylenediamine [Me,N(CH,),NMe,]
TMP = 2,2,6,6-tetramethylpiperidine [CoH;oN]

TMS = trimethylsilyl [Me;Si]

TMSOTT = trimethylsilyl triflate [Me;SiOSO,CF;]

TolH = toluene [CcHsCH;]

p-Tol = para-tolyl [4-MeC¢H,]

o-Tol = ortho-tolyl [2-MeC¢H,]

TosMIC = tosylmethyl isocyanide [4-MeC¢H,SO,CH,NC]

triflate = trifluoromethanesulfonate [CF;SO;7]

Xxvii



xxviii Definitions of Abbreviations

Ts = tosyl [4-MeC¢H,SO,]

= B-p-2-deoxyribofuranosyl

® = B-p-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
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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 five-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 five-membered nitrogen-containing heterocycle. Five-
membered heterocycles containing nitrogen general end with ‘ole’. Note the use of italic ‘A’ in a name
such as ‘OH-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 ‘l1,2,4-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 ‘o, ‘B’,
or “Y’. 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 ‘a-position’. Comparable
use of o and B is made in describing reactivity in five-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.

4 () S in 4 5 4 4.
iy @(j ) N
2
N AL e =N ()6 20
N N Y o}
]
pyridine quinoline isoquinoline pyrylium cation
4 4
N N
5(\3 5| \3N 5| PANN 5| 4\W3
2
s~ 2N 6 1/)2 >z 1. N
N N °ON ° N7
pyridazine pyrimidine pyrazine 1,2 ,4-triazine
5 4 5 4 5 4 5 N
E ©3N SN 4\]
|
2 2
1 N — N 1 /) 1
N N N7 °
8 8 1 8 8
cinnoline phthalazine quinazoline quinoxaline

Six-membered aromatic heterocycles
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N (0] S
H
pyrrole furan thiophene
N N
Y I\ I\ B B
Ng 0’ s’ N 0
H H
pyrazole isoxazole isothiazole imidazole oxazole
N S (0]
H
indole benzothiophene benzofuran
[benzo[b]thiophene] [benzo[b]furan]
= — —
NH S 0
= =~ ——
isoindole benzo[c]thiophene isobenzofuran
Iy Cry
\ \ \
H 0] S
1H-benzimidazole benzoxazole benzothiazole
\ \ \
N (e} S
H
1H-indazole 1,2-benzisoxazole 1,2-benzisothiazole
N
- — N~
N N NN
2,1-benzisothiazole 2,1-benzisoxazole purine
(anthranil) [9H-purine]

Five-membered aromatic heterocycles

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 first-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 prefix ‘aza’ to denote the replacement of a

ring carbon by nitrogen, i.e. of C-7-H of indole by N.

N

thiazole

| 3 ) e > @ ______ - m pyrrolo[2,3-blpyridine
________ 7-azaindol
~ - > N — N (7-azaindole)
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The main thrust of this book concerns the aromatic heterocycles, exemplified above, however Chapter

30 explores briefly the chemistry of saturated or partially unsaturated systems, including three- and four-
membered heterocycles.

000000

pyrrolidine piperidine morpholine tetrahydrofuran dioxane 2H-pyran tetrahydropyran
THF [1,4-dioxane]
H
N azirine O oxirane N aziridine S thiirane

L\A [2H-azirine] A (ethylene oxide) A (ethylene imine) /_\ (ethylene sulfide)

L B LS B L

azete azetidine 2H-oxete oxetane 2H-thiete thietane

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.' 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 sufficient
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,” 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 m-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
Hiickel in 1931 states that aromaticity is observed in cyclically conjugated systems of 4n + 2 electrons,
that is with 2, 6, 10, 14, etc., n-electrons; by far the majority of monocyclic aromatic and heteroaromatic
systems are those with six mt-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 fits the geometry of a planar trigo-
nally hybridised carbon atom, and allows the assembly of a G-skeleton of six sp* 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 m-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 ‘fish-hook’ arrows that are used to designate an equilibrium

Heterocyclic Chemistry 5th Edition John Joule and Keith Mills
© 2010 Blackwell Publishing Ltd
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between two species. Resonance contributors have no separate existence; they are not in equilibrium one
with the other.

six sp? hybridised carbon atoms

H. _H I
A N f HQ——( "
St =05 O =32
H H H H
N 1 2
six p orbitals special double-headed

overlap sideways arrow used only to link
resonance contributors

i

Structure of benzene; resonance contributors (mesomeric structures)

Sometimes, benzenoid compounds (and also, occasionally six- and five-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.

all C-C bonds off
will be used to equal length: will not be used to
represent benzene 1.39A represent benzene

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 confirm that there indeed is this degree of bond fixation,
with values closely consistent with statistical prediction.

FNS137A
-— — T
3 4 5 ’

Structure of naphthalene; resonance contributors (mesomeric structures)

H H
” L =40
H H =
H H

2.1.2 Aromatic Resonance Energy’

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 m-electrons. This difference is known as aromatic resonance energy. Quantification
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 (kJmol™): 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® hybrid orbital and not at all involved in the aromatic Tt-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.

lone pair of electrons
§ which is NOT involved in aromatic sextet

H H ,/ .
KL O

H H pyridine

It is important to realise that the electronegative nitrogen causes inductive polarisation, mainly in the
o-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 Kekulé contributors to benzene, represent pyridine. The polarised contributors also imply a permanent
polarisation of the m-electron system.

AN 2 AN =
()~ ) —0)—01—"C]
N
6 N 7 °N 8 °N 9 °N N 10

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 o~ and y-positions. It is because of this general
electron-deficiency at carbon that pyridine and similar heterocycles are referred to as ‘electron-poor’, or
sometimes ‘m-deficient’. A comparison with the dipole moment of piperidine, which is due wholly to the
induced polarisation of the 6-skeleton, gives an idea of the additional polarisation associated with distortion
of the m-electron system.

1.40 A X
1.36A —> | _ "VZ'ZD TLWD
134A "\« N N

pyridine piperidine

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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q\ lone pairs of electrons
/ gNOT involved in aromatic sextet

H_H§_<:Q = LN'

pyrimidine

Ol=03-=0
11(\ (\) \ = N -~ N
LI—=00—00,

Structure of pyrimidine; resonance contributors (mesomeric structures)

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. 1H-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 m-system, making the o~ and y-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 [B-carbons is also reduced relative to these carbons in pyridines.

H H
= O K e =
H H — _
1H-pyridinium cation pyrylium cation

In the pyrylium cation, the positively charged oxygen also has an unshared electron pair, in an sp® 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.

S = x =
190 203 21 22 g o~ 23

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™ (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.

OH o] 0]
X = X X
~ NS =
N 24 H 25 H 26 O O

o 27 0]
4-hydroxypyridine 4-pyridone 2-pyrone
[4-pyridinol] [4(1H)-pyridinone] [2H-pyran-2-one]

2.3 Structure of Five-Membered Heteroaromatic Systems’

2.3.1 Structure of Pyrrole

Before discussing pyrrole it is necessary to recall the structure of the cyclopentadienyl anion, which is a
six m-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 pK, 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 fifth of the negative charge.

JQH' =—=0—=0—=0=0

cyclopentadienyl anion

Structure of cyclopentadienyl anion; resonance contributors (mesomeric structures)

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 five 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.

lone pair of electrons
IS part of the aromatic sextet

H—i HZNz = %:/NH

H
pyrrole
N N N N N
33 H 34 H 35 H 36 H 37 H

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 significant, 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® 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 five-membered
heterocycles of the pyrrole type are referred to as ‘electron-rich’, or sometimes ‘m-excessive’.

1.43 A \/\

138A ~A H _
(2.15)D
pyrrole  (solvent dependent) pyrrolidine

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

lone pair part of aromatic sextet

H lone pair NOT part of aromatic sextet

ﬁf:/.. QH — Ao
HH :O:@ HH SO_@O-

thiophene 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” 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 insufficient, 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.

1.42A\/\ 144A

1.37A —{ \ 0.52D 1.35A /r \ 071D
171A ~A S 137A ~A O

thiophene furan

The larger bonding radius of sulfur is one of the influences 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 significant.

2.3.3 Structures of Azoles

The 1,3- and 1,2-azoles, five-membered rings with two heteroatoms, present a fascinating combination of
heteroatom types — in all cases, one heteroatom must be of the five-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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lone pair of electrons which is NOT involved in aromatic sextet

L L /\( lone pair of electrons involved in aromatic sextet
() N - — :

@HQQQH (3 — =03
38 H 39 H 40 H 41 H 42H 43 H

Structure of imidazole; resonance contributors (mesomeric structures)

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? hybrid orbital,
in the plane of the ring and not part of the aromatic sextet.

lone pair of electrons
IS part of the aromatic sextet

H

KESE_/

lone pair of electrons
is NOT part of the aromatic sextet

pyrryl anion
Even in the simplest example, pyrrole itself, the acidity (pK, 17.5) is very considerably greater than that
of its saturated counterpart, pyrrolidine (pK, ~ 44); similarly the acidity of indole (pK, 16.2) is much greater
than that of aniline (pK, 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 pK, is 4.8, i.e. of the same order as a carboxylic acid!

/i\ / — /N_ N N—N /N =N
Z /> Z /> etc. N/ » - NI/ /) - /) etc.
N N N N SN N
pyrryl anion tetrazolyl anion
pKa 17.5 pK,4.8

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 H

H = A\ N-H
H H /4 NH
ON H quinoline N= H H indole -
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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Q00— A0~

Structure of quinoline; resonance contributors (mesomeric structures)

Oy -0 —Oo— (OO

Structure of indole; resonance contributors (mesomeric structures)

2.5 Tautomerism in Heterocyclic Systems®’

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 o or 7y to nitrogen, two tautomeric
forms can exist; the same is true of amino groups.

/)\ pos7mon //g //J\ posmon //g

N of equmbrlum of equmbrlum ~

N NH
N OH H

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.

/./ // compare spectroscopic data /./ //

/)\ - /g for compound with /)\ and Z /g

N OH =— N 0 O- and N-methyl derivatives N OMe ',\\lll o)
e

unambiguously synthesised

Determination of tautomeric equilibrium positions

In summary, o and 'y 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 five-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®

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.

) o o o o
/ R ‘_: R S ‘_: R S / f B S / f

PAN_ O PANL _O PAN_ O PANL _O PAN_ O
N N N N N

Structure of a sydnone; resonance contributors (mesomeric structures)

Mesoionic structures occur amongst six-membered systems too — one example is illustrated below.
N o N O N O N O
A x z
N7 N N7 N
Me Me Me Me

Structure of a pyrazinium-3-olate; 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' 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 fine structure: one occurs in the
relatively narrow range of 240-260 nm and corresponds to the ® — 7* transitions, analogous with the
T — T* 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 7 electrons, the n — ©* transitions, which of course cannot occur in benzene.
The absorptions due to n — 7* transitions are very solvent dependent, as is exemplified 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 © — 7* band. Protonation of the ring
nitrogen naturally quenches the n — @* band by removing the heteroatom lone pair; protonation also
has the effect of considerably increasing the intensity of the ®1 — ©* band, without changing its position
significantly, the experimental observation of which has diagnostic utility.
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Table 2.1 Ultraviolet spectra of monocyclic azines (fine structure not given)

Heterocycle (solvent) N — m* € T — ¥ T — ¥ € €
Armax (NM) Armax (NM) Amax (NM)
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. HCIO4) - - 220 269 1400 8500
Benzene (hexane) - - 204 254 7400 200
Table 2.2  Ultraviolet spectra of bicyclic azines (fine structure not given)
Heterocycle Amax (NM) Amax (NM) Amax (NM) € € €
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 five-membered heterocycles

Heterocycle Amax (NM) Amax (NM) € £
Pyrrole 210 - 5100 -
Furan 200 - 10000 -
Thiophene 235 - 4300 -
Imidazole 206 - 3500 -
Oxazole 205 - 3900 -
Thiazole 235 - 3000 -
Cyclopentadiene 200 239 10000 3400

The bicyclic azines have much more complex electronic absorption, and the n — ©* and © — 7* 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 five-membered heteroaromatic systems all show just one medium-to-strong
low-wavelength band with no fine structure. Their absorptions have no obvious similarity to that of benzene,
and no detectable n — ©* 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’

The chemical shifts'® 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 fields corresponding to electron-
deficient carbons. For example, in the 'H spectrum of pyridine, the lowest-field signals are for the ci-protons
(Table 2.5), the next lowest is that for the y-proton and the highest-field signal corresponds to the -protons,
and this is echoed in the corresponding "*C shifts (Table 2.6). A second generality relates to the inductive



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

Heterocycle Amax (NM) Amax (NM) Amax (NM) € € €
Indole 288 261 219 4900 6300 25000
Benzo[b]thiophene 288 257 227 2000 5500 28000
Benzol[blfuran 281 244 2600 11000
2-t-Bu-isoindole 223, 266 270, 277 289, 329 48000, 1800 1650, 1850 1250, 3900
Isobenzofuran 215, 244, 254, 261, 319, 327, 14800, 2500, 2250, 1325, 5000, 7400,
249 313 334, 343 2350 5000 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-2H-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 'H chemical shifts (ppm) for heteroaromatic ring protons
Heterocycle 3, 3, 33 S, s 3 5, O 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, (lig.)
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 — —
Benzolblfuran - 7.5 6.7 7.5 7.1 7.2 7.4 - -
Benzolblthiophene - 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 (CHy)
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 "°C chemical shifts (ppm) for heteroaromatic ring carbons

Heterocycle 5, 5, 5, 04 O O 5, 8  dring junction & 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 (CH3)
2-Pyridone - 165 121 142 107 136 - - - - -
4-Pyridone - 140 116 176 - - - - - - -
Quinoline - 151 122 136 1289 127 130 131 129 (4a) 149 (8a) -
Isoquinoline 153 - 143 120 126 130 127 128 136 (4a) 129 (8a) -
Pyridazine - - 153 128 - - - - - - -
1H-pyridazinium - - 152 138 - - - - - - -
pyrimidine - 158 - 156 121 - - - - - -
1-H-pyrimidinium - 152 - 159 125 - - - - - -
pyrazine - 146 - - - - - - - - -
1H-pyrazinium - 143 - - - - - - - - -
Cinnoline - - 146 125 128 132 132 130 127 (4a) 151 (8a) -
Quinazoline - 161 - 156 127 128 134 129 135 (4a) 150 (8a) -
Quinoxaline - 146 - - 130 130 - - 143 (4a) - -
Phthalazine 152 - - - 127 133 - - 126 (4a) - -
1,2,3-Triazine - - - 150 118 - - - - - -
1,2,4-Triazine - - 158 - 150 151 - - - - -
1,3,5-Triazine - 166 - - - - - - - - -
Pyrylium (BF,) - 169 128 161 - - - - -
2-Pyrone - 162 117 143 106 152 - - - - -
2,6-Me,-4-pyrone - 166 114 180 - - - - 20 (CHy)
Coumarin - 161 117 144 129 124 132 117 119 (4a) 154 (8a) -
Chromone - 156 113 177 125 126 134 118 125 (4a) 156 (8a) -
Pyrrole - 117 108 - - - - - - - -
Thiophene - 126 127 - - - - - - - -
Furan - 144 110 - - - - - - - -
Indole - 124 102 121 122 120 111 - 128 (3a) 136 (7a) -
Oxindole - 179 36 124 122128 110 - 125 (3a) 143 (7a) -
Benzol[blfuran - 145 107 122 123 125 112 - 128 (3a) 155 (7a) -
Benzo[b]thiophene - 126 124 124 124 124 123 - 140 (3a) 140 (7a) -
Indolizine 100 114 113 - 126 111 117 120 133 (8a) - -
Imidazole - 135 - 122 - - - - -
1-Methylimidazole - 138 - 130 120 - - - - 33 (CH3y)
Thiazole - 154 - 143 120 - - - - -
Oxazole - 151 - 125 138 - - - - -
Benzimidazole - 144 - 110 123 122 119 - - - -
Benzothiazole - 155 - 123 126 125 122 - 153 (3a) 134 (7a) -
Benzoxazole - 153 - 121 125 124 111 - 140 (3a) 150 (7a) -
Pyrazole - - 135 106 135 - - - - -
Isothiazole - - 157 123 148 - - - - -
Isoxazole - - 150 105 159 - - - - -
Indazole - - 133 120 120 126 110 - 123 (3a) 140 (7a) -
3-Methyl-1,2- - 163 - - - - - - 152 (7a) - -
benzisothiazole

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 (4a) - -
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electron withdrawal by the heteroatom — for example it is the hydrogens on the o-carbons of pyridine that
are at lower field than that at the y-carbon, and it is the signals for protons at the a-positions of furan that
are at lower field than those at the 3-positions. Protons at the a-positions of pyrylium cations present the
lowest-field 'H signals. In direct contrast, the chemical shifts for C-protons on electron-rich heterocycles,
such as pyrrole, occur at much higher fields.

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 five-
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 influ-
ences the coupling constant. The magnitude of such coupling constants reflects the degree of double-bond
character (bond fixation) in a particular C—C bond.
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The use of "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. "
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Substitutions of Aromatic Heterocycles

This chapter describes in general terms the types of reactivity found in the typical six- and five-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 five-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 pK, values to express the acidity of heterocycles with N-hydrogen and pK,y values to
express base strength. The lower the pK, value the more acidic; the higher the pK.y 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:

AH + Hgo - A + H3O *

[A]H307]
K, = — Ka = —log[K,
a [AH] PRa g[Kal
The corresponding equation for a base involves the dissociation of the conjugate acid of the base, so we
use pKuy:

BH™ + HO === B + H 0

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 mt-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 pK,y of the hetero-
cycle,! and this in turn is influenced by the substituents present on the ring: electron-releasing groups
enhance the basicity and electron-withdrawing substituents reduce the basic strength. The pK, 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,” 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 o-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.® Taking this to an extreme, 2,6-di--butylpyridine will not react at all with iodomethane; the very
reactive methyl fluorosulfonate will N-methylate it, but only under high pressure.* The quantitative assess-
ment of reactivity at nitrogen must always take into account both steric (especially at the o-positions) and
electronic effects: 3-methylpyridine reacts faster (x1.6), but 3-chloropyridine reacts slower (x0.14) than
pyridine. In bicyclic molecules, peri substituents have a significant 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 influence the rate of quaternisation: all the diazines react with iodomethane more slowly
than does pyridine. Pyridazine, much more weakly basic (pK,y 2.3) than pyridine, reacts with iodomethane
faster than the other diazines, a result which is ascribed to the ‘o effect’, i.e. the increased nucleophilicity
is deemed to be due to electron repulsion between the two immediately adjacent nitrogen lone pairs.’ 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®

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, five-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 EI") giving a positively charged intermediate (a o-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.

@\ﬁ\ = - %\%’ /J\El

substitution
o-complex  sp® hybridised product
(Wheland intermediate)

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 EI* at carbon. It is worth recalling the
rate reduction attendant upon the change from benzene to the N, N, N-trimethylanilinium cation (PhN*Me;),
where the electrophilic substitution rate goes down by a factor of 10%, 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 107 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" times slower than the 1-position of naphthalene, and it is estimated that the nitration of pyri-
dinium cation is at least 10° slower still.” A study of the bromination of methylpyridines in acidic solution
allowed an estimate of 107" for the partial rate factor for bromination of a pyridinium cation.®

H_ NO, NO

+
—_— B B
~ + +
N N N N
H H

‘Activating’ substitutents,’ 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.'” 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=0). 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.'
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4-pyridone

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.

o/p-director

% (Y X o/p-director SN @
| | |

P P P
N o/p-director @ N % N

Positions of electrophilic attack on pyridines carrying activating substituents

Substituents that reduce the basicity of a pyridine nitrogen can also influence 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°
times more slowly than does 1,3-dichlorobenzene. As a rule-of-thumb: (i) pyridines with a pK,; > 1 will
nitrate as cations, slowly unless strongly activated, and at a position dictated by the substituent, (ii) weakly
basic pyridines, pK.y < —2.5, nitrate as free bases, the position of attack again depending on the influence
of the substituent."" 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 five-membered, electron-rich heterocycles, the utility of electrophilic substitutions is much greater.'
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
o-positions.

@J\ B m é?afl v Q\EI

Electrophilic subsitution of pyrrole at an o-position

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" of the relative
reactivities of the three heterocycles vary from electrophile to electrophile, but for trifluoroacetylation, for
example, the pyrrole:furan:thiophene ratio is: 5 x 107:1.5 x 10*: 1;'* in formylation, furan is 12 times more
reactive than thiophene," and for acetylation, the value is 9.3."° In hydrogen exchange (deuteriodeproton-
ation), the partial rate factors for the o and B positions of N-methylpyrrole'” are 3.9 X 10" and 2.0 x 10"
respectively; for this same process, the values for furan are 1.6 x 10°® and 3.2 x 10* and for thiophene,
3.9 x 10%and 1.0 X 10° respectively,® and in a study of thiophene, o:: ratios ranging from 100: 1 to 1000: 1
were found for different electrophiles.'® Relative substrate reactivity parallels positional selectivity i.e. the
ou:P ratio decreases in the order furan > thiophene > pyrrole.”® Nice illustrations of these relative reactivities
are found in acylations of compounds containing two different systems linked together.”!
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The positional selectivity of attack on pyrroles can be completely altered by the presence of bulky groups
on nitrogen: 1-(¢-butyldimethylsilyl)pyrrole and 1-(tri-i-propylsilyl)pyrrole are attacked exclusively at their
B-positions.?

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

CHO CHO
excess
@_@ DMF, POCl, /™) DMF.POC, \
N O o N ©
N N CHO

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 pH, 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 108 faster than for the neutral hetelrocycle.26 The Mannich substitution (electrophile: CH,=N*Me,)
of 5- and 6-hydroxy-indoles, takes place ortho to the phenolic activating group on the benzene ring, and
not at the indole B-position.”” 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.?

Finally, in the 1,2- and 1,3-azoles there is a fascinating interplay of the propensities of an electron-rich
five-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® or on the
free base.” 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 x 10°, 2.0 X 10* and 4.0 x 10° respectively. Thiophene
is 3 X 10° times more rapidly nitrated than 4-methylthiazole.*' The mono- and dinitration of a 2-(thien-2-yl)
thiazole illustrates the relative reactivities.*
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3.3 Nucleophilic Substitution at Carbon™®

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 Sy(AE) mechanism: Substitution Nucleophilic Addition Elimination). 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.

0.)
NO, NO, Nig
(B | [T Py e /]

sp® hybridised
o-complex
Meisenheimer complex

Aromatic nucleophilic substitution via an addition/elimination sequence

3.3.2 Six-Membered Heterocycles

In the heterocyclic field, 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 five-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 o- and y-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: o- and y-halides are much
more reactive to nucleophilic displacement than B-halides.

S ~ o
| \inductive ﬂ» | /\ ﬁ, |
—
mesomeric
sp® hybridised ¢\ <t tion

o-complex product

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 y-isomer
somewhat more reactive than the o-halide.* It is notable that even 3-chloropyridine, where only inductive
activation can operate, is appreciably more reactive than chlorobenzene.

O Q.0 Q g

2.8x10° 9.1x10% 7.4x10° 7x10'° 4.5x10°

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 x 10% 1.1 x 10°, and 1.1 x 10* times more reactive than the corresponding chloropyridines,
and displacements of halide in the 2-, 3- and 4-chloro-1-methylpyridinium salts are 4.6 x 10", 2.9 x 108,
and 5.7 x 10° times more rapid. Another significant 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 o- than
at a y-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 o-positions have about the same reactivity as
the y-positions.* 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 x 10%*® 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; fluoride in the same situation is displaced about 250 times faster than the other
halides.”’

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 trifluoromethyl is particu-
larly notable.*®

QQQ@@U

F EtO
0.078 0.67 3100

Relative rates of displacement of pyridine-2-fluoride by EtO™ in EtOH

® Q 11 O

320 2800

Relative rates of displacement of pyridine-2-chloride by EtO™ in EtOH

In certain situations, particularly with relatively poor nucleophiles such as anilines, reaction rates can be
enhanced considerably by the addition of acids, such as HCI, CF;CO,H or BF;, to the reaction mixture, so
that the much more reactive protonated haloazine is the substrate. Due to the relatively low basicity of
anilines, sufficient 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.* In the bicyclic compounds,
quaternisation again greatly increases the rate of nucleophilic substitution, having a larger effect (~107) at
C-2 than at C-4 (~10%).%



26 Heterocyclic Chemistry

(L6 QT O Ol G

1.7x102 5.3x10% 7.3x10° 5.4x10% 5.8x10* 1.3x108

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

Diazines with halogen o and 7 to nitrogen are much more reactive than similar pyridines, for example
2-chloropyrimidine is ~10° times more reactive than 2-chloropyridine.

3.3.3 Vicarious Nucleophilic Substitution (VNS Substitution)*'

A process known as ‘Vicarious Nucleophilic Substitution’ (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.
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product

Vicarious nucleophilic substitution (VNS) of aromatic compounds

Three VNS sequences are shown below, each illustrating a different aspect. In the first example, the
anion-stabilising group (Y) (trifluoromethanesulfonyl) also serves as the leaving group (X).** The second
example shows the operation of a VNS substitution in a five-membered heterocycle with the nucleophile
(X=Cl; Y=SO,Ph) attacking at C-5, vinylogously conjugated to the nitro group.* The third example is
somewhat unusual in that the attacking nucleophile (X=CI; Y=SO,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.*

PhCH(CI)SO,Ph
NO, n- NO 2!

N 2 ﬂaB#sDc')\ﬁgFrst | X 2 @ £BUOK, NHj (liq.) @

| —= P NO, 78% NO>
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3.4 Radical Substitution at Carbon®

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 significant effect on their reactivity towards different heterocyclic types. These
electronic properties are a consequence of the interaction between the SOMO (Singly Occupied Molecular
Orbital) 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-deficient heterocycle; they react, therefore, only with electron-
poor heterocycles and will not attack electron-rich systems: examples of such radicals are "“CH,OH, alkyl’,
and acyl’. Substitution by such a radical can be represented in the following general way:

-H
H4Het) + R =—> [H+Het) R'| —> [HtHet)R] o] (Het+R
electron-poor  nucleophilic
heterocycle radical

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; and "CH(CO,Et),. Substitution by
such a radical can be represented in the following general way:

-H
HtHety + R© <—> [HtHet) R|—> [HtHetR] o]~ (HetyR
electron-rich  electrophilic
heterocycle radical

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.*

3.4.1 Reactions of Heterocycles with Nucleophilic Radicals

The Minisci Reaction"’

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 o and ¥ 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.*® 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.*” Carboxylic acids (a-keto acids) are also useful precursors for alkyl® and/or acyl’' radicals via
silver-catalysed peroxide oxidation, or from their 1-hydroxypyridine-2-thione derivatives,’* the latter in
non-aqueous conditions.

AgNOg (cat.), (NH4)28,0g

RCO,H [Ag® — R']+ co,

RCOCOH AgNO; (cat.), (NH4),S,04

COs,Me COsMe
N X #™ v, camphorsulfonic acid N 2
| Ny CH,Cl, |

N S N 81% N

\f 1-Ad = 1-adamantyl = ~§

[rRco] + co,

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

Me Me
Me,NCHO MesNCHO
A _BUOH, FeSO, "X (NH4),$,0g, FeSO, X
_ - 5% 7 40% _
N N

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.>

Me Me
) Me,CO, HySO,, AgNOs, (NH4),S50s, CoHqaCH=CH, ~
~ 45% ~
N N
o) 0
P SN &
an electrophilic radical CGH13

a nucleophilic radical

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 first 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 difficult to control
satisfactorily.”
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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.”

Cl Cl  MeOH, (NH4)2S,04 Cl o]
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AN RN AN RN
Me;O" BF, [ CH,OH|
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, N 67% I H - MeOH CH,0H
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In addition to substitution of hydrogen, ipso replacement of nitro, sulfonyl and acyl substituents can
occur, and may compete with normal substitution.’’

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.*®

CFal, Zn, NapS,0 HC(CO,Et)s, Mn(OAC)s
[\ “omF.2picoline. {/ \\ !\ ACOH. 65 °C U\
N 52% N o 92% o
Me Me

3.5 Deprotonation of N-Hydrogen

Pyrroles, imidazoles, pyrazoles and benzo-fused derivatives that have a free N-hydrogen have pK, 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.

NaH, DMF, rt n-BulLi, THF, -78 °C
[/ \5 then PhCH,CI [/ \5 then PhSO,CI [/ \5
N

87% 98%
H
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3.6 Oxidation and Reduction® 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, five-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, five-membered counterparts. Heteroaromatic quaternary salts are likewise easily reduced.

3.7 ortho-Quinodimethanes in Heterocyclic Compound Synthesis®'

The generation then trapping of ortho-quinodimethanes, in both intermolecular and intramolecular reac-
tions, is a significant 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.*® 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.*'

H
Me CH,CI [e) Nal Me Me 0
= | . “/\) Me,CO, reflux = = |
~ 48% N - N
N Cl N M

Cl N CH,CI Cl

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 first of these aspects can be nicely illustrated by comparing the thiophene 2,3-
quinodimethane® with its furan counterpart® — 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.

&> Qur> Oox

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 five-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,” 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.



32 Heterocyclic Chemistry

L | % = | o —1

Generation of heterocyclic ortho-quinodimethanes

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.*
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~N 1,2-Cl,CgHy, 180 °C
+
/)\ 94%
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1,4-Eliminations  have involved 1,2-bis(bromomethyl)-heterocycles  with iodide,””  ortho-
(trimethylsilylmethyl) heterenemethyl ammonium salts,®® ortho-(trimethylsilylmethyl) heterenecarbinol
mesylates, each with a source of fluoride, and ortho-(tri-n-butylstannylmethyl) heterenecarbinol acetates
with a Lewis acid.”
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An extensively developed route involves loss of a proton from indol-3-ylcarboxaldehyde imines (or their

pyrrolic counterparts’), following reaction with an acylating agent, as illustrated below.”"
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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.”

0
S/I
Q ., ﬂ 150°C
0 o T9%
S N
Ph

CO,Me

\‘ §=0 ~COxMe
PhH, 210 °C
|
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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 significant
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' 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?

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.

Heterocyclic Chemistry 5th Edition John Joule and Keith Mills
© 2010 Blackwell Publishing Ltd
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n-BuLi Br n-BuLi Li
/ \ Et,0, 0°C / \ A Et,0, -78 °C N
H Li | = | =
0 (0] "I+ n-BuH N N + n-BuBr

The two main routes to hetero-organolithiums exemplified

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).* Lithiations by deprotonation are therefore directly related to base-catalysed proton exchange* using
reagents such as sodium methoxide, at much higher temperatures, which historically provided the first
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.

/ﬁL LINR, /ﬂl L //)I\
—_— - \ R
H “‘H""NRZ Li + RoNH

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 o 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 mt-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.’

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)° is extremely useful in heterocyclic chemistry,
just as in carbocyclic chemistry. Metallation ortho to the directing group is promoted by either inductive
effects (e.g. Cl, F), or chelation (e.g. CH,OH — CH,OL.i), 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 influencing 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 #-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.” A very powerful metallating reagent is formed from
a mixture of n-butyllithium and potassium #-butoxide: this produces the potassium derivative of the
heterocycle.

Lithium diisopropylamide (LiN(i-Pr),; 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 efficient conversion, the
heterocyclic substrate must be more acidic (>4 pK, units) than the corresponding amine.

Solvents

Ether solvents — Et,0O 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,N(CH,),NMe,) or HMPA ((Me,N);PO) (CAUTION: carcinogen) are
sometimes added — these strongly and specifically 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 fluorine 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.

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.

(Hetd—Br + RU — (Het9—Li + Rer

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,” and cannot therefore be dismissed as
a more general mechanism.

S @ , .
H .
R P ©\ Li ©\
Br’ I~ R-Li 12 Li+ RI

R

four-membered direct nucleophilic
transition state attack on halogen

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 #-butyllithium
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can be employed — the initially formed #-butyl bromide is consumed by reaction with the second equivalent
of alkyl-lithium, producing isobutene.

(Het3>—Br + 2tBuli —>  (Het)—Li [+ t-BuBr £BuLi_ t-BuH + Me,C=CH, + LiBr

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."

LDA +BuLi
\ THF, 78 °C A\ THF, 100 °C @
-— _ =
N

N N
SO,Ph SO,Ph SO,Ph

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

/ \ /\/ a-hydrogens acidified
H relative to f-hydrogens X=NR,Sor0O

X)(inductive

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

N
Q\H @H @H QH [';S\H N/Q\H N//\-NS\H [S%H
Me r

NMe, Me n-P n-Pr

N
I I QI+ O
0 S N S
Me

Equilibrium pK, values” for deprotonation of some five-membered heterocycles in THF"
# Measured pK, 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 efficient
charge distribution.? The lithiation of 2-(2-furyl)thiophene, in either ring depending on conditions, is
instructive;" 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 o-hydrogen in the
furan ring.

n-Buli n-BuLi
l \ / | JHROC \ 7 || hexane, reflux | A\ 74 |

The use of stronger bases can result in dimetallation."

Oy nifti®e | [

0]

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

LDA n-BuLi

[ ) ]M P
S s COoH S

0

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.'®
Removable protecting groups on the pyrrole nitrogen allow o-lithiation, #-butoxycarbonyl (Boc) is an
example; it has additional advantages: not only is it easily hydrolytically removed, but it also withdraws
electrons, thus acidifying the a-hydrogen further, and finally it provides chelation assistance.'’

M e [ 1)

8021‘-Bu )%

t-BuO O

Benzo[b]thiophenes, benzo[b]furans and N-blocked indoles lithiate on the heterocyclic ring, o to the
heteroatom.' 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.'

t-Buli n-Buli
\\ THF,-100°C_ @ @ THF, -78 °C @
N 4 N

SOZPh SO,Ph N SO2Ph
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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)."

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 o-position of pyridine (both inductive and mesomeric electron withdrawal)
with that at the a-positions of thiophene, furan and pyrrole (inductive only). 2-Substituted-1,3-azoles gener-
ally lithiate at C-5.%°

N \ ic and inductive
) mesomeric and in
LY,

S¥ "\ /\/ \S

inductive most acidic most acidic inductive

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

n-BuLi N -BuLi
_7g° /B \ " . [\
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K CHzNMeg Y )
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It is a significant comment on the relative ease of o-lithiation in six- and five-membered systems that
(N-protected) pyrazoles lithiate at C-5, i.e. at the pyrrole-like o-position, though, again chelation assistance
from the N-protecting group also directs to C-5.%

One must be aware that hetero-ring cleavage® can occur in B-lithiated five-membered systems, because
the heteroatom can act as a leaving group, if the temperature is allowed to rise.”
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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 five-membered rings, the direct
metallation of pyridine is quite difficult and complex, but it can be achieved using the very strong base
combination n-butyllithium/potassium z-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 o- and y-positions, being more electron-deficient than a
[B-position, have the kinetically most acidic protons, and of the two former anions, location of negative
charge at the y-position is the more stable situation, perhaps due to unfavourable repulsion between the
coplanar nitrogen lone pair and the o-‘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



Organometallic Heterocyclic Chemistry 43

stability of the oi-‘anion’.”® 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 trifluoride?” or using special reagents which act via complexation
to the nitrogen and then intramolecular delivery of base to the o-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 o-position.”
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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 influences,
can be directly lithiated without risk of nucleophilic addition. When the group is at a 2-* or 4-position,*
lithiation must occur at a -carbon; pyridines with ortho-directing groups located at a B-position usually
lithiate at C-4: this is true, for example, of chloro- and fluoro-pyridines;*! 3-methoxymethoxy-,** 3-piv-
aloylamino,-** 3-trimethylsilylethoxymethoxy-**, 3-z-butylaminosulfonyl-,** 3-diethylaminocarbonyloxy-
or 3-diethylaminothiocarbonyloxy-pyridines,®® and the adduct from 3-formylpyridine and Me,N(CH,),
NMelLi;* 3-ethoxypyridine, however, metallates at C-2.%*

NEt,

o

OCONEt, s-BuLi

3xn-BulLi THF, TMEDA
| Ewo.-t0c [T = R
—_—
~ ~ . ~— ~
N~ " NHCOt-Bu N t-Bu N N
/t-Bu
NHCOt-Bu 3n-BuLi
| ~ THF, Et,0, TMEDA | X
_ -10°C _
N N

Quinolines react like pyridines, but are more susceptible to nucleophilic addition;* 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.*
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Pyrazines and pyridazines react in accord with the principles discussed above.*!

Cl ] Cl N LiTMP N
X LITMP AN AN . X
| THF, -78 °C | | THF, -78 °C |
- N - N ~ ~
Cl N Cl N N Cl N Cl

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 efficient, 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*
and indole-2-boronates and 2-silanes via direct deprotonation.*”® 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.
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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* or 4-bromopyrazole,” 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.*
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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 efficient time-wise and
process-wise.*’ (Note that intermediates of the same type are formed during quenching of lithio-compounds
with DMF and can be used in the same way.)
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