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  1 
History and Principles of Dynamic Combinatorial Chemistry  
  Sophie R.   Beeren   and   Jeremy K.M.   Sanders         

  1.1 
 Introduction 

  Dynamic combinatorial chemistry  ( DCC )  [1]     –    combinatorial chemistry under ther-
modynamic control    –    is a tool for the effi cient synthesis of libraries of complex 
structures whose individual properties may be explored through the library ’ s 
response to the stabilizing infl uences of external stimuli. A  dynamic combinatorial 
library  ( DCL ) is generated by combining building blocks, functionalized such that 
they can react with one another either through reversible covalent reactions or 
specifi c noncovalent interactions, to form a mixture of interconverting library 
members. As the exchange of building blocks between library members takes 
place, the product distribution moves towards equilibrium    –    the thermodynamic 
minimum of the system. 

 The concentrations of the different species in a library will be dependent upon 
the intrinsic stability of the various library members. However, the library com-
position is not fi xed and the introduction of any external stimulus that can alter 
the relative stability of a library member will infl uence the product distribution. 
In particular, stabilization of a particular library member through noncovalent 
interactions with an added template will alter the positions of the equilibria gov-
erning the system (Figure  1.1 ). Such a shift in equilibrium position will ideally 
lead to an increased production    –    an  “ overexpression ”  or  “ amplifi cation ”     –    of the 
stabilized library member at the expense of the other species in the mixture. In 
this way, a library may be probed for species with affi nity for a given target 
molecule.   

 While amplifi cation of a library member in the presence of a template is usually 
a good indication of a favorable interaction between that species and the template, 
one has always to be alert to the possibility of counterintuitive  “ systems ”  behavior 
by the library  [2] . The equilibrium distribution is determined by the sum of the 
total thermodynamic stabilities of all species in the library. Since all the compo-
nents of a library are linked through a set of equilibria, the stabilization of one 
library member will be felt by the others and in some circumstances the most 
amplifi ed species may not be the one that in isolation binds most strongly to the 
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 2  1 History and Principles of Dynamic Combinatorial Chemistry

target. With careful design of the experiment, however, such misleading amplifi ca-
tions may be minimized  [2]  (see Chapter  2 ). 

 Identifi cation and synthesis of receptors for small molecules has been one of 
the most popular early uses for DCC (Chapter  3 ). However, its application now 
extends beyond this. DCC has been used to generate effective ligands for biomac-
romolecules (Chapter  5 ), to identify foldamers stabilized by self - recognition 
through intramolecular noncovalent interactions (Chapter  6 ), and to fi nd stable 
aggregates formed due to interactions between combinations of library members 
 [3] . It has found application in the synthesis of catalysts (Chapter  4 ), sensors 
(Chapter  7 ), and dynamic materials (Chapter  6 ). Furthermore, stabilization of 
components in a library need not necessarily be through interactions with a chemi-
cal template. Variation of environmental conditions, such as temperature, pH  [4] , 
light  [5] , and electric fi elds  [6] , or removal of solvent to induce a phase change 
 [7 – 9] , can be used to infl uence library distribution and to probe the properties of 
the species formed in the library. 

 In conventional synthesis, chemists typically aim to prepare a single target 
species in each reaction. Reversible reactions are frequently avoided to ensure that 
the intended products, once synthesized, do not revert to the starting materials or 
convert to different products. The formation of multiple products is viewed as 
undesirable, given that the target compound would inevitably be produced in lower 
yield and would require separation from the various side products. The formation 
of unexpected products is often viewed not as fortuitous, but indicative of a lack 
of understanding or foresight in the design of the synthesis. 

 In conventional combinatorial chemistry, large libraries of related compounds 
can be generated quickly, and then effi ciently screened and tested for desirable 
properties  [10] . In theory, if not always in practice, the larger the library generated, 
the higher the probability of discovering a useful compound from among the many 
products. DCC embraces diversity and complexity as an effi cient means to discover 
new molecules or supramolecular assemblies with unanticipated recognition 
properties. While many chemists would consider a mixture of multiple constantly 
interconverting compounds an overwhelming mess, in DCC these  “ libraries ”  are 
rather seen as a complex system of compounds whose potential properties and 
uses are awaiting discovery. There is the prospect of discovering not only new 

     Figure 1.1     A DCL is formed from the different combinations of several building blocks. 
Ideally, addition to the library of a template will alter the library distribution to amplify the 
receptor that forms the most stable complex with the template.  
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receptors, catalysts, inhibitors, sensors, or materials, but also hitherto unsuspected 
(or unexplored) interactions and systems behaviors.  

  1.2 
 History 

 The basic principles of DCC, developed in the 1990s, stemmed from the 
realization that the task of constructing effective receptors capable of specifi c 
molecular recognition    –    a task that biological systems have accomplished only over 
millions of years of evolution    –    is very diffi cult to address using a straightforward 
synthetic design approach. A new, more effi cient, and general approach was 
devised that captured the combinatorial, selection, and amplifi cation elements 
exhibited by the mammalian immune system. The guest molecule would be 
allowed to select its own, most effective host from among a mixture of possible 
hosts. Selection from an equilibrium mixture of potential hosts would lead to a 
shift in the equilibrium position and amplifi cation of the  “ best binder ” . Another 
attraction of this approach would be that, in principle, it minimizes synthetic 
effort, in that a small number of building blocks can lead to a wide range of large, 
complex products. 

 Although this concept was only recently articulated as a general approach to the 
synthesis of chemical species exhibiting molecular recognition capabilities, many 
of the principles and practices that characterize DCC had been in place for several 
decades. DCC may be viewed as the intersection of two pre - existing approaches to 
synthesis: thermodynamically controlled templated synthesis and combinatorial 
chemistry. 

  1.2.1 
 Thermodynamically Controlled Templated Synthesis 

 Thermodynamic control in organic synthesis is very familiar, for example, in the 
synthesis of esters, acetals, or imines. Specifi c product formation can be favored 
by shifting the equilibrium position, through the removal or addition of water, the 
choice of solvent, the use of excess reagents, or by controlling the temperature and 
pressure of the reaction. Templates may be used in thermodynamically controlled 
synthesis to guide the system towards the production of a desired product that 
 “ fi ts ”  the template. 

 This approach can arguably be traced back to the nineteenth century, and the 
studies of Emil Fischer on carbohydrates and of Werner on coordination com-
plexes. When Watson and Crick discovered the DNA double helix in 1953 they 
realized immediately that its replication involved a templated synthesis  [11] . In 
retrospect, it is clear that the metal - ion - templated synthesis had been achieved as 
early as 1926 when Seidel reacted 2 - aminobenzaldehyde with ZnCl 2   [12] . An 
imine - based macrocycle bound to zinc was formed, but was not identifi ed until 
much later (Scheme  1.1 a)  [13] . A few years later, Fe(II) phthalocyanine was formed 
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through an unexpected iron - templated reaction between phthalic anhydride and 
ammonia (Scheme  1.1 b)  [14] .   

 It is through the pioneering work of Busch in the 1960s that the role of templates 
in synthesis, both kinetically and thermodynamically controlled, was clarifi ed and 
developed  [15] . Busch wrote that  “ a chemical template organizes an assembly of 
atoms with respect to one or more geometric loci, in order to achieve a particular 
linking of atoms ”   [16] . Kinetic templates operate on irreversible reactions by sta-
bilizing the transition states leading to the desired product  [17] . In thermodynamic 
templating, the template is added to a reaction mixture under equilibrium condi-
tions where it binds to a particular desired product and then shifts the equilibrium 
to favor the formation of that species. Busch ’ s Ni(II) - templated bis - imine macro-
cycle  3  synthesis is probably the fi rst published example to clearly articulate the 
role of a template in stabilizing a desired product from a complex equilibrating 
mixture (Scheme  1.2 )  [18] .   

     Scheme 1.1     (a) Imine - based macrocycle synthesis templated by ZnCl 2   [13] . (b) Fe(II) -
 templated synthesis of a phthalocyanine  [14] .  

     Scheme 1.2     Synthesis of a bis - imine macrocycle  3  directed by Ni(II) templation  [18] .  

 Subsequently, thermodynamic templated syntheses developed along parallel 
and largely noncommunicating organic, inorganic, and biochemical tracks. A 
notable contribution by Goodwin and Lynn features reversible imine - mediated 
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synthesis on a DNA template (Scheme  1.3 )  [19] . Prior attempts to exploit template -
 directed synthesis in polymerization reactions sought kinetic differentiation of 
product distribution. DNA and RNA polymerases employ reaction reversibility and 
sophisticated proofreading mechanisms to ensure high fi delity in template transla-
tions. In Goodwin and Lynn ’ s approach the role of the template is to shift the 
equilibrium position. By controlling this equilibrium, they both demonstrated 
unique chemistry on a DNA template, and achieved the fi rst chain - length and 
sequence - specifi c template - directed polymerizations.    

     Scheme 1.3     Thermodynamic cycle showing Goodwin and Lynn ’ s reversible imine - mediated 
synthesis on a DNA template  [19] .  

  1.2.2 
 Early  DCL s 

 In 1995, Hamilton  et al . described one of the fi rst examples of a combinatorial 
approach to synthetic receptors using reversible coordination around a metal ion 
 [20] . In the same year Harding  et al . described the guest - induced amplifi cation of 
a metallo - macrocycle  4  and metallo - [2]catenane  5  from a mixture (Scheme  1.4 )  [20, 
21] . Although not described as such, these examples employed the basic principles 
of DCC    –    template - stabilized selection of effective synthetic receptors from among 
an equilibrating library of potential receptors.   
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 The fi rst papers clearly articulating the concept of DCC appeared in the 
mid - 1990s, the idea being conceived and developed independently in both the 
Sanders and Lehn groups. In the Sanders group, early experiments employed 
base - catalyzed transesterifi cation to generate libraries of macrocycles formed 
from steroid - based building blocks  [23] . A proof - of - principle study demonstrated 
modest amplifi cations of specifi c macrocycles in the presence of alkali metal 
ions  [24] . 

 Lehn developed the dynamic combinatorial approach as a result of his work on 
metal helicates, observing that the major product in a dynamic mixture of helicates 
was determined by the nature of the counterion that binds in the center of the 
helicates  [25] . Huc and Lehn then extended their work to include templating of 
a ligand by a protein, describing the inhibition of carbonic anhydrase by a library 
of imines created  in situ   [26] . This work was preceded by a publication by Venton 
 et al.  who used nonspecifi c proteases to prepare and degrade a set of peptides 

     Scheme 1.4     An electron - rich dimethoxybenzene template was used to direct the synthesis of 
a naphthalenediimide - based macrocycle  4   [21] . Addition of dinaphtho - crown ether  6  led to the 
formation of [2]catenane  5   [22] .  
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reversibly, with a view to amplifying the sequences that bound most strongly to 
fi brinogen  [27] . In 1997, Miller  et al . described the fi rst dynamic combinatorial 
approach to DNA - binding compounds  [28] . In the same year, Sasaki  et al . pub-
lished an elegant  “ self - adjusting ”  metal - centered ligand for lectins  [29] , and Eliseev 
and Nelen used light - induced alkene isomerization as a reaction to drive chemical 
evolution in an equilibrating mixture of simple arginine receptors  [30] . The fi rst 
disulfi de exchange work to articulate a version of the dynamic combinatorial idea 
was probably that of Hioki and Still in 1998  [31] , although the reversibility of thiol –
 disulfi de exchange had been known and exploited for many years.   

  1.3 
 Exercising Control over a  DCL  to Infl uence Species Distribution 

  1.3.1 
 Selection through Molecular Recognition of an External Template 

 One of the most appealing applications of DCC is the possibility to determine 
from a complex mixture the  “ best binder ”  of a given target molecule. Upon addi-
tion of the template molecule to the library, the means of identifying an effi cient 
binder is through its overexpression in the library. Therein the advantage of the 
approach is clear    –    not only is the desired molecule identifi ed, but it is synthesized 
in preference to library members with a lesser affi nity for the target molecule. In 
a particularly effective library, the addition of a template to the mixture may induce 
all the library material to convert to just one favored species. 

 Since the fi rst examples of DCC appeared in the literature, external templating 
has been by far the most extensively developed means of directing a library ’ s 
distribution. The template may be either the guest or the host molecule. In the 
fi rst instance (see Chapter  3 ), building blocks may combine to form a receptor, 
often a macrocycle, that may be stabilized by binding to a small guest molecule 
(Figure  1.2 a). Alternatively, the building blocks may come together to form a 
species that binds within a cavity or a ligand that stabilizes a macromolecule 
(Figure  1.2 b). A detailed discussion of ligands for biomolecules identifi ed using 
DCC can be found in Chapter  5 .    

  1.3.2 
 Selection through Self - Templating 

 Internal templating refers to the self - selection of library members through 
intramolecular or intermolecular stabilizing noncovalent interactions. Intramo-
lecular self - templating is observed when the species formed in a DCL are capable 
of folding upon themselves (Figure  1.2 c). The library members that are best able 
to form favorable noncovalent interactions within themselves will be amplifi ed in 
the library. DCC has therefore been used to study the folding of peptides, nucle-
otides, and synthetic polymers (Chapter  6 ). It can be used to direct the reversible 
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synthesis of foldamers by amplifying the formation of the most stable from among 
a library of oligomers  [32] . 

 Selection and amplifi cation of a molecule in a library is also possible where it 
is stabilized through intermolecular noncovalent interactions with one or more of 
the same or different library members (Figure  1.2 d). Such interactions would 
necessarily have to be strong enough to outweigh the signifi cant entropy cost 
associated with such an aggregation process. The fi rst example of this type of 
system was recently published  [3]  by Xu and Giuseppone    –    a library was formed 

     Figure 1.2     The different ways in which molecular recognition can exert control over library 
distribution: selection may be through external templating by an added (a) guest or (b) host 
molecule, or though self - templating that is either (c) intramolecular or (d) intermolecular.  
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from the condensation of Kemp ’ s imide - based aldehydes and adenosine - based 
amines (Scheme  1.5 ). Imine  7  was amplifi ed from this mixture because it was 
capable of forming stable dimers through a complementary hydrogen bonding 
motif.    

  1.3.3 
 Selection Directed by External Physical Stimuli 

 Dynamic materials are being developed that can undergo constituent exchange, 
reorganization, and selection in response to external physical stimuli. In a DCL 
where the distribution changes upon variation of external conditions, amplifi ca-
tion of a particular species within the library is indicative of its greater stability, 
relative to the other library members, when acted upon by an external physical 
stimulus. 

     Scheme 1.5     The combination of these three aldehydes and two amines leads to the 
formation of a library of six imines. Imine  7 , the dominant species formed, is selected through 
intermolecular self - templation  [3] .  
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 Giuseppone and Lehn have recently investigated how the distribution in a DCL 
of imines can be directed by variation of the temperature and pH  [4] . They 
have also shown that electric fi eld modulation can be used to dictate component 
evolution in a DCL containing liquid crystals  [6] . A simple library was formed from 
the interconversion of two imines ( 9  and  11 ) and two amines ( 8  and  10 ) (Scheme 
 1.6 ). When exposed to an electric fi eld, imine  11 , which exhibits liquid crystalline 
behavior, and which coupled most to and was thus best stabilized by the electric 
fi eld, was amplifi ed. Ingerman and Waters recently reported a DCL in which 
irradiation with appropriate wavelengths of light allowed photochemical control 
over library distribution  [5] . An azobenzene building block was incorporated into 
hydrazone - based libraries with the goal of developing macrocyclic hosts whose 
binding properties could be modulated by irradiation.    

     Scheme 1.6     In the presence of an electric fi eld, the equilibrium in this small DCL shifts to 
increase the production of the liquid crystal  11   [6] .  

  1.3.4 
 Selection Through a Stabilizing Phase Change 

 Component evolution in a DCL may be directed by the self - selection of library 
members that lead to the formation of the most highly organized and stable phase. 
This concept has been applied to both gelation and crystallization. 

 Sreenivasachary and Lehn have described a hydrazone DCL in which selection 
is driven by the formation of a stable gel (Scheme  1.7 )  [7] . Hydrazide - functional-
ized guanosine and serine building blocks were reacted with two different alde-
hyde building blocks in sodium acetate buffer at pH 6 to form a library of four 
interconverting hydrazones ( 12  –  15) . Hydrazone  13 , which is capable of forming a 
stable gel based on the G - quartet motif, was amplifi ed in the mixture; here, the 
distribution of components in the library was determined not by the relative sta-
bilities of the individual hydrazones, but rather by the formation of the insoluble 
fi bers that create a stable gel.   

 Dynamic polymers ( “ dynamers ” ), formed by linking monomers through revers-
ible reactions, have emerged as a means to generate adaptive materials  [33] . It has 
been possible to direct the distribution of different dynamers from within a DCL 
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by altering the environmental conditions to stabilize or destabilize the mesoscopic 
states of the dynamers. Removal of solvent leads to preferential formation of the 
dynamer that gives the most ordered and stable crystalline phase  [8] . 

 In a related example, sorting of a DCL during crystallization has led to the 
selection of a pair of enantiomers from a complex library of diastereomers 

     Scheme 1.7     In this DCL, the formation of a stable gel gives rise to the selection and 
amplifi cation of hydrazone  13   [7] .  
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(Scheme  1.8 )  [9] . A library of six pairs of enantiomers of different diastereomers 
of metal helicates was generated from the reaction of a racemic mixture of amine 
 16  with dialdehyde  17  in the presence of Cu(NCMe) 4 BF 4 . Imine exchange and 
metal – ligand exchange ensured that thermodynamic control of the library was 
maintained. During crystallization, a single pair of enantiomers was selected as a 
result of its lower solubility. The consequent continuous removal of this racemate 
from the solution drives the exchange of all other helicates in the solution toward 
this one  “ selected ”  product.     

  1.4 
 Designing a Dynamic Combinatorial System 

 In DCC, an element of design is sacrifi ced in order to effi ciently obtain a diverse 
range of products, thus allowing for the possibility of generating unexpected 
molecular structures with unanticipated properties. However, this does not mean 
that building blocks are chosen at random. There is a broad spectrum of approaches 
to the synthesis of supramolecular entities spanning from very carefully designed 
templated thermodynamic synthesis, such as the construction of three interlock-
ing molecular Borromean rings published by Stoddart  et al.   [34] , to the mere 
mixing of arbitrarily chosen building blocks. DCC lies somewhere in the center 
of this continuum. 

 To set up a DCL, a reversible chemistry must be chosen and then suitable build-
ing blocks selected or synthesized. To generate a useful DCL the design of the 
building blocks may be very important. Although an increase in the proportion of 
the building blocks that have been specially designed may make the outcome of 
equilibration more predictable, it may also increase the probability that one or more 
of the library members formed will respond to external infl uences upon the library. 

     Scheme 1.8     Selection via crystallization of a single pair of enantiomeric Cu(I) helicates from 
among a complex library of diastereomers  [9] .  
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  1.4.1 
 Building Block Design 

 The design of building blocks will necessarily require the incorporation of suitable 
functional groups at one or multiple positions that are capable of reacting revers-
ibly when combined with other building blocks. The remainder of the molecule 
may then be designed to fi t the purpose for which the library is intended, making 
sure that it does not contain functional groups that will interfere with the exchange 
reaction. 

 One of the most common design features in building blocks is the inclusion 
of functionalities likely to aid in molecular recognition. For building blocks 
designed to be used in libraries in organic solvents, the incorporation of hydrogen 
bond donors and acceptors could be important. In aqueous solution, motifs 
allowing for the possibility of forming hydrophobic pockets when combined 
with other building blocks might be useful. Charged building blocks may be 
chosen for recognition of anions or cations. Electron - defi cient and electron - 
rich aromatics may be included where donor – acceptor interactions with an 
added template or between building blocks are anticipated. Where other 
external stimuli, such as light, temperature, and pH, are intended to direct 
the evolution of the library, building blocks may need to be designed such that 
the species they form under equilibrium conditions will respond to such 
stimuli. 

 The overall shape of the building blocks may also be chosen to suit a particular 
purpose. Where bifunctional building blocks capable of forming oligomers are 
reacted together in DCLs, it may be desirable to design them either with curved 
or linear structures, to encourage macrocyclization or polymerization, respectively. 
In the design of DCLs for the generation of receptors, the relative rigidity or 
fl exibility of the building blocks should be considered. If the building blocks 
are excessively rigid, then the range of macrocycles that can form may be limited. 
One might expect to form a library with a narrow distribution, dominated by 
homo - species resulting from the self - sorting of the building blocks  [35] . Rigidity 
may be useful in designed thermodynamic synthesis, where a single product is 
sought, but the same does not apply to DCC, where the aim is to form a diverse 
mixture of products. On the other hand, excessive fl exibility is equally undesira-
ble    –    too great a fl exibility may allow the building blocks to collapse on themselves 
and form stable cyclic monomers rather than a range of higher oligomers. 
It appears that a balance, or a combination of rigidity and fl exibility, is required 
to produce libraries with a broad distribution of oligomers and maximum chance 
of diversity. 

 Other considerations in the design of building block scaffolds might include the 
incorporation of solubilizing groups, chromophores, or other reporter groups. 
Analyzing the composition of a library is frequently the most challenging aspect 
of DCC, and therefore all building blocks should ideally have unique masses and/
or spectroscopic signatures. In general, building blocks should be simple, easy, 
and inexpensive to synthesize, and straightforward to analyze. The idea is that 
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DCC should be an effi cient approach to the generation of sophisticated molecular 
and supramolecular systems    –    diversity and complexity are obtained not through 
complicated synthesis, but through different combinations and permutation of 
simple building blocks linked by reversible reactions.  

  1.4.2 
 Exchange Reactions 

 The reactions responsible for the formation of DCLs from simple building blocks 
must necessarily be reversible, allowing for the exchange of building blocks 
between different library members. To establish a useful and effi cient DCL the 
reaction chosen should meet several criteria. 

 First, the reaction must be reversible on a reasonable timescale, which implies 
that the forward and reverse reactions should ideally be fast. It is preferable that 
a large number of library members be relatively isoenergetic to avoid library mix-
tures in which there is a strong bias towards certain species, and a high energy 
cost and long equilibration time required to alter the library distribution to favor 
a different stabilized species. Where a library is dominated by one cyclic species, 
it is often a good indication that the intramolecular ring - closing reaction is excep-
tionally fast relative to any intermolecular reactions. Exchange, therefore, will be 
slow and the time required to reach equilibrium will be very long, even though 
the reversible reaction might be intrinsically fast. 

 In a true DCL, equilibration and selection need to take place simultaneously 
so the reaction conditions required for reversibility must also be compatible 
with the noncovalent interactions employed in the selection process. If basic con-
ditions, for example, are required for exchange to take place, then certain recog-
nition groups may be deprotonated and the building blocks negatively charged 
under library conditions. The reaction conditions should ideally be mild, so as 
not to disturb the delicate noncovalent interactions involved in molecular 
recognition. 

 Exchange reactions used in DCLs include reversible covalent reactions, metal –
 ligand coordination, and noncovalent interactions (in particular, hydrogen bonds). 
Of these three exchangeable linkage types, reversible covalent reactions have been 
by far the most extensively used in DCC. While the typically weaker, and more 
labile, hydrogen and coordinative bonds allow for fast exchange and short equili-
bration times, the supramolecular structures formed are inherently less stable, 
and more diffi cult to analyze and isolate. 

 Reversible covalent reactions, although slower, give rise to more robust prod-
ucts. Often requiring a catalyst to ensure reversibility, such reactions are likely to 
be signifi cantly slowed by removing the catalyst so that exchange may be effectively 
 “ switched off, ”  allowing for isolation of selected library members without the 
complication of further exchange. However, the approach towards equilibrium 
requires an extremely large number of turnovers. This reduces the utility of reac-
tions where the catalyst has a limited lifetime (e.g., alkene and alkyne metathesis) 
or where side - reactions occur  [36] .  
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  1.4.3 
 Exchange Reactions Currently in Use 

 The exchange reactions used to date are listed below in Figure  1.3 . A comprehen-
sive review of exchange reactions used in DCC was published only recently  [1(a)] . 
Therein the particulars of the reaction conditions required are discussed and rel-
evant examples are provided. An overview of the most commonly used reversible 
chemistries will be provided in the fi rst part of Chapter  3 , discussed in the context 
of the development of synthetic receptors. We will therefore describe here specifi -
cally only the most recent additions to the growing repertoire of reversible covalent 
reactions that can be used in DCC or dynamic covalent synthesis.   

  1.4.3.1   Reversible Benzylic Nucleophilic Substitution 
 Stoddart  et al.  have recently used iodide - catalyzed reversible nucleophilic sub-
stitution in the thermodynamically controlled assembly of a donor – acceptor 
[3]catenane  20  (Figure  1.3 l)  [37] . Exposure of cyclobis - (paraquat - 4,4 ′  - biphenylene) 
tetrakis - hexafl uorophosphate ( 18 ) to 2 equiv. of bis -  para  - phenylene [34]crown - 10 
( 19 ) in the presence of tetrabutylammonium iodide in acetonitrile at 80    ° C led 
to the formation of [3]catenane  20  in 80% yield (Scheme  1.9 ). The S N 2 reaction 

     Scheme 1.9     [3]Catenane  20  has been generated using thermodynamically controlled 
templated synthesis  [37] .  
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        Figure 1.3     Reversible reactions used in 
DCLs to date: (a) transesterifi cation, 
(b) transallylesterifi cation, (c) transamidation, 
(d) aldol exchange, (e) transthioesterifi cation, 
(f) Michael/retro - Michael reactions, 

(g) nitroaldol exchange, (h) acetal exchange, 
(i) thioacetal exchange, (j) pyrazolotriazone 
metathesis, (k) disulfi de exchange, 
(l) reversible benzylic nucleophilic 
substitution, (m) phosphazide exchange, 
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(n) imine exchange, 
(o) hydrazone exchange, (p) oxime exchange, 
(q) nitrone exchange, (r) alkene metathesis, 
(s) alkyne metathesis, (t) Diels – Alder/
retro - Diels – Alder reactions, (u) reversible 

boroxine formation, (v) transboroxoaromatic 
esterifi cation, (w) reversible resorcinol and 
1,4 - butanedial condensation, (x) metal –
 ligand exchange, and (y) hydrogen bond 
exchange.  

Figure 1.3 (Continued) 
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     Scheme 1.10     Addition of dicarboxylic acid  25  to this small library of nitrones shifts 
the equilibrium to favor formation of nitrone  24  that has two amidopyridine recognition 
groups  [38] .  

at benzylic carbons has traditionally been viewed as reversible, with the nucle-
ophiles alternatively acting as leaving groups and vice versa. However, it is 
only very recently, employing tetrabutylammonium iodide as a catalyst, that 
the reaction reversibility has been optimized for use in dynamic covalent 
synthesis.    

  1.4.3.2   Nitrone Exchange 
 Diaryl nitrones undergo exchange in chloroform under acidic conditions in the 
presence of a catalytic amount of a hydroxylamine (Figure  1.3 q)  [38] . Philp  et al.  
fi rst utilized this reaction in DCC to generate a small DCL of nitrones at equilib-
rium after 48   h (Scheme  1.10 ). Selection and amplifi cation of nitrone  24  was 
observed upon addition to the library of a dicarboxylic acid capable of binding to 
two amidopyridine recognition groups. Philp ’ s group have further used nitrone 
exchange as the basis for their studies of self - templating, extrapolating upon the 
basic concepts of DCC to investigate replication processes  [39] .    

  1.4.3.3   Reversible Nitroaldol Reaction 
 The reaction between nitroethane and aromatic aldehydes in the presence of tri-
ethylamine in chloroform reaches equilibrium within hours (Figure  1.3 g). Selec-
tion of library members through a subsequent tandem irreversible reaction (i.e., 
Henry - iminolactone rearrangement) has been demonstrated  [40] .  

  1.4.3.4   Reversible Resorcinol and Alkanedial Condensation 
 A DCL of short polymers has been generated from the condensation of resorcinol 
and 1,4 - butanedial (Scheme  1.11 )  [41] . Resorcinol and 2,5 - dimethoxytetrahydro-
furan (3.3 equiv.) were combined in ethanol at 80    ° C in the presence of HCl. 
Acid - catalyzed decomposition of the 2,5 - dimethoxytetrahydrofuran led to the for-
mation of 1,4 - butanedial. Each aldehyde then underwent two condensation reac-
tions with resorcinol to form ladder - like polymers containing calixarene moieties 
under thermodynamic control.    
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  1.4.3.5   Reversible Boroxine Formation 
 Boroxine formation, through the cyclotrimerization of three boronic acid units, is 
another reversible reaction recently applied in dynamic covalent synthesis (Figure 
 1.3 u). The forward reaction is entropically driven by the release of water molecules 
upon condensation and is favored where electron - donating groups in the  para  
position are used  [42] . To date, this reaction has only been used in the designed 
thermodynamic synthesis of a C 3  - symmetric [4]rotaxane  26,  apparently under 
thermodynamic control (Scheme  1.12 )  [43] . However, it could be envisaged that 

     Scheme 1.11     A DCL of ladder - like calixarene containing polymers was generated from the 
reversible condensation of resorcinol and 1,4 - butandial  [41] .  

     Scheme 1.12     Templated synthesis of a  C  3  - symmetric [4]rotaxane  26  generated through 
reversible boroxine formation  [43] .  
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     Scheme 1.13     Phosphazide exchange is rapid in chloroform: here the equilibrium favors the 
more stable  meta  - substituted triphosphazide  28   [44] .  

diverse DCLs could be generated using building blocks functionalized with two or 
more boronic acid functional groups.    

  1.4.3.6   Phosphazide Exchange 
 A new reversible reaction for DCC has emerged from the synthesis of macrobicy-
clic tri -  λ  5  - phosphazides (Scheme  1.13 )  [44] . When carried out in chloroform, the 
reaction between tris - ( ortho  -  or  meta  - azobenzyl)amines and triphos is dynamic and 
reversible. Selection of the  meta  - substituted triphosphazide from a dynamic 
mixture was observed as a result of greater stability of this less sterically congested 
species. In fact, complete triazide exchange was seen when tris - ( meta -  azobenzyl)
amine was added to the  ortho  - triphosphazide  27 .    

  1.4.3.7   Transboroxoaromatic Esterifi cation 
 The transesterifi cation of boroxoaromatic esters is currently being developed for 
DCC. Thus far, Philp  et al.  have shown that small libraries of diesters can be 
generated rapidly under thermodynamic control from the reaction of boroxoaro-
matics with bis - alcohols (Figure  1.3 v)  [45] . The formation of more complex cyclic 
superstructures has not yet been achieved due to the low reactivity of the bifunc-
tional boroxoaromatics tested.  

  1.4.3.8   Future Reactions 
 The search for other reversible reactions that would be suitable for use in DCLs 
is ongoing. Using computational methods, Houk  et al.  have investigated substitu-
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  1.5 
 Conclusions 

 In just over a decade, DCC has emerged as an effi cient and powerful approach for 
generating and exploring systems reliant upon molecular recognition. It has been 
shown to offer an attractive route to the synthesis of complex molecules, with 
useful and unanticipated recognition properties, not easily accessible by other 
means. Additionally DCLs, viewed as complex networks of molecules, have pro-
vided a platform to study the emergent properties of systems. During this short 
period, the fi eld has expanded to applications far beyond those originally con-
ceived. These are explored in the following chapters.  
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  2 
The Practice of Dynamic Combinatorial Libraries: Analytical 
Chemistry, Experimental Design, and Data Analysis  
  Sijbren   Otto       

   2.1 
 Introduction 

  Dynamic combinatorial chemistry  ( DCC )  [1 – 3]  was originally developed to solve 
the problem of obtaining compounds with distinctive molecular recognition prop-
erties. These could be either ligands for biomolecules or synthetic receptors for 
small - molecule guests. Obtaining such molecules by a design - and - synthesis 
approach remains a daunting task; we simply do not suffi ciently understand issues 
like conformation and cooperation of the many individually weak noncovalent 
interactions that together determine effi ciency in molecular recognition. In DCC 
this problem is circumvented by limiting the design to only small fragments, 
which are assembled into the desired structures under the direction of the mole-
cules themselves. A description of the basic principles of DCC is provided in 
Chapter  1 . Chapters  3  and  5  in this book provide ample proof that this approach 
indeed facilitates effi cient access to synthetic receptors and small - molecule ligands 
alike. The concept of DCC has also been explored in the context of catalyst devel-
opment (Chapter  4 ) and polymer chemistry (Chapter  6 ). 

 In many of these applications of DCC the purpose is to identify a specifi c mol-
ecule with exceptional properties. The  dynamic combinatorial library  ( DCL ) is then 
merely a vehicle through which this molecule may be generated and discovered. 
In a typical experiment a library is prepared by mixing building blocks, and its 
composition is analyzed in the absence and presence of an added template mol-
ecule or some other stimulus. Any compound in the mixture that is signifi cantly 
amplifi ed upon addition of the template should be a strong binder. This principle 
still drives much of the work in DCC, but is arguably rather simplistic. DCLs are 
complex mixtures of species that are interconnected through a set of equilibria 
and mass balances, and can behave in ways that are not always immediately intui-
tive, particularly when the focus is on the amplifi cation of individual molecules. 
In order to fully appreciate the behavior of a DCL it should be regarded in its 
entirety as a molecular network that strives to attain the lowest overall Gibbs 
energy. One of the implications is that the extent to which template binding and 
amplifi cation are correlated can vary, depending in part on how the experiments 
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are set up (i.e., the idea that amplifi cation is selective for the fi ttest species  [4]  may 
not always hold). The complex behavior of DCLs has been investigated in some 
detail, initially with a view to identifying the experimental conditions that are 
optimal for discovering new synthetic receptors and small - molecule ligands. Inter-
estingly, this new perspective on dynamic libraries has sparked the development 
of new applications of DCC, such as in sensing (described in detail in Chapter  7 ), 
which rely on the unique characteristics of the entire DCL. Such applications go 
signifi cantly beyond the purpose for which the approach was fi rst developed. 

 This chapter focuses on aspects of DCC common to nearly all its applications. 
The analytical tools with which DCLs can be analyzed are discussed in Section  2.2 . 
Section  2.3  explores the behavior of DCLs as networks, including network topology 
and the computational strategies that have been developed to guide experimental 
design. Finally, Section  2.4  outlines some of the new opportunities provided by 
DCLs, including data mining, information processing, and the potential for use 
of DCLs to explore molecular recognition within and between library members.  

  2.2 
 Analytical Methods 

 Despite research efforts in DCC spanning well over a decade, the development of 
the associated analytical chemistry is still limited. This largely refl ects the fact that 
most studies have aimed at establishing proof - of - principle and relied on relatively 
small libraries, often containing only a single building block, producing merely a 
handful of library members. Yet, as also pointed out in a critical review by Ladame 
 [3] , before DCC will fulfi ll its promise, much larger libraries will need to be ana-
lyzed. With recent developments in analytical equipment and automated data 
analysis such studies are well within current analytical capabilities. Indeed, 
it is possible to obtain useful results from libraries with close to 10   000 constituents 
 [5]  and theory suggests that larger libraries are likely to produce even better 
results. 

 Screening DCLs requires quantifi cation of large numbers of compounds in 
a complex mixture. More often than not the different components vary widely 
in concentration. Thus, an ideal analytical technique will combine high sensitiv-
ity with a large dynamic range (i.e., allowing small quantities of a compound A 
to be quantifi ed in the presence of a large excess of B). While good results 
have been obtained by mass spectrometric analysis, the most promising 
techniques are multidimensional, allowing library members to be separated 
on the basis of two or more orthogonal characteristics. The most commonly 
used and probably most powerful technique is liquid chromatography - mass 
spectrometry (   LC  -    MS ), but also other techniques such a time - resolved hetero-
nuclear single quantum correlation nuclear magnetic resonance (   HSQC     NMR ) 
 [6]  or  diffusion - ordered spectroscopy  ( DOSY ) NMR  [7]  have found application, 
albeit as yet only in smaller libraries. These techniques are discussed in 
more detail in Sections  2.2.2  and  2.2.3 . Alternatively, screening can also be 
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performed by using immobilization strategies similar to those developed in tradi-
tional combinatorial chemistry. This approach has been pioneered by Miller  [8]  
and is discussed in Section  2.2.4 . 

  2.2.1 
  MS  Analysis 

 MS is an attractive tool to analyze DCLs, owing to its high resolution and the fact 
that it provides the masses of the library members, which is often essential in 
order to identify the molecular structures. A disadvantage of the technique is that 
its use for quantifi cation is not straightforward. 

 Poulsen has used Fourier transform ion cyclotron MS to identify compounds 
with affi nity for bovine carbonic anhydrase II from a DCL of hydrazones  [9] . Direct 
injection of the DCL revealed a cluster of signals resulting from noncovalent 
complexes of the protein with selected library members. The large size of the 
protein (29   kDa) causes the mass signals to have extensive and overlapping isotopic 
envelopes, which prevented direct identifi cation of the bound library members. 
However, upon collision - induced gas - phase fragmentation it was possible to 
confi rm the identity of the selected hydrazone ligands.  

  2.2.2 
  LC - MS  Analysis 

 Analysis of DCLs by a combination of  high - performance liquid chromatography  
( HPLC ) and MS (LC - MS) has proven very powerful, provided the library members 
are stable enough to allow chromatographic separation. LC - MS analysis can yield 
both the quantity and the identity of individual library members. Care should 
be taken that the exchange between library members is slow on the timescale of 
the experiment. This is usually the case for hydrazone and disulfi de libraries, 
without requiring special precautions. It has recently been reported that even the 
composition of DCLs of hydrolytically labile imines can be analyzed directly by 
HPLC, provided an acidic mobile phase is used. Beau  et al.  successfully used a 
common reversed - phase HPLC solvent system based on acetonitrile/water mix-
tures containing 0.1% trifl uoroacetic acid  [10] . Imine hydrolysis is slow under 
these conditions because at low pH the zwitterionic hemi - aminal intermediate that 
is believed to be important in the hydrolysis process is more diffi cult to attain 
(Scheme  2.1 ).   

 In principle, LC - MS analysis can be used for libraries that are substantially larger 
than those typically used to date. For larger libraries, baseline separation of most 
library members can no longer be expected. In fact, in DCLs of more than a few 
tens of compounds overlapping peaks are more likely than separated ones. 
However, this need not be problematic as it should be possible to identify all 
compounds using the mass spectrum at a given retention time. In fact, a compari-
son between untemplated and templated libraries may be best made on the basis 
of the two corresponding mass chromatograms. 
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 As the masses of all potential library members can be predicted from the nature 
of the building blocks, it should be possible to automate the procedure of compar-
ing mass chromatograms for all potential library members between templated and 
untemplated libraries. This may then lead to a computer - generated shortlist of 
amplifi cations, which can then be verifi ed, within a reasonable time, by hand and 
by some selected additional experiments using only the building blocks incorpo-
rated into the amplifi ed compounds. 

 While I am not aware of reports where such automated analysis has been carried 
out, we have recently reported an analysis of a large DCL (approximately 9000 
compounds) using LC - MS in which amplifi cations were detected by simply com-
paring the HPLC  ultraviolet  ( UV ) traces  [5] . The specifi c library was made by 
mixing eight different thiol building blocks ( 1  –  8  in Figure  2.1 ) and screened for 
receptors for ephedrine ( 9 ). A comparison of the HPLC chromatograms of the 
untemplated and templated libraries is shown in Figure  2.1 (a and b, respectively), 
showing some clear amplifi cations in a poorly resolved mixture. The nature of the 
compounds corresponding to the amplifi ed peaks was established by an LC - MS 
study, which revealed some complications that are likely to be common when 
using large libraries. The mass spectrum at the retention time where amplifi cation 
was detected revealed the presence of several library members.   

 Fortunately, comparing this spectrum of the templated with that of the untem-
plated library allowed establishing the mass of the amplifi ed species. Figure  2.1 (c 
and d) illustrates this for one of the amplifi ed signals. However, it turned out that 
there were several potential library members with a similar mass. For the example 
of Figure  2.1 (d), compounds ( 6 ) 2 ( 8 ) 2 , ( 4 ) 2 ( 7 )( 8 ) 2 , ( 2 ) 2 ( 6 ) 3 , and ( 2 ) 4 ( 3 ) are all within 
0.5   amu of the observed mass of 922.7. Distinguishing between these could theo-
retically be possible if the mass were determined at high resolution or from the 
isotopic substitution pattern. In our case we were able to resolve the issue by 
analyzing the MS - MS fragmentation pattern. Thus, using LC - MS - MS analysis we 
were fi nally able to identify the amplifi ed species as cyclic oligomers of building 
blocks  6  and  8 . Subsequent binding studies on isolated material revealed that these 

     Scheme 2.1     The mechanism for imine 
hydrolysis under acidic conditions is believed 
to involve the decomposition of the 
zwitterionic hemi - aminal intermediate as 
the rate - determining step  [10] . The rate of 

decomposition slows down at lower pH 
due to the concentration of the zwitterionic 
intermediate being reduced by protonation 
of the oxygen atom.  
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           Figure 2.1     HPLC chromatograms of DCLs 
made from building blocks  1  –  8  (5.0   mM total 
concentration in 50   mM pH   8.0 borate buffer) 
(a) in the absence of template; and (b) in the 

presence of 5.0   mM ephedrine  9 . Mass 
spectrum of the HPLC peak at 17.5   min of 
the DCLs in the absence (c) and presence 
(d) of ephedrine  9 .  Data reproduced from  [5] .   

macrocycles have affi nities for the ephedrine template in the order of  − 24   kJ/mol. 
Note that even these relatively modest affi nities can induce clearly detectable tem-
plate effects in large DCLs. 

 LC - MS has been used by Gagn é   et al.  in an elegant study showcasing some clever 
analytical chemistry for investigating chiral recognition in DCLs  [11, 12] . The 
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authors screened a library made from a racemic hydrazide/aldehyde building 
block for binding to a chiral template using an optical rotation detector. In this 
way only chiral recognition events are detected. Using nucleosides as templates 
they indeed observed enantioselective amplifi cation of specifi c macrocyclic recep-
tors. In order to assess which stereoisomer was selected the authors prepared a 
pseudo - racemic mixture of the building block in which one of the enantiomers 
was labeled with deuterium. Analysis by LC - MS now allowed all HPLC signals to 
be assigned to the various stereoisomeric products, as these products now have 
different masses. 

 Work by the same group has recently also shown that caution is required in the 
analysis of DCLs by LC - MS  [13] . The labile nature of the covalent bonds inherent 
to DCC (in this case the hydrazone linkages) can cause unwanted reactions to occur 
between coeluting species during desolvation in the mass spectrometer. For 
example, tetrameric species were detected that could only be explained by a reaction 
between two coeluting dimeric molecules. This, together with the always present 
risk of fragmentation during desolvation, serves as a clear warning to be critical 
and keep an open mind when interpreting MS data, and to perform the necessary 
control experiments to minimize the chances of misinterpretation of the data.  

  2.2.3 
 Analysis by  NMR  

 Analysis of DCLs by NMR has the advantage that it can also be applied in instances 
where library members are highly labile, as may be the case for noncovalent revers-
ible chemistries. Unlike analyses involving physical separation of the constituents 
(chromatography, MS), NMR is normally performed on the complete mixture. 
However, this is at the same time a disadvantage as the spectra of the mixtures 
quickly become very diffi cult to interpret, particularly when compounds give rise 
to multiple signals. 

 One solution to this problem is to simplify the interpretation by making use of 
difference spectra. Fujita  et al.  have applied this approach to the analysis of a small 
DCLs of capsules by mixing two tripodal pyridine ligands with three dipodal ones 
(Scheme  2.2 ), using palladium centers to link the ligands together  [14] . The authors 
were able to identify a new receptor for sodium trichloroacetate from this DCL. 
Subtracting the spectrum of the library in the absence of guest from that in the 
presence of the trichloroacetate guest allowed them to identify building blocks 
from which the capsule was constructed. A second round of similar NMR experi-
ments was necessary to also obtain the building block stoichiometry.   

 Another approach to improve the tractability of the spectra is to introduce addi-
tional dimensions complementary to the chemical shift. Two such approaches 
have been explored: Lehn  et al.  have used DOSY NMR, where the differences in 
diffusion times of the library members are used as the second dimension  [7] , and 
Jeannerat and Prins  et al.  have used  1 H –  13 C - HSQC NMR and also introduced a 
temporal dimension, by adding different building blocks at different times and 
monitoring the evolution of the  two - dimensional  ( 2 - D ) NMR spectrum  [6] . 
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 The DOSY technique  [15]  relies on a spin - echo pulse sequence that involves 
gradient pulses that lead to a  Z  - gradient in the magnetic fi eld experienced by the 
sample. Two such pulses are given that effectively cancel each other in the absence 
of any diffusion, but not when diffusion takes place. From the reduction in signal 
intensity the diffusion coeffi cient of the molecules in the sample can be estimated, 
which is related to their hydrodynamic radii. The result of a DOSY experiment is 
a 2 - D NMR spectrum with the chemical shift on one axis and the diffusion coef-
fi cient on the other. This technique was used by Giuseppone  et al.  in a proof - of -
 principle study on a DCL based on scandium trifl ate - mediated hydrazone exchange. 
After 12   h of data collection they were able to distinguish between fi ve different 
levels of diffusion rates that were assigned to linear hydrazones of different lengths 
( n    =   0 – 4 in Scheme  2.3 )  [7] . It is encouraging that the relatively small changes in 
size of the library members were resolvable on the diffusion time axis.   

     Scheme 2.2     Mixing di -  and tripyridyl ligands with Pd(en) produces a diverse DCL of cyclic 
and cage coordination compounds. Exposure of this library to sodium trichloroacetate induces 
the amplifi cation of a new receptor.  Adapted from  [14]  .  

     Scheme 2.3     Building blocks used to generate a small DCL of linear hydrazides that can 
adopt helical conformations and that was analyzed by DOSY NMR to reveal fi ve different 
compounds ( n    =   0 – 4)  [7] .  

 The temporally resolved HSQC approach by Jeannerat and Prins  et al.  has 
uncovered a wealth of kinetic and thermodynamic data on their small hydrazone 
DCL, reproduced in Figure  2.2 . The authors started by adding hydrazide  B  to a 
solution of hydrazone  10A  and analyzed the mixture using HSQC, which is a 2 - D 
NMR technique in which the  13 C spectrum is plotted on one axis and correlated 
to the  1 H spectrum on the other axis. Use of this 2 - D technique was essential to 
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     Figure 2.2     A small library of hydrazones that was analyzed by time - resolved  1 H –  13 C HSQC 
NMR to give all kinetic and thermodynamic parameters  [6] .  
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quantify the products in the DCL as these gave mostly overlapping signals in the 
one - dimensional  1 H NMR. They then monitored the exchange process in time, 
from which they were able to determine the equilibrium constants and also the 
rate constants for the two hydrazone exchange reactions. They then proceeded by 
adding hydrazide  C  to the solution and after equilibrium had been reached, they 
fi nally added hydrazide  D . On the basis of the resulting data, they were able to 
fully characterize the thermodynamics and kinetics of the system  [6] .    

  2.2.4 
 Resin - Bound  DCC  

 A drastically different method for identifi cation of library members is possible 
when individual building blocks are bound to a solid - phase resin. This approach 
has been developed by Miller  et al.  who set up multiphase DCLs by mixing solu-
tion - phase building blocks with identical resin - bound ones and a fl uorescent target 
 [8, 16] . 

 Chemical tagging or spatial segregation informs on the nature of the resin -
 bound building blocks, while screening of the resin for binding of the fl uorescent 
target enables identifi cation of the building blocks that are part of strongly binding 
library members. 

 This approach was successfully implemented for the development of a ligand 
that selectively binds to an RNA sequence implicated in the replication of the 
 human immunodefi ciency virus  ( HIV ). A library of disulfi des was made of 150 
resin - bound thiol - functionalized building blocks that were allowed to equilibrate 
with their solution - phase counterparts in the presence of the fl uorescently labeled 
RNA target. From the library with a theoretical diversity of 11   325 members, a 
small number of beads turned fl uorescent and were isolated. After cleavage of the 
bound compounds, the identity of the resin - bound building block was identifi ed 
by MS, suggesting three different building blocks were involved in generating 
strong binders ( 11  –  13  in Figure  2.3 ). A new experiment was then set up in which 
the nine different binary combinations of resin - bound and solution - phase building 
blocks were screened for target binding. This revealed an interesting feature of 
this two - phase approach: the experiment with  11  bound to the resin and  13  in 
solution resulted in highly fl uorescent beads, while in the reverse experiment, 
where  11  is in solution and  13  resides on the resin, no fl uorescence was detected. 

     Figure 2.3     Thiol building blocks that were selected from a resin - bound disulfi de DCL when 
exposed to a HIV RNA target  [16] .  
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This is a consequence of competition between resin - bound and solution - phase 
disulfi des for the limiting amount of fl uorescent target. With  13  on the resin, 
immobilized  13  –  11  competes with solution - phase  11  –  11 , while in the reverse 
experiment no  11  –  11  can be formed. Thus, the outcome suggested that  11  –  11  is 
a stronger binder than  13  –  11 , which was subsequently confi rmed by bioassays on 
isolated material.   

 The resin - bound DCL strategy lends itself to further increases in library size, in 
particular when diversity is generated from binary combinations of monofunction-
alized building blocks. Usage of multifunctionalized building blocks may also be 
possible, but will require more elaborate deconvolution experiments.   

  2.3 
 Experimental Design 

 DCLs are complex molecular networks  [17]  and their behavior is not always imme-
diately intuitive. Moreover, how a particular DCL will behave depends on the 
molecular recognition events taking part between the various species present in 
solution. Many of these will be unknowns at the outset of a dynamic combinatorial 
experiment; indeed, learning more about these is often the goal of the experiment. 
As will become apparent in this section, when competing binding events take place 
this may complicate the interpretation of the results. A careful design of the experi-
ment is required to minimize such complications. Also, some insight in the, at 
fi rst sight, counterintuitive behavior that DCLs may exhibit is indispensable in 
order to be able to correctly interpret the data. The remainder of this chapter 
describes some of the idiosyncrasies of DCLs and provides some guidelines on 
how to properly design dynamic combinatorial experiments. 

  2.3.1 
 Importance of Template Concentration 

 Much of the early development of DCC was based on the assumption that exposing 
a DCL to a target will result in selective amplifi cation of the best binding library 
member. As fi rst pointed out by Severin  et al.   [18, 19] , this assumption is not 
necessarily valid. DCLs respond to external stimuli, such as the introduction of 
a target, in a way that minimizes the Gibbs energy of the entire system. In the 
presence of excess template the system may have a preference for amplifying 
a large number of smaller macrocycles over a small number of larger ones. 
Similarly, in libraries containing several different building blocks, the amplifi ca-
tion of mixed macrocycles is preferred over macrocycles containing only one type 
of building block (Figure  2.4 ).   

 This behavior can be rationalized by considering the total template binding 
energy gained by the system. In the presence of excess template the building 
blocks are limiting. For example, where a system has a choice between producing 
two copies of a dimeric library member versus one copy of a tetramer, it may prefer 
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to amplify the dimer as it can gain twice the template – dimer binding energy versus 
only once the template – tetramer binding energy. In libraries made from several 
different building blocks the system can normally produce more of a hetero - oli-
gomer than of a homo - oligomer of the same size. In this scenario the system is 
able to harvest a larger number of template – hetero - oligomer binding energies than 
template – homo - oligomer energies. Thus, in the presence of excess template 
amplifi cation is biased towards small oligomers and towards hetero - oligomers; 
these compounds may be amplifi ed in preference over larger and/or homo - oli-
gomers, even in cases where the latter are the stronger binders. This leads to an 
undesirable situation where the magnitude of the amplifi cations of the various 
library members may not correlate very well with their affi nities for the template. 
Fortunately, there is a solution to this problem: simply reduce the template con-
centration. When the amount of template is limiting the competition is no longer 
between, for example, two dimers and one tetramer (or several hetero - oligomers 
versus one homo - oligomer), but between one dimer and one tetramer (or one 
hetero - oligomer and one homo - oligomer). Under such conditions the strongest 
binder will be amplifi ed selectively. 

 The importance of the template concentration is illustrated by the behavior of 
the small disulfi de DCL shown in Figure  2.5 , which features two different macro-
cyclic receptors  17  and  18  that both bind ammonium guest  16 , with host  18  
binding the strongest  [20] . Thus, if amplifi cation would be selective for the fi ttest 

     Figure 2.4     Competition between small and 
large library members is biased towards 
the former only when excess template is 
available. Similarly, only in the presence of 

excess template is the competition between 
hetero -  and homo - oligomers biased towards 
the hetero - compounds.  
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receptors then host  18  should be amplifi ed more than  17 . This is indeed observed 
when low concentrations of guest are present. However, when the guest concentra-
tion is increased, the reverse is observed. The system is able to gain more binding 
energy by producing  17  as compared to  18 , simply because it can make more of 
it. Receptor  17  is built up from two units of building block  14  and one of  15 , while 
host  18  contains three units of  14 . Thus, with a limiting amount of  14  the system 
can make three copies of heterotrimer  17  against two of homotrimer  18 . If there 
is suffi cient guest present to bind to all receptors it is more advantageous to 
produce more of the weaker binder as opposed to less of the stronger one. However, 
at low guest concentrations, where the amount of guest is limiting, amplifi cation 
is selective for the best binder.   

 The above example makes it clear that the amount of template in the system is 
an important and easily controllable experimental variable. There is a trade - off 

        Figure 2.5     A small DCL made from thiol building blocks  14  (3.33   mM) and  15  (1.67   mM) 
produces a mixture of receptors  17  and  18  for guest  16 . Amplifi cation factors for hosts  17  ( � ) 
and  18  ( � ) depend on the concentration of template  16   [20] .  
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between two desirables: on the one hand, it is advantageous to have strong ampli-
fi cations, for which it is benefi cial to have a large concentration of template 
present; on the other hand, a large excess of template may result in amplifi cation 
becoming less selective for the best binder. This raises the question which experi-
mental conditions are optimal. We have addressed this issue computationally 
using in - house developed DCLSim software (see Box  2.1 ).   

 Using DCLSim, we simulated libraries that were based on an arbitrarily chosen 
number of seven building blocks, which were allowed to form all possible cyclic 
library members up to tetramers, resulting in a DCL of 322 library members. Each 
of these was assigned a binding affi nity for the template that was drawn randomly 
from a normal distribution. The mean value for log( K ) was set at 2 (i.e., the average 
binding constant was 100   M  − 1 ) and the standard deviation for log( K ) was 1. We 
simulated DCLs using a range of building block and template concentrations, and 
assessed the correlation between host – guest binding energy and the amplifi cation 
factor. For each set of experimental conditions a graph comparable to those shown 
in Figure  2.6  was obtained.   

 The results showed considerable variability from one run to the next, even when 
the only difference was the random assignment of binding affi nities to library 
members. A particularly clear - cut example is shown in Figure  2.6 (a and b), which 
shows the behavior of DCLs run at 10   mM template and 10   mM building block 
concentrations. Where the DCL in Figure  2.6 (a) gives a good correlation between 
binding affi nity and amplifi cation factor, that in Figure  2.6 (b) gives a particularly 
poor correlation, with no amplifi cation at all for the best binder. When performing 
dynamic combinatorial experiments it is not know  a priori  how the binding con-
stants are distributed over the various library members, so it is a matter of chance 
how good the binding affi nities will correlate with amplifi cation factors for a given 
set of experimental conditions. In order to obtain more clarity we repeated the 
simulations of the type of Figure  2.6  a total of 50 times each for a variety of experi-
mental conditions. This allowed the quality of the correlation between amplifi ca-
tion factor and binding affi nity (as quantifi ed by the mean correlation coeffi cient 
 R  2 ) to be assessed as a function of template and building block concentrations. 
The resulting 2 - D graph is shown in Figure  2.7 . It shows that in general running 
DCLs of the type simulated here, using a template to building block ratio of 1   :   10 
ensures satisfactory correlations.   

 Going back to the problem - case of Figure  2.6 (b): when we resimulated this 
library at a 10 - fold reduced template concentration of 1.0   mM the correlation has 
improved markedly. However, the magnitudes of most of the amplifi cation factors 
are reduced (Figure  2.6 c). This may be undesirable, so particularly when screening 
new DCLs it may be better to use a modest excess of template to increase the 
likelihood of detecting any template effects. A second round of screening can then 
be performed using a smaller amount of template to assess whether the observed 
template effects are indeed pointing to the better binders in the system. 

 Apart from a careful choice of template and building block concentrations 
there are also other strategies that can minimize the occurrence of troublesome 
library behavior such as that shown in Figure  2.6 (b). As this behavior is a result 
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  Box 2.1    Simulating  DCL s 

    Computer simulations are an important tool for improving our understanding 
of the often capricious behavior of DCLs. Simulating thermodynamic equilibria 
(without considering molecular structures) is relatively straightforward and it is 
very simple to subsequently modify  in silico  the position of specifi c equilibria in 
order to investigate their infl uence on the system. Any comparable experimental 
study would require collecting data for an extremely large number of equilibria 
and is therefore not a viable alternative. Moreover, in an experimental system it 
is not normally possible to adjust the value of selected equilibrium constants to 
probe how the system responds, while  in silico  this is simply a matter of typing 
in another number. 

 For simulating  small  DCLs of the order of 10 – 20 library members commercial 
packages are available. The general mathematic package MathCAD has been 
used and also off - the - shelf kinetics software  [18, 19]  has been used to model 
equilibrium systems. However, when equilibria involve a signifi cantly larger 
number of compounds (hundred to thousands) such packages are no longer 
adequate. This has prompted us to develop DCLSim software  [21, 22]  that is 
able to cope with DCLs of this size. At the core of DCLSim is a modifi ed version 
of the COGS algorithm  [23]  that fi nds equilibrium distributions using a series 
of equilibrium constants and mass balances as input. More specifi cally, DCLSim 
requires as input the equilibrium constants describing the formation of library 
members from their constituent building blocks and (where appropriate) the 
Gibbs energies of binding of the library members to a template molecule. After 
the concentrations of the various building blocks and the template have also 
been specifi ed DCLSim then simulates the resulting library distribution, giving 
the concentrations of all library members in the absence and presence of the 
template as output. 

 Note that the equilibrium constants describing the formation of library 
members from their building blocks is not always chemically realistic. For 
example, in disulfi de chemistry the conversion of thiols into disulfi des is an 
irreversible process. However, treating this process as a fi ctitious equilibrium is 
equivalent to going through a series of more chemically realistic exchange steps 
and mathematically much simpler to deal with. 

 In addition to manually assigning template binding affi nities to library members 
DCLSim contains functionalities that enable these affi nities to be assigned ran-
domly. This is a useful tool for the exploration of libraries where it is not known 
beforehand how binding affi nities will be distributed. In situations like these 
multiple simulations are necessary in order to arrive at statistically signifi cant 
conclusions. Carrying out multiple simulations that only differ in the random 
assignment of equilibrium constants also gives important insights into the 
inherent variability in library behavior. DCLSim allows simple statistical analyses 
to be carried out on the relatively large datasets that result.  
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     Figure 2.6     (a and b) The relationship 
between amplifi cation and free energy of 
binding for all binders in two randomly 
generated DCLs that differ only in the way 
the binding constants are distributed over 
the various library members. In both DCLs 

the total concentration of the building blocks 
and the concentration of the template is 
10   mM. (c) The library of (b) simulated at a 
reduced template concentration of 1.0   mM 
 [22] .  
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of a situation in which there is competition between library members for scarce 
building blocks, poor correlations can be avoided by ensuring that building 
blocks do not become scarce. For example, if the reversible chemistry is such 
that most of the building blocks remain free in solution (e.g., in imine chemistry 
in water) then any amplifi cation tends to be selective for the best binder. An alter-
native strategy that achieves essentially the same situation is to use a limiting 
amount of a linker unit. An example of such a system is shown in Figure  2.8  in 
which dihydroxypyridine ligands X and Y serve as linkers that hold together a 
macrocycle of three half - sandwich metal - ligand complexes A – D  [24] . When the 
system is set up with a limiting amount of X or Y, then a DCL of different mac-
rocycles is generated that can draw on an excess of building blocks A – D. Any 
template - induced amplifi cations in such a system will more directly refl ect the 
binding affi nity. This was shown for the addition of lithium salt for which the 
strongest binder is (BY) 3  while (BY) 2 DY also binds. In the presence of a reservoir 
of A – D the best binder is faithfully amplifi ed, while in the absence of such reser-
voir (using stoichiometric amounts of Y) the inferior binder (BY) 2 DY is the domi-
nant species.   

 In summary, careful design of the building blocks and the experiments, and a 
critical and prepared mind when interpreting the results, are essential before the 
correct conclusions can be drawn from the often complex response of DCLs to 
molecular recognition events.  

     Figure 2.7     Correlation between binding affi nity and amplifi cation in simulated DCLs, as 
a function of template and total building block concentration. The numbers indicate the 
correlation coeffi cient (averaged over 50 simulations)  [22] .  
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     Figure 2.8     DCL made from a metal - half -
 sandwich complexes (A – D) held together by 
dihydroxypyridine linkers X and Y. Using a 
limiting amount of linker and an excess of 
each of the metal - half - sandwich complexes 

generates a DCL in which a reservoir of the 
building blocks A – D is present, increasing 
the chances of selective amplifi cation of the 
best binder  [24] .  
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  2.3.2 
 Library Size 

 In Section  2.2  we have already shown that it is possible to analyze DCLs of the 
order of 10   000 compounds. The future will tell whether libraries that are signifi -
cantly larger than these are also tractable    –    thus far there are no indications that 
they are not. This raises the question of how large a DCL should be in order to 
have the highest probability of identifying a truly outstanding binder? Will tem-
plate - induced shifts in product distributions still be useful in very large libraries? 
These are questions that have been asked from the very outset of the development 
of DCC  [21, 25] . At this stage experimental studies on large libraries are not suf-
fi ciently numerous to allow statistically signifi cant conclusions to be drawn. Theo-
retical approaches to these questions have led to different answers. In early work, 
Moore and Zimmerman concluded that template - induced shifts will only be of 
limited use in very large libraries  [25] . In this work the product distribution of the 
DCL was approximated by a continuum. This is a fair approximation for the bulk 
of the material. However, in every combinatorial approach the interest is usually 
not in the bulk of the material but in the outliers    –    the best binders that are found 
at the tail end of the distribution. The tail ends of any distribution are not treated 
adequately by a continuum model. Repeating the simulations by Moore and Zim-
merman, but using discrete species showed that useful amplifi cations were still 
possible even in libraries as large as 1   000   000 species  [21] . In this work a highly 
simplifi ed model for a DCL was used in which every species could convert into 
every other library member. In reality, libraries are not that adaptive (e.g., building 
block A cannot usually turn itself into building block B). 

 In order to get a more realistic sense of amplifi cation effects in very large DCLs 
we recently performed a number of more detailed simulations in which we varied 
the size of the DCL from 65 (made from four building blocks) to 4828 compounds 
(made from 16 building blocks)  [26] . Template binding affi nities were once again 
assigned randomly from a normal distribution (mean binding constant 100   M  − 1  
and standard deviation 10   M  − 1 ). Based on our experience with the LC - MS detection 
in large libraries, we assumed that we would be able to detect any compound that 
was amplifi ed at least 2 - fold and for which the difference between its concentration 
in the untemplated relative to the templated library represented at least 1% of the 
concentration of the most abundant species in the mixture. This detection cut - off 
means that as the library gets larger the probability that we are able to detect 
amplifi cation events diminishes. This is illustrated by Figure  2.9 , which shows the 
fraction of the compounds that are in the top 10% by affi nity for the template that 
were above this detection cut - off as a function of the experimental conditions 
(template and total building block concentrations). For the larger libraries only a 
few percent of the best binders are in fact detectable, while most of these com-
pounds will go unnoticed.   

 This raises the question to what extent the library size infl uences the affi nity of 
the most amplifi ed compounds that are within detection limits. In order to quan-
tify this we looked at the average affi nity of the best binder from among the three 
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highest  detectable  amplifi cations. The results of this analysis are shown in Figure 
 2.10  as a function of the experimental conditions.   

 The fi rst thing to notice is the trend that with increasing library size the affi nity 
of the detected library members increases as well. For every library size analyzed 
the highest affi nity library members are obtained in the top left corner of the 
graphs (i.e., using a high concentration of building blocks and a low concentration 
of template). However, this combination very often fails to produce any template 

     Figure 2.9     Fraction of the library members constituting the top 10% by affi nity that are 
within detection limits for various library sizes (i.e., number of building blocks). Each graph 
surveys different combinations of template and building block concentrations  [26] .  
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effects at all    –    the graphs only show the results for the rare occasions in which a 
detectable amplifi cation effect occurs. The probability of detecting amplifi cation 
effects rises as the ratio of template to building block increases (i.e., from the top 
left to the bottom right of the graphs) as shown in Figure  2.11 . It is interesting to 
note that larger libraries are characterized by a higher probability of detecting 
amplifi cations, presumably because of the increased probability that they contain 
strong binders.   

     Figure 2.10     Binding energy of the best binder of the three most amplifi ed detectable library 
members for various library sizes (i.e., number of building blocks). Each graph surveys 
different combinations of template and building block concentrations  [26] .  
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 Comparing Figures  2.9  and  2.10  indicates that in selecting experimental 
conditions for the DCLs a trade - off has to be made between the probability of 
detecting amplifi cations and the average affi nity of the library members causing 
the amplifi cations. It appears that a total building block to template ratio of 10   :   1 
gives a good initial compromise. If experiments under these conditions fail 
to produce any amplifi cation it is advisable to increase the concentration of 
template. 

     Figure 2.11     Probability of detecting any amplifi cation for various library sizes (i.e., number of 
building blocks). Each graph surveys different combinations of template and building block 
concentrations  [26] .  
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 In conclusion, within the constraints of the chosen model (normal distribution 
of binding affi nities) and within the range of library sizes investigated, it appears 
that bigger is better    –    bigger libraries are more likely to produce strong binders, 
despite the fact that the inevitable limitations of the analytical techniques mean 
that most library members will remain undetected.   

  2.4 
 Data Analysis 

  2.4.1 
 Quantifying Equilibrium Constants 

 The purpose of many DCL experiments is the identifi cation of compounds that 
are effi cient at molecular recognition. As pointed out in the previous sections, with 
careful experimental design DCLs may be used to identify such compounds by 
comparing the amplifi cation factors of the various library members. However, 
given the complex nature of library behavior some means of verifying the molecu-
lar recognition behavior of the amplifi ed compounds is desirable. Amplifi cation 
factors of the selected hits alone are not always reliable when it comes to compar-
ing the binding behavior of the amplifi ed library members and are certainly 
inadequate for establishing absolute affi nities. Traditionally, binding affi nities are 
determined by isolating the compounds in question and subsequently studying 
their behavior using any one of a variety of different experimental tools (i.e., host –
 guest titrations by NMR, isothermal titration calorimetry, fl uorescence, etc.). This 
is often a painful and time - consuming process. Isolating selected library members 
from the other compounds in the DCL can be hard and binding studies are often 
time - consuming. 

 DCLs provide a promising alternative approach to establishing the binding 
properties of the compounds of interest. We have recently shown that it is possible 
to obtain host – guest binding affi nities directly from library distributions, without 
the need for isolation of any of the library members. Instead, library distributions 
were determined for a set of different experimental conditions (template and build-
ing block concentrations). Once analytical methods have been established it is rela-
tively straightforward to collect such datasets. Equilibrium constants for host – guest 
interactions can then be fi tted to this data. We have developed a dedicated DCLFit 
software tool for this purpose  [27] . An impression of how well the fi tted values of 
the equilibrium constants for host – guest interactions approach the real values was 
obtained by using a series of simulated DCL compositions generated using 
DCLSim and based on known binding constants as the input. DCL compositions 
for a set of 12 different experimental conditions (different ratios of the three build-
ing blocks and different template concentrations) were simulated. After introduc-
ing random errors into this data (similar to those expected for a true experimental 
dataset) it was used as input for DCLFit, which produced the data shown in the 
black bars in Figure  2.12  as output. The predicted binding energies for the stronger 
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binders are in good agreement with the real values. The error for the weaker 
binders is substantially larger, as the concentrations of these species tend not to 
respond very much to the changes in template concentration. Application of 
DCLFit in experimental systems are now starting to appear  [27, 28] . For a smaller 
DCL a similar approach to determining binding constants has been reported 
making use of off - the - shelf software  [12] .   

 These fi tting approaches allow multiple host – guest binding constants to be 
estimated in parallel, illustrating that taking a global  ” systems ”  view of molecular 
networks has important advantages over the reductionist approach of focusing on 
individual host – guest interactions.  

  2.4.2 
  DCL  s  as Sensors 

 Another example that uses the global response of dynamic libraries to a template 
is the application of DCLs as sensors  [29 – 32] . The idea is that the pattern of change 
in the concentration of all network members carries the signature of the template 
(i.e., analyte) to which the DCL is exposed. If the library members have different 
optical properties (i.e., different UV - visible absorption spectra) then the change in 

     Figure 2.12     Comparison of  “ experimental ”  and fi tted values for the host – guest binding 
energies in a simulated 31 - component DCL  [27] .  
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library composition will be refl ected by a change in the UV spectrum of the entire 
mixture. The challenge is now to correlate this change to the nature and/or con-
centration of the analyte. For this purpose several mathematical pattern recogni-
tion protocols are available. Using such multivariate analysis methods, Severin 
 et al.  have succeeded in using DCLs as sensors for peptides  [31, 32]  and nucleotides 
 [30] . This subject is treated in detail in Chapter  7 .   

  2.5 
 Conclusions 

 DCC has primarily developed as a tool for discovering new molecules with special 
properties. The approach shifts the challenge away from the design and synthesis 
of complex structures to the analysis of complex mixtures. Given the number of 
successful new molecules identifi ed by the still relatively small community cur-
rently working in this area, it looks as if the analytical challenges are more easily 
overcome than the challenges posed by design and synthesis. Add to this the fact 
that analytical capabilities are not yet used to their full potential and the conclusion 
is that we can expect many more exciting molecules to be discovered through 
dynamic combinatorial strategies. 

 It is also interesting to note that the complex behavior of dynamic libraries that 
complicate their use for compound discovery at the same time provide new oppor-
tunities in the form of parallel data collection and sensing as outlined in Section 
 2.4 .  
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  3 
Development of Synthetic Receptors using Dynamic 
Combinatorial Chemistry  
  Andrea M.   Escalante   and   Ricardo L.E.   Furlan         

  3.1 
 Introduction 

 In order to bind a given guest, a receptor must be complementary    –    it must have 
recognition groups which are of the appropriate electronic character to comple-
ment the binding sites of the guest. Those recognition groups must be positioned 
on the receptor in a way that they can interact with recognition groups from the 
guest when both receptor and guest are in the binding conformation. Upon 
binding, the receptor and guest reorganize their interactions with solvent mole-
cules (disrupting some and probably creating new ones), and change their confor-
mation to achieve a suitable binding conformation. In the process, noncovalent 
interactions within each molecule may be broken or formed. 

 The requirement to balance all the variables involved in this recognition process 
makes the design of successful synthetic receptors a signifi cant challenge. 

 A frequently explored shortcut that facilitates receptor design is to incorporate 
rigidity in order to avoid as much as possible changes in conformation that are 
diffi cult to predict. In addition, a rigid preorganized receptor will decrease the cost 
of unfavorable reorganization energy. However, high - affi nity perfectly rigid recep-
tors are not easy to achieve in practice since minor errors in design that demand 
readjustment from the receptor can be energetically very expensive  [1] . Indeed, 
nature does not use rigidity to improve affi nity, but it still produces receptors with 
affi nities that are on average much better than the best synthetic receptors pre-
pared to date. A recent survey of the binding effi ciency of synthetic and biological 
hosts by Houk  et al.  indicates that synthetic systems are typically several orders of 
magnitude less effi cient in binding small molecules than their biological counter-
parts  [2] . 

 Guest binding by natural receptors such as proteins is reinforced by intrarecep-
tor interactions, which require conformational rearrangements of parts of the 
receptor that are very similar to the conformational rearrangement necessary to 
interact with the guest. Consequently the interactions that contribute to guest 
binding extend beyond the immediate binding site well into the protein structure 
 [3] . Synthetic receptors that operate by the same principle will need to be able to 
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fold into conformations in which intrareceptor interactions are formed. Such 
characteristics increase even further the demands on predictions to be made 
during the design of the receptor. 

 Despite these diffi culties, numerous receptors have been prepared to date that 
are able to bind guests in water and in organic solvents with affi nities that range 
between 1 and 10 7    M  − 1   [2] . However, as most practitioners in the fi eld have found, 
the rational design and synthesis of novel receptors    –    and a stepwise, iterative 
approach to producing increasingly selective receptors    –    can be both time - consum-
ing and frustrating  [4] . 

 In the 1990s, an alternative to the iterative approach for the identifi cation of 
selective peptide receptors was pioneered by Still  [5] . Mirroring developments in 
medicinal chemistry, a combinatorial approach was used to prepare libraries of 
possible receptor structures, which could then be screened to identify a receptor 
for a given substrate. Twenty years later, combinatorial methods are clearly 
regarded as useful tools to optimize designs, facilitate access to new hosts, and 
ultimately aid in the understanding of host – guest interactions. 

 Developing synthetic receptors using a combinatorial strategy is attractive as it 
reduces the level of detail required in the design of the receptors. Instead of having 
to design and synthesize complete receptors, the chemist designs and synthesizes 
a series of potential fragments of receptors (building blocks) that will be combined 
in different assemblies. 

 Moving from receptor design to library design permits the incorporation of dif-
ferent recognition groups and shapes as well as levels of rigidity in the set of 
building blocks to be combined. It then becomes unnecessary to know in detail 
the exact combination of those variables that will produce a good receptor, as long 
as such combination is present within the library. 

 The dynamic combinatorial strategy goes one step further    –    ideally the preferred 
receptor is not only selected by the guest, but also amplifi ed at the expense of the 
unselected compounds within the library  [6] . This is achieved through the use of 
reversible bonds to attach building blocks to each other so that when the stability 
of the whole system requires it, some of the building blocks that are part of unse-
lected library members may be recycled to produce the selected receptor. As a 
consequence, the amplifi ed receptor can be identifi ed by comparing the library 
distribution in the absence of the guest with that in the presence of the guest  [7] . 
The whole process can be regarded as the adaptation of the dynamic system to the 
presence of the guest. Ideally, this adaptation includes corrections in the original 
composition that leads to an increased concentration of the best receptors. 

 Under such assumption, the dynamic combinatorial approach represents a one -
 pot process that allows for preparation of a mixture of potential receptors and the 
screening of such mixture to spot good binders within the library as revealed by 
their amplifi cation. The desired receptors may then be obtained by isolation of the 
amplifi ed compound(s) or by resynthesis. 

 The latter may employ the same templated reversible chemistry used for screen-
ing of the library, but now restricting the number and relative concentration of 
building blocks to those required to prepare the desired product. These biased 
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dynamic combinatorial libraries ( dynamic combinatorial library   DCL s) have 
proved to be a useful synthetic tool for the preparation of complex macrocyclic 
receptors. 

 The value of the  dynamic combinatorial chemistry  ( DCC ) approach has been 
demonstrated by some interesting examples that reveal receptors with exception-
ally strong affi nities for the target  [8] . 

 A frequent feature of receptors discovered from DCLs to date is their unexpected 
structures. This is true even in cases where the library had been designed to 
include a member that resembles a known host for a given guest and such 
guest was used as template. The DCC approach has also led to the discovery of 
rather fl exible receptors that are not preorganized. It is very unlikely that these 
receptors would have been discovered by more traditional design and synthesis 
strategies  [9] .  

  3.2 
 Experimental Considerations 

 The general experimental setup for a DCC approach to discover new synthetic 
receptors includes: 

   •      Design and preparation of the DCL and analysis of its composition at 
equilibrium.  

   •      Addition of a template molecule and analysis of the library composition at 
equilibrium.  

   •      Identifi cation of any amplifi ed library members.  
   •      Isolation of the amplifi ed receptor(s).  
   •      Study of recognition properties of the receptor and reuse.    

 Although each of these steps includes experimental operations that are common 
to other disciplines, there are some experimental considerations that are particu-
larly important when developing synthetic receptors using a DCC strategy. 

  3.2.1 
 Preparation of  DCL  s  

  3.2.1.1   Reversible Chemistry 
 Key to the success of a DCC approach towards the development of synthetic recep-
tors is the reversible chemistry involved in the preparation of the libraries. There 
is a long list of requirements for the reversible reaction to be used  [6] . In order to 
develop new receptors from DCLs two requirements are crucial. (i) The exchange 
should be active in a reasonable timescale under appropriate reaction conditions. 
This determines the time that is necessary for the DCL to respond to the addition 
of a template molecule. Appropriate reaction conditions are those that are com-
patible with the structure of building blocks and template, and in particular with 
the recognition groups involved in the intermolecular interactions that drive 
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molecular amplifi cation. (ii) It should be possible to stop the exchange so that the 
amplifi ed library members can be isolated and characterized. Ideally, the changes 
in the receptor and/or template structures, produced by the experimental opera-
tions necessary to stop the exchange, should not affect the binding between the 
amplifi ed host and the guest used as template. 

 Noncovalent exchange processes involving hydrogen bonds  [10 – 14]  and metal –
 ligand coordination  [15 – 21]  have been used extensively in the preparation of DCLs 
of potential receptors. The exchange of these noncovalent connections between 
building blocks proceeds under mild conditions and is usually fast, and several 
examples of receptor amplifi cation have been reported  [22 – 29] . However, isolation 
and reuse of the amplifi ed receptors is problematic because of the labile connec-
tions between building blocks. To overcome this problem the covalent connection 
of building blocks through a separate irreversible covalent reaction has been 
explored by the group of Reinhoudt  [30] . This approach should be used carefully 
since there is always the possibility that covalent capture will affect the binding 
properties of library members. 

 It is important to note that, rather than isolating the individual new receptors, 
DCLs can also be used in their entirety as complex sensors, where a signal is 
derived from the collective response of all potential binders to the introduction of 
the guest. In this approach fast exchange is important while robustness of the 
connections between building blocks is not crucial since isolation is not necessary. 
Noncovalent assembles will probably play a key role in such systems, which are 
discussed in detail in Chapter  7 . In this chapter we focus on robust covalent revers-
ible connections. 

  Esters and Related Connections   One of the fi rst reactions used to generate DCLs 
of potential receptors was the alkali catalyzed transesterifi cation  [31] . Although the 
robustness is a good feature of the ester bond when it comes to product stability, 
it necessitates the use of rather harsh exchange conditions. This reduces the variety 
of functional groups that can be present in the library members and templates as 
well as the intermolecular interactions that can be used to drive amplifi cation in 
those systems. 

 Some DCLs of potential oligoester receptors have been synthesized under ther-
modynamic control with 5   mol% of the complex of potassium methoxide and 
dicyclohexyl [18]crown - 6 in refl uxing toluene (Figure  3.1 )  [32 – 35] . These condi-
tions allow the formation of alkoxide intermediates that remain soluble in the 
anhydrous solvent mixture at millimolar concentrations yielding the desired ther-
modynamic mixture of oligoester products within 10   min. Adding alkali metal 
iodide salts as templates induces modest changes in the product distribution of 
DCLs of oligocholates. The most signifi cant shift in library composition was 
induced by sodium iodide  [36] .   

 Milder reaction conditions are suffi cient for palladium - catalyzed allyl ester 
exchange. The equilibrium of allyl ester palladium complexes can be reached 
within hours in the presence of a mild base, palladium catalyst, and moderate 
heating  [37, 38] . These conditions are compatible with the binding between a zinc 
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     Scheme 3.1     Synthesis under reversible conditions of cyclic porphyrin dimers using 
palladium - catalyzed allyl transesterifi cation.  

 Related exchange processes that could be alternatives to the transesterifi cation 
reaction to produce similar DCLs of receptors under different reactions conditions 
are the exchange of thioesters and the exchange of amides. Thioesters have been 
used recently as the reversible bond in the formation of DCLs in water  [39 – 41] . 
The exchange reaction is usually performed by mixing stoichiometric amounts of 
thiols and thioesters in aqueous solution (pH 7 – 9), without the need for any activa-
tion procedure. 

 The thermodynamically controlled amide exchange may be catalyzed by amido-
aluminum complexes in organic solvents; however, the relatively high tempera-
tures required (90 – 120    ° C) represent a limitation for its use in DCLs of receptors 
 [42, 43] . Alternatively, enzyme - catalyzed transimination has been reported. 
Thioester exchange and amide exchange have not yet been explored for the prepa-
ration of DCLs of potential receptors.  

  Acetals and Related Connections   Acetal exchange proceeds smoothly in organic 
solvents in the presence of a strong acid catalyst (Scheme  3.2 ). The groups of Fuchs 

     Figure 3.1     Transesterifi cation as a reversible reaction to prepare macrocyclic oligoester 
DCLs.  

porphyrin to pyridine - based templates. Such recognition event was used to induce 
the formation of a porphyrin receptor  1  by bis - pyridine guest  2  in chloroform 
(Scheme  3.1 )  [38] .   
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and Mandolini have used acetal exchange as the reversible reaction for the con-
struction of synthetic receptors  [44, 45] , and their results demonstrate that the 
reaction conditions required for the exchange (typically trifl ic acid (TfOH) in chlo-
roform) are compatible with the recognition of cation templates such as Ag +  and 
Cs + , as well as secondary ammonium cations.   

 Two exchange processes that are related to acetal exchange have been studied 
under reversible conditions (Scheme  3.2 ). The reversible formation of thioacetals 
has been explored by Hirsch  et al.  to generate equilibrium mixtures of bis -  and 
tris - (thioacetals)  [46] . The condensation of benzene hexathiol with  p  - tolualdehyde 
went to completion in 3 days in refl uxing CHCl 3  in the presence of the Lewis acid 
Zn(OTf) 2 . The products could be isolated and are stable in the absence of 
catalyst. 

 Wipf  et al.  reported the reversible cyclocondensation reaction between a pyra-
zolotriazone and aldehydes  [47] . The exchange reaction proceeds in water at pH 4 
and equilibrium was reached in 3 days at 40    ° C. Exchange could be stopped by 
raising the pH to 7, allowing for the isolation of stable selected library members. 
None of these exchange processes have yet been used for the generation of DCLs 
of receptors.  

  Imines, Hydrazones, and Oximes   Several groups have explored the exchange of 
the labile C ̈  N bond of imines (Scheme  3.3 ). The exchange takes place under mild 

     Scheme 3.2     Acetal exchange and related exchange processes explored for the preparation 
of DCLs.  

     Scheme 3.3     Imine exchange and related exchange processes explored for the 
preparation of DCLs.  
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conditions: imine - based DCLs are often prepared in aqueous buffers between pH 
5.0 and 8.5, or in organic media in the presence of weak acid such us NH 4 PF 6   [48]  
or oxalic acid  [49 – 51] . Lehn  et al.  have reported the use of lanthanide cations as 
effi cient transimination catalysts in organic medium  [52] .   

 Several receptors have been amplifi ed from imine - based DCLs showing that 
the mild conditions necessary for the exchange are compatible with the coordina-
tion of a variety of metal cations  [53 – 56]  and with the binding of a hydrophobic 
guests within hydrophobic cavities  [57] . The main disadvantage of imine bonds 
is their susceptibility to hydrolysis; thus, for most purposes reduction of the 
products to amines is required. Provided the different library members display 
the same reactivity toward reduction, the amine product distribution will refl ect 
the imine distribution  [58] . However, reduction introduces changes both in 
geometry and electronics, compromising the binding properties of the isolated 
receptor. 

 Hydrazones are structurally related to imines but they have the advantage of 
being hydrolytically much more stable so no reduction step is required. Hydrazone 
exchange requires acidic conditions (typically  trifl uoroacetic acid  ( TFA ) in CHCl 3 ), 
although for some substrates containing strongly electron - withdrawing groups, 
exchange is feasible under neutral conditions  [59] . The hydrazone exchange reac-
tion was fi rst used for the preparation of DCLs of potential receptors by the 
Sanders group, who developed a family of amino acid - based bifunctional building 
blocks featuring one protected aldehyde unit and one acyl hydrazide unit  [60] . A 
series of molecular amplifi cation examples observed with these DCLs has demon-
strated the compatibility of the reaction conditions with binding of metal cations 
and organic cations  [61 – 67] . 

 Eliseev  et al.  have studied the transimination of oximes. Equilibration in water 
is rapid at high temperatures and/or acidic conditions, whereas ambient tempera-
ture and neutral conditions switched off exchange  [68] . Later the same group 
constructed a DCL of oximes in MeOH, but no attempts of guest - induced ampli-
fi cation have been made using this exchange reaction  [69, 70] .  

  Disulfi des   Disulfi de exchange was one of the fi rst reactions used for the prepara-
tion of receptors under reversible conditions  [71]  and is perhaps one of the most 
successful reactions for the development of receptors using DCC (Scheme  3.4 a). 
Thiols readily oxidize to disulfi des in aqueous solution upon exposure to air and 
thiol – disulfi de exchange takes place under mild conditions  [72 – 74] . In practice, 
disulfi des DCLs are often prepared in water from thiol building blocks, which are 
allowed to oxidize to form the desired disulfi des. At the same time that oxidation 
is taking place the reaction passes through a phase where thiol and disulfi de 
coexist, allowing the reversible exchange process to occur through the nucleophilic 
attack of thiolate anion on the disulfi de bond liberating another thiolate  [75, 76] . 
Since the exchange requires thiolate anion, it can be switched off either through 
protonation of the thiolate nucleophile or by allowing the oxidation process to go 
to completion. A series of macrocyclic receptors that bind ammonium ions in 
water  [77, 78]  has been developed using DCLs inspired by the family of cyclophane 
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receptors developed by Dougherty  et al.   [79 – 82] . Disulfi de exchange can also take 
place in organic solvents in the presence of organic bases such as triethylamine 
or 1,8 - diazabicyclo[5.4.0]undec - 7 - ene  [71, 83, 84] . Such reaction conditions are 
compatible with molecular recognition through metal coordination  [84]  and 
through hydrogen bonds  [83] . Recently, a small DCL was prepared using disulfi de 
exchange in a two - phase system, which increases the possibilities and the 
scope of DCC by facilitating the combination of otherwise incompatible building 
blocks  [85] .    

  Alkenes   With the development of effi cient catalysts, olefi n metathesis has become 
a suitable reaction for the preparation of DCLs of potential receptors (Scheme 
 3.4 b). Grubbs '  catalyst is probably the most used transition metal complex for 
cross - metathesis reactions due to its reasonable stability toward oxygen, water, and 
minor impurities that can be present in solvents, and because of its compatibility 
with a wide range of aliphatic and aromatic reactants, such as alkenes carrying 
epoxide, ester, sulfone, or aromatic aldehyde functions  [86] . Template effects have 
been observed for the ring - closing metathesis macrocyclization in the presence of 
LiClO 4   [87] . However, the catalyst may be deactivated by functional groups that 
can coordinate to the catalyst (e.g., phosphines, amines, phenols, and nitriles). The 
functional group tolerance of the fi rst - generation Grubbs catalyst can be enhanced 
by the substitution of one of the phosphine ligands by a  N  - heterocyclic carbene to 
produce the second - generation Grubbs catalyst  [88] . This catalyst has been shown 
to be compatible with a pyridine - based template in a library prepared from alkene -
 functionalized porphyrin building blocks  [89] . One practical diffi culty in the use 
of alkene metathesis in DCC is the limited lifetime of the available catalyst, pre-
venting the complete equilibration of complex mixtures and the separation of the 
catalyst to stop the exchange process  [6] . 

 Alkyne metathesis has not been explored extensively for the preparation of DCLs 
 [90] ; however, the development of new complexes that allow alkyne metathesis of 
highly functionalized substrates under mild conditions should stimulate a more 
widespread use of this reaction  [6, 91] .   

     Scheme 3.4     (a) Disulfi de exchange. (b) Alkene exchange.  



 3.2 Experimental Considerations  57

  3.2.1.2   Building Block Design 
 The exact structure of the building blocks used in the preparation of a DCL will 
depend on the desired characteristics for the receptor that is needed. Such char-
acteristics will dictate potential recognition groups to be included, which will need 
to be compatible with the reversible chemistry and reaction conditions used. Most 
of the receptors discovered to date using the DCC approach have been built from 
building blocks inspired by previously known receptors. 

 One important factor to consider is building block solubility. This aspect 
becomes particularly important since any insoluble material present in the DCL 
could act as a thermodynamic trap or as a kinetic trap if the dissolution rate is 
slow. Although good building block solubility does not assure good library solubil-
ity, it is still worth taking solubility into account to prevent problems. A recently 
explored alternative is the use of two - phase systems  [85] . This may enable the use 
of a wider range of guests and building blocks, overcoming solubility problems 
and thereby increasing the diversity of libraries that can be generated and explored. 

 Building blocks can be designed to be predisposed for macrocyclization or 
polymerization. Rigid building blocks wherein the number of available conforma-
tions is reduced can decrease the entropic penalty for cyclization. In contrast, steric 
constraints can prevent cyclization and thus drive the assembly toward linear 
species  [49 – 51, 92] . 

 An interesting relationship between building block structure and library diver-
sity was revealed by the early work of the Sanders group on DCLs generated 
through transesterifi cation. Transesterifi cation under thermodynamic control of 
building blocks  3  and  4  (Figure  3.2 ) produced all four possible cyclic trimers in 
a statistical 1   :   3   :   3   :   1 ratio  [33] . Hardly any dimers or tetramers were formed. 
In contrast, cyclizations under kinetic control produced a mixture of trimers, 
tetramers, and higher oligomers.   

 The authors suggested that the marked preference for the formation of cyclic 
trimer under thermodynamic conditions was associated with the building block 
backbone rigidity. Increasing fl exibility of the possible macrocycles replacing one 
of the building blocks by the extended building block  5  allows the formation of 
cyclic dimers, trimers, and tetramers, giving a total of 11 detectable species as a 

     Figure 3.2     Macrocyclization under thermodynamic control.  
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mixture of hetero - oligomers and homo - oligomers  [35, 93] . Library diversity was 
further increased by incorporating additional building blocks with increased fl ex-
ibility, reduced dimensions, and both  [92, 94] . The main conclusion from these 
studies was that rigid concave building blocks tend to self - sort when they have 
different  “ bite sizes ”  (Figure  3.3 a). Ring strain destabilizes any formed mixed 
species, dramatically decreasing their concentration. In this situation, library diver-
sity can still be increased by the addition of small and fl exible building blocks that 
can act as diversifi ers bridging rigid building blocks of different bite sizes (Figure 
 3.3 b).   

 The number and the diversity of building blocks that have been successfully 
used to date to prepare DCLs of potential receptors are surprisingly low. There are 
almost more different receptors isolated from DCLs than building blocks used to 
produce those DCLs. 

 This may be considered as an indication of the effi ciency of the approach; 
however, it may also be an indication of how demanding the approach is in terms 
of building block design, solubility, and so on.  

  3.2.1.3   Building Block Concentration 
 The total building block concentration in DCLs of potential receptors is a key factor 
because it infl uences solubility, rates of the reversible reactions, and, in the case 
of libraries of oligomers, it can also affect the relative concentration of library 
members. 

 Since chain extension is a second - order reaction, whereas cyclization is a fi rst -
 order process, the dependence of each process on the concentration is different. 
At low concentrations cyclization is faster than chain extension. There is a critical 
concentration below which the equilibrium composition of the system consists 
entirely of small macrocycles, the distribution of which depends on the building 
block concentration  [95] . Under such conditions the product distribution is also 
modulated by ring strain, which may destabilize individual macrocycles  [96] , and 

     Figure 3.3     (a) Self - sorting of rigid building blocks of different bite size. (b) Addition of small 
and fl exible building blocks gives access to mixed species.  
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intramolecular interactions, which may stabilize selected macrocycles  [83] . Inter-
molecular recognition between library members may also affect stability of the 
involved molecules  [97, 98] . 

 The infl uence of building block concentration on the equilibrium composition 
of a simple dynamic system of cyclophanes was illustrated by Mandolini  et al.   [45] . 
High dilution favors the lower cycles at the expense of high - molecular - weight 
materials, as shown by a comparison of the equilibrium concentrations and yields 
of oligomers C 2  ( 6 ) and C 4  ( 8 ) (Figure  3.4 ).    

  3.2.1.4   Assessing Equilibrium 
 Molecular amplifi cation is the increase in the total concentration of a library 
member at equilibrium, produced by addition of a template molecule. As a con-
sequence, to detect real amplifi cations it is important to be certain that the equi-
librium has been reached. 

     Figure 3.4     Infl uence of monomer concentration on the relative concentration 
of cyclophanes C 2  and C 4 .  
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 The most common way to demonstrate that an equilibrium has been established 
is to obtain the same product distribution preparing the library from different 
starting points. It is rather improbable (but not strictly impossible) that the same 
product distribution is obtained if the mixtures have not reached equilibrium. For 
example, the product distribution in a library made by mixing building blocks  9  –  12  
at the start of the experiment should be the same as that obtained upon mixing 
two sublibraries that contain a subset of the building blocks  9  and  10 , and  11  and 
 12 , respectively (Figure  3.5 )  [76] .   

 An equivalent experiment for DCLs prepared from a single building block is to 
isolate one library member and demonstrate that upon exposing it to the exchange 
conditions, it regenerates a library identical to that from which it was isolated 
 [45, 62, 63] . 

 It is also possible to move the library composition away from the equilibrium 
composition by altering an experimental variable such as temperature  [99 – 101] , 
concentration  [45] , pressure, or solvent and check that the library returns to the 
original composition after reverting to the initial experimental conditions. For 
example, the relative concentration at equilibrium of cyclophanes C 2  – C 4  (Figure 
 3.4 ) can be shifted toward higher oligomers by increasing the concentration of 
building blocks from 25 to 50   mM. Further dilution of the mixture shifts the 
product distribution back to the initial concentrations  [45] . 

 Alternatively, a shift in the original equilibrium composition can be induced by 
complexation of some library members by a template and then disrupting the 
interaction between the template and the library members  [67] .   

  3.2.2 
 Templating of the Library 

  3.2.2.1   Ensuring Meaningful Amplifi cations 
 The power of DCC for the discovery of new synthetic receptors depends in part on 
the original conception that the best hosts in a DCL would be most amplifi ed upon 

     Figure 3.5     Preparation of a DCL from different starting points to demonstrate that 
equilibrium has been reached.  
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addition of a guest. Early results on amplifi cation of receptors from simple model 
systems supported that idea. In the pioneering work by Hioki and Still, amplifi ca-
tion of the best receptor was observed in a simple dynamic system  [71] . Two 
organic monothiols  13  and  14  were connected by means of a disulfi de bridge to 
generate three potential receptors for small peptides (Figure  3.6 ). Under conditions 
that allow disulfi de exchange approximately equal amounts of the species  13  –  13 , 
 13  –  14 , and  14  –  14  were observed. Addition of an excess of a polymer - supported 
tripeptide as a target resulted in a pronounced re - equilibration with amplifi cation 
of the homodimers  13  –  13  and  14  –  14 . Since an immobilized target was employed, 
the authors were also able to separate the bound and nonbound receptors. This 
allowed the isolation the high - affi nity receptor  13  –  13  in 97.5% purity. Although 
binding constants were not measured accurately, it was clear from qualitative data 
that the best receptor within the system was amplifi ed selectively.   

 Based on the research by Kubik and Goddard on  L  - proline - derived cyclic peptides 
that bind ammonium salts  [102] , Sanders  et al.  prepared a small DCL derived from 
building block  15 . Exposure of the DCL to the cationic guest acetylcholine resulted 
in the amplifi cation of the expected trimeric receptor  17  (Figure  3.7 )  [66] . Although 
the trimer macrocycle was expected to be the best receptor as it resembles the 
compound in Kubik ' s original report, binding affi nities of trimer and dimer  16  
for the template were not compared because of solubility problems.   

 Despite these and various other examples of molecular amplifi cation of recep-
tors described during the last 12 years, the  “ amplifi cation of the fi ttest ”  concept 

     Figure 3.6     Amplifi cation of the best receptor induced by a solid supported template.  
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was never unquestionably proved. On the other hand, investigations by Severin  et 
al.   [19, 103, 104]  and Sanders  et al.   [105 – 107]  have demonstrated that  “ amplifi ca-
tion of the fi ttest ”  is not always the case. It is now well established that the correla-
tion between binding and amplifi cation can break down when two or more library 
members: (i) bind a template that is in excess and (ii) include in their structures 
different numbers of one building block that is in short supply (see Chapter  2 , 
Section  2.3  for more details). Under such conditions those library members con-
stituted by a smaller number of the scarce building block have a competitive 
advantage over those members that contain larger numbers of that particular 
building block. Consequently, smaller oligomers tend to have an advantage over 
higher oligomers and hetero - oligomers over homo - oligomers. 

 In the presence of a modest amount of template the number of possible binding 
events is limited by the number of template molecules. Thus, binding events that 
produce the highest energy gain are preferred and the best host will be amplifi ed 
selectively. Thus, if the objective is to ensure a good correlation between binding 
and amplifi cation, the concentration of the template in the DCL needs to be well 
below the concentration of the competing receptors. For more detailed guidance, 
see Chapter  2 , Section  2.3 . 

 A clear case where competing hetero - oligomers suppress amplifi cation of homo -
 oligomers was demonstrated experimentally by Saur and Severin  [19] . The authors 
studied lithium binding by ruthenium and iridium complexes  18  –  21 . Binding 
constants for the complexes  18  and  21  are 4.4    ×    10 3  and 1.1    ×    10  − 1    M  − 1  respectively. 
Based on this data it was expected that the mixed aggregates  19  and  20  (containing 
one and two Cp * Ir fragments respectively) show a lower Li +  affi nity than the 
homotrimer  18 . Four member DCLs were produced by mixing  18  and  21  (Figure 
 3.8 ). Lithium sulfate was added to the DCLs, and the binding was studied by  7 Li -
  nuclear magnetic resonance  ( NMR ) spectroscopy. When a small amount of lithium 
was added, it was found to bind preferentially to  18 . When successively larger 

     Figure 3.7     Amplifi cation of the expected receptor induced by acetylcholine.  



 3.2 Experimental Considerations  63

     Figure 3.8     Members of the DCL used to demonstrate the effect of template concentration on 
amplifi cation selectivity.  

     Figure 3.9     DCL used to demonstrate the effect of template concentration on equilibrium 
composition.  

excesses of lithium were added, up to 40 equiv., the lithium was increasingly found 
to be bound to  19 , demonstrating that adding excessive amounts of template can 
indeed cause DCLs to select suboptimal library members.   

 Otto and Sanders reported later a quantitative experimental demonstration of 
the breakdown in the correlation between affi nity and amplifi cation in a DCL 
prepared from disulfi des  22  and  23   [107] . Introducing template  24  into the library 
induced amplifi cation of receptors  25  and  26  (Figure  3.9 ). Binding constants for 
the complexes of  24  with  25  and  26  are 5.0    ×    10 4  and 7.9    ×    10 4    M  − 1 , respectively. 
At low template concentration, the amplifi cation of  26  was more effi cient than for 
 25 , refl ecting the fact that  26  is a slightly better binder. An increase in the template 
concentration enhanced the amplifi cations of both receptors to different extents 
and beyond a certain concentration the weaker binding heterotrimer  25  becomes 
the most amplifi ed compound. It is important to note that according to the experi-
mental results and the simulations carried out to date, such breakdown in correla-
tion is produced when two receptors with similar binding constant compete. When 
the binding constant for the best receptor is around 20 - fold higher than for the 
others, the best receptor is amplifi ed even in the presence of modest excess of 
template.   

 To date there is no experimental example of a system where a smaller weaker 
binding oligomer outcompetes a stronger binding higher oligomer. It appears that 
no system has yet been studied where binding constants for oligomers of different 
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sizes are similar. The only case where macrocycles of different sizes have been 
analyzed in detail is the library prepared from dithiol  23  to form a mixture of dimer 
 27 , trimer  26 , and tetramer  28 , where the binding constant for the trimer is 
7.9    ×    10 4    M  − 1  and the tetramer is 1.3    ×    10 6    M  − 1  (Figure  3.10 ). Calculations suggest 
that in such system a breakdown in the correlation between binding constant and 
amplifi cation would occur for template concentrations higher to 500   mM  [107] .   

 A different way to guarantee that no building block is scarce, and thus maintain 
a good correlation between binding and amplifi cation, is to work under experi-
mental conditions where the free building blocks (and not the potential receptors) 
are the dominant species in solution (virtual libraries). Similarly, DCLs can be 
designed that contain a binding sublibrary coexisting with a nonbinding sublibrary 
that can act as a building block reservoir  [104, 108] . Alternatively, it can be useful 
to design the DCL in a way that all the library members contain one common 
building block, which is used in substoichiometric amounts relative to the other 
building blocks  [104] . The utility of each of these alternative ways of ensuring a 
high enough concentration of critical building blocks will depend on the library 
design. 

 In summary, to ensure selective amplifi cation of the best receptor it is important 
that the concentration of template molecules does not demand more molecules of 
the preferred building blocks than the system can provide. This can be achieved 
by using low concentration of templates or by keeping an  in situ  building block 
feedstock. This feedstock can be free building blocks (virtual libraries) or building 
blocks as part of nonbinding assemblies (sublibraries). 

 A second original concept from the early years of DCC was that exposure of a 
given DCL of receptors to a variety of guests that amplify the same receptor would 
produce responses from the libraries that correlate with the binding of those 
guests to the amplifi ed receptor. Again, some early results on amplifi cation of 
receptors from relatively simple DCLs supported that idea. 

 The fi rst macrocyclic receptor generated using DCC was prepared by Sanders 
 et al.  using transesterifi cation. Initial studies used building blocks based on cho-
lates functionalized with a methyl ester and a hydroxyl group (Scheme  3.5 )  [31] . 
Transesterifi cation of compound  29  was catalyzed by potassium methoxide/dicy-

     Figure 3.10     DCL used to analyze the effect of template concentration on equilibrium 
composition.  
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clohexyl [18]crown - 6 in refl uxing toluene to produce an equilibrium mixture of 
cyclocholate macrocycles including trimers, tetramers, and pentamers. Proof of 
the thermodynamic nature of the system was obtained by purifying the trimers 
and tetramers and allowing them to re - equilibrate, regenerating the original 
product distribution.   

 Adding alkali metal iodide salts as templates induced modest changes in product 
distribution  [36] . The most signifi cant shift in library composition was induced 
by sodium iodide, which doubled the concentration of tetramer and pentamer 
in the reaction mixture. Binding constants were not measured; however, the 
relative affi nities of the amplifi ed cyclophane macrocycles for the different metal 
alkali were studied by electrospray ionization - mass spectrometry ( electrospray 
ionization   ESI  -  mass spectrometry   MS ), fi nding good agreement with the main 
amplifi cation observed. The yield of cyclic tetramer was increased by the addition 
of sodium in the cases of the  “ MEM ”  and di( p  - methoxybenzyl) monomers, and 
these were found to bind sodium preferentially in the ESI - MS study  [109] . 

 In a different analysis, when the simple dynamic system depicted in Figure  3.7  
was exposed to a series of ammonium cations as templates, different  amplifi cation 
factor s ( AF s) were observed for the cyclic trimer  17 . Binding constants for the 
complexes between the selected trimer and the different templates correlate well 
with the effects these templates have on the product distribution  [63] . Unfortu-
nately, the binding constants that are driving amplifi cation cannot be measured 
for this system since the necessary acidity to reproduce exact conditions for binding 
will catalyze the degradation of receptor  17  to produce cyclic dimer in an extent 
that will depend on the amount of template present. 

 The assumption that the differences in amplifi cation of a given receptor induced 
by different guests correlates with the binding preferences of this receptor does 
not take into account that amplifi cation is the consequence of a binding process 
under competition conditions. The response from a library will result from the 
binding profi le of a given template with every library member    –    two templates that 
bind to the same extent to one particular library member A and to a different extent 
to other library member(s) may induce different amplifi cations of A. 

     Scheme 3.5     Generation of a DCL of oligocholates by transesterifi cation.  
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 A recent study clearly shows that the correlation between host – guest binding 
and the AF for a given host across a broad range of guests is not necessarily good 
 [110] . The correlation between the AF for one particular host produced by a series 
of guests and the host – guest binding energy may be different for different DCLs 
(DCLs that include different compositions of competing receptors). 

 Figure  3.11 a shows the experimental results for the amplifi cation of receptor 
 26a  induced by a series of ammonium cations as a function of the host – guest 
binding energy in DCLs prepared from building block  23  (Figure  3.9 ). Figure  3.11 b 
shows the corresponding data in the DCLs prepared from building blocks  22  and 
 23 . Amplifi cation of host  26a  in the DCLs prepared from only one building block 
appears to correlate fairly well with the host – guest binding energy. However, 
amplifi cation of the same host in the more complex DCLs prepared from two 
building blocks shows an increased amount of scatter.   

 In addition, the correlation between binding energy and the AFs for two differ-
ent hosts induced by the same set of templates in the same DCL can also be sig-
nifi cantly different. As explained previously, Figure  3.11 b shows the experimental 
results for the amplifi cation of receptor  26a  induced by the series of guests as a 
function of the host – guest binding energy in DCLs prepared from building blocks 
 22  and  23 . Figure  3.11 c shows the corresponding data for host  25a . Although 
amplifi cation of the host  26a  shows some correlation, the amplifi cation of host 
 26a  in the same libraries is hardly correlated at all to the guest binding energy. 

 This lack of good correlation is mainly the result of each guest having its own 
unique pattern of affi nities for the various competing receptors in the mixture. In 
conclusion, assessing the absolute binding affi nity of a certain guest for a certain 
host from the extent to which the guest induces the amplifi cation of this host is 

     Figure 3.11     AFs as a function of the host – guest Gibbs binding energy of (a) receptor  26a  in 
DCLs prepared from building block  23 , and (b) receptor  26a  and (c) receptor  25a  in DCLs 
prepared from building blocks  22  and  23 .  
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not necessarily reliable in a quantitative sense, but is in most cases still qualita-
tively useful. Most importantly, when strong amplifi cations or strongly selective 
amplifi cations are observed, the selected receptors are indeed strong or highly 
selective binders, even though the reverse is not necessarily true  [110] .  

  3.2.2.2   Identifi cation of Amplifi ed Compounds 
 The main objective of library analysis is to detect changes in concentration of 
individual library members. This will allow determining if the library has reached 
equilibrium and if molecular amplifi cation is being produced by addition of the 
template. 

 In some libraries, changes in concentration can be detected by direct analysis 
of the DCLs through NMR or MS; however, more complex libraries can require 
the previous separation through chromatographic techniques. 

  1 H - NMR has been used mainly for the analysis of small DCLs where each library 
member has one distinctive signal that is used for comparing concentrations  [44, 
45, 54, 111, 112] . Direct NMR analysis of library changes usually has the advantage 
that the interaction between guest and host is not disrupted so it is possible to 
observe effects produced by the guest on the library (i.e., complexation - induced 
changes in chemical shift) in addition to the changes in concentration  [19, 113] . 

 MS, in particular with ESI, has been an important tool for the analysis of DCLs 
of receptors. Its utility has been shown by analyzing libraries of potential receptors 
based on imines  [56] , hydrazones  [60, 114] , disulfi des  [76] , acetals  [44] , and esters 
 [35] . When the libraries are more complex, high resolution may be necessary. 
Furthermore, MS - MS enables analysis in cases involving sequence isomers  [114]  
and regioisomers  [70] . 

 ESI - MS has also proved to be a powerful technique for the study of intermo-
lecular processes. This characteristic has allowed the use of ESI - MS to detect 
intermolecular interactions that drive molecular amplifi cation in DCLs. This has 
been used mainly for DCLs templated with cation guests like acetylcholine or 
cinchona alkaloids  [61, 63, 66] . 

  High - performance liquid chromatography  ( HPLC ) has been one of the main 
tools for library analysis of small DCLs of receptors. The combination of HPLC 
and MS is probably the most powerful analytical technique for the analysis of 
changes in composition of libraries of covalent receptors. It allows reliable com-
parison of composition to detect amplifi cation and, at the same time, it potentially 
allows the identifi cation of the receptor (provided all receptors have different 
molecular weights). Liquid chromatography can also be coupled to polarimetry to 
detect enantioselective amplifi cations from racemic libraries of receptors. Since 
achiral compounds and racemates are polarimetry silent; only receptors enriched 
in one enantiomer (i.e., from a diastereoselective host – guest complex) will give a 
signal in a laser polarimeter detector  [115] . 

 Independent of the analytical methodology used, detecting good binders within 
a DCL requires the comparison of AFs for the various library members, rather 
than absolute differences in concentration (these two metrics are equivalent in 
libraries where all library members have similar concentration in the absence of 
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template, but this is rarely the case). Signifi cant amplifi cation of certain com-
pounds that were already present in the untemplated DCL in relatively high con-
centration has a tendency to capture the attention, at the expense of library 
members with low abundances but with better AFs. Such could be the case in the 
hypothetical three - membered DCL depicted in Figure  3.12 . In Figure  3.12 a, library 
member M1 is the most amplifi ed (AF   =   2). In this particular case, AF is coincident 
with the absolute change in concentration which is also highest for M1. In Figure 
 3.12 b it may not be immediately obvious from the raw data that although the 
concentration difference due to templation for M1 is higher than for M3, the AF 
for M3 is twice the AF for M1.     

  3.2.3 
 Isolation of Amplifi ed Receptors 

 The fi nal step in the discovery of synthetic receptors through DCC is the isolation 
of the receptor in order to study its binding properties and to use it for some 
application. This of course demands that the receptor is stable in the absence of 
the template so the exchange process needs to be stopped as discussed in Section 
 3.2.1.1 . Apart from the traditional separation techniques, there are some strategies 
that can be applied to facilitate purifi cation. 

  3.2.3.1   Biased Libraries 
 Having identifi ed the selected hosts, the library composition can be tuned to favor 
their formation. A second generation of biased libraries can be prepared that 
contain only those building blocks that were selected by the guest in the appropri-
ate ratio. In this way the guest - induced amplifi cation is used as a preparative tool 
for the high yield synthesis of the selected receptors. 

     Figure 3.12     AFs and concentration for each 
library member in two different DCLs. (a) 
M1, the library member with the highest AF, 
is the same as the library member with 

highest difference in concentration. (b) M3, 
the library member with the highest AF, 
is different from the library member with 
highest difference in concentration (M1).  
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 For example, receptors  25 ,  26 , and  28  (Figures  3.9  and  3.10 ) were all isolated 
from biased DCLs that contained only those building blocks that are part of the 
receptors. While receptor  25  constituted only 5 – 10% of the library material at the 
screening stage, in a biased library made from building blocks  22  and  23  in a 1   :   2 
ratio, the desired host is formed in 60 – 65% yield. This strategy worked even better 
for receptors  26  and  28  (Figure  3.10 ). In this way DCC can be used as a practical 
method not only for screening, but also for receptor synthesis.  

  3.2.3.2   Solid Supported Templates 
 The use of templates supported on polymer beads can become a very useful tool 
for the development of synthetic receptors through the dynamic combinatorial 
approach. Since the template is attached to a solid support, the untemplated 
species will eventually become washed from the solid support by fi ltration leaving 
only strong binders appended to the beads. The species attached to the solid phase 
may be washed off under different solvent conditions that disrupt the template –
 receptor interaction and subsequently identifi ed. The development of selection 
techniques using guests appended to polymer beads is pivotal to the management 
and success of highly diverse DCLs of receptors. 

 The fi rst receptor for an organic cation using DCC was amplifi ed and isolated 
by Eliseev and Nelen using a solid supported template  [116, 117] . A simple dynamic 
system was designed that included three photoisomerizable dicarboxylate recep-
tors  30  –  32 . These can interconvert through  cis  –  trans  isomerization by irradiation 
and have different affi nities for the guanidinium guest. The experimental setup 
included an isomerization chamber where the library was irradiated and a selec-
tion chamber where the library was pumped through an affi nity column bearing 
immobilized arginine. Various sorbents were explored as possible supports for the 
guanidinium derivatives. As expected, the nonspecifi c adsorption varied signifi -
cantly along the series. Silica gel was identifi ed as the preferred sorbent because 
of its low nonspecifi c adsorption, low fl ow resistance, and high specifi c surface. 
Multiple rounds of equilibration and selection resulted in effi cient amplifi cation 
and isolation of the best receptor  32  (Scheme  3.6 ).   

 The experimental method introduced by Eliseev involved physical separation of 
the equilibration of receptors and the binding events with the guest. Later, Hioki 
and Still described one of the fi rst examples of the use of molecular recognition 
of an immobilized template to shift a receptor equilibrium and isolate the best 
receptor (Section  3.2.2.1 , Figure  3.6 )  [71] .The best - binding receptor was conven-
iently isolated from the substrate - carrying beads by washing them fi rst with CHCl 3  
to eliminate unbound material and then with dimethyl formamide to extract any 
peptide - binding compounds. 

 In a later study the group of Sanders demonstrated that amplifi cation of the 
trimeric receptor  17  (Section  3.2.2.1 , Figure  3.7 ) previously induced by benzyltri-
methyl ammonium iodide, could be also achieved with an immobilized version of 
this template. Since the template induces an increased yield and keeps the product 
bound and separated from library members with lower affi nity, the procedure rep-
resents a combination of template synthesis and affi nity chromatography in one 
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single step. Even if template effi ciency is modest and many other library members 
are present the one - pot synthesis, the amplifi cation and isolation procedure was 
effi cient  [64] . Owing to the preference of the resin - bound guest for its best recep-
tor, this species could be separated from other library members by fi ltration. 

 More recently Besenius  et al.  described a one - pot amplifi cation and isolation of 
the receptors  26  and  33  using the immobilized analog  34  of guest  35  (Scheme  3.7 ) 
without simultaneously binding of the higher, more charged oligomers that would 
occur if an ion - exchange - type mechanism was taking place  [118] .   

 When the template  34  was prepared through polymerization with dimethylacry-
lamide the immobilized template produced a similar amplifi cation than observed 
in homogeneous phase with  35 ; however, when acrylamide was used no amplifi ca-
tion was observed at all with the resin. The authors speculate that extensive hydro-
gen bonding between amide hydrogens and carbonyl groups within the acrylamide 
based resin may inhibit local access to the immobilized template or that the 
dimethylacrylamide - based resin may provide a more favorable hydrophobic micro-
environment around the template. The work clearly illustrates the importance of 
the polymer backbone on host – guest chemistry under heterogeneous condi-
tions    –    an aspect that has not received signifi cant consideration.    

     Scheme 3.6     Amplifi cation and isolation of the best receptor from a small DCL using a solid 
supported template.  
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  3.3 
 Selected Examples 

  3.3.1 
 Synthetic Receptors for Metal Cations 

 The application of metal ions in order to favor the formation of macrocycles has 
a long history in chemistry (see also Chapter  1 ). The complexation by a metal ion 
may be used to direct the synthesis away from insoluble polymers to soluble cyclic 
adducts and shift otherwise unfavorable equilibria toward bond formation  [119] . 
It is not surprising that the initial attempts to prepare macrocyclic receptors using 
DCC involved metal cations as templates. The fi rst series of macrocyclic receptors 
generated using DCC were prepared by Sanders  et al.  using transesterifi cation. 
Initial studies used building blocks based upon cholates functionalized with a 
methyl ester and a hydroxyl group (Scheme  3.5 )  [31, 36, 109] . 

 Fuchs,  et al.  produced a dynamic library of chiral crown ethers based on tetraoxa-
decalin cores using acetal exchange  [44] . As shown in Scheme  3.8 , the transacetala-
tion of the diacetonide of  D  - threitol ( 36 ) with diacetal  37  in the presence of TfOH 
in deuterated chloroform (CDCl 3 ) leads to a complex mixture of cyclic and linear 
products. These are formed by linking units derived from  36  and  37  through two 
fused six - membered diacetal rings ( “ 6/6 ” ), two fused fi ve - membered diacetal rings 
( “ 5/5 ” ), and fused fi ve -  and seven - membered rings ( “ 5/7 ” ). When CsPF 6  was added 
to the reaction mixture, the formation of [2   +   2] macrocycles was strongly favored 
and more than 95% of these macrocycles contained two fused six - membered 
diacetal rings ( 38 ). The same experiment carried out in MeCN led to a poorer 
amplifi cation. No binding constants were reported for this host – guest system. 
Receptor  38  was also prepared using kinetically controlled chemistry to compare 
the preparative effi ciency of the dynamic approach with a kinetic one. The isolated 
overall yield using the kinetic approach was considerably lower.   

     Scheme 3.7     Amplifi cation and isolation of receptors from a DCL using a solid 
supported template.  
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 Three receptors for alkali cations have been prepared by the Sanders group using 
hydrazone - exchange - based DCLs. The group synthesized building blocks based on 
dipeptides (Scheme  3.9 ) that are equipped with a hydrazide group on one end and 
an aldehyde (protected as dimethyl acetal) on the other. Based on building blocks 
 39  or  40  small DCLs of macrocyclic pseudopeptides were generated  [62, 65] . The 
DCL compositions were affected by the presence of NaI and LiI. In both libraries, 
the amplifi cation of cyclic trimers  41  and  42  was effi cient, leading to essentially 
quantitative yields of these 42 - membered macrocycles. Binding constants for 

     Scheme 3.8     Amplifi cation of a crown - ether - like receptor for Cs + .  

     Scheme 3.9     Building blocks and macrocyclic receptors for Li +  and Na + .  
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receptors were determined using  1 H - NMR and isothermal titration calorimetry. 
Both receptors bind Na +  stronger than Li +     –    a result that correlates well with the 
templating experiments. Both receptors are highly fl exible molecules that undergo 
substantial conformational rearrangement upon binding to guests. Such induced -
 fi t type receptors are diffi cult to access using a design approach.   

 A series of related building blocks have been prepared based on this design  [114, 
115, 120 – 122] . The diversity of the DCLs prepared from compounds analogous to 
 39  suggest that changes in the structure such us the order, the side chain, or the 
chirality of one or more of the amino acids constituents of the building block can 
have signifi cant effects on the library behavior that are often diffi cult to predict 
 [120] . Despite the relatively large number of dynamic libraries prepared based on 
this building block design, no other receptors for metal cations have been reported 
to date. 

 Storm and L ü ning have used imine exchange to investigate the possibility of 
controlling the selection of different macrocyclic receptors from the same DCL by 
the use of different templates  [53, 54] . When dialdehyde  43  (Scheme  3.10 ) was 
mixed with diamines of varying chain length  44a  –  c  in water, a mixture of linear 
and cyclic oligomers was produced. In the absence of template the only macrocycle 
that was detected after reduction of the imines to amines with excess of sodium 
borohydride was  46b  in 9% yield. Addition of different metal ion templates directed 
the mixture to the formation of different [1   +   1] or [2   +   2] macrocyclic products 

     Scheme 3.10     Building blocks and receptors for various metal cations amplifi ed 
from imine DCLs.  
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( 45  and  47 ) depending on the template size. Addition of Mg 2+  to a mixture of  43  
and  44  resulted in the amplifi cation of diimine macrocycle  45a  up to 86% (based 
on the yield of its reduced counterpart  46a ). Larger template ions like Ca 2+  and 
Sr 2+  reduced the yields of  45a  (60 and 45%, respectively) producing a larger [2   +   2] 
macrocycle  47a , in 22 and 34% yield, respectively, which is not detected in Mg 2+  
templated libraries.   

 The use of the three template metal ions and the three diamines at the same 
time led to the formation of several target macrocycles. For instance, by simultane-
ously adding Mg 2+ , Ca 2+ , and Sr 2+ , compounds  45a  –  c  were amplifi ed ( 45a    =   60 –
 84%,  45b    =   22%, and  45c    =   27 – 62%). 

 Gotor  et al.  have used imine exchange for the metal - ion - templated synthesis of 
 N  - macroheterocycles from ( R , R ) - cyclohexane - 1,2 - diamine  49  and pyridine - 1,2 - di-
carboxaldehyde  50 . In the absence of template a mixture of macrocycles ranging 
from the [2   +   2] to [6   +   6] products is observed in MeOH. However, the main 
product depended on the added cation: addition of Ba 2+  led to the [2   +   2] cyclic 
imine  51 , whereas addition of Cd 2+  resulted in almost quantitative formation of 
the cyclic [3   +   3] derivative  52  (Scheme  3.11 ).   

     Scheme 3.11     Receptors for Cd 2+  and Ba +  and building blocks used in their preparation.  

 The macrocycle  51  can be converted into  52  by addition of an excess of Cd 2+  salt 
to the complex of  51  with Ba 2+ . Upon reduction with NaBH 4 , the resulting [3   +   3] 
amine macrocycle was the only product observed  [55] . 
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     Scheme 3.12     Pentameric helicate amplifi ed by chloride.  

 ESI - MS, ultraviolet, and NMR were used to study templating effects on the 
DCLs, and proved that metal ion binding is the driving force. Recently, the same 
group reported a highly diastereoselective amplifi cation induced by Cd 2+  of the 
heterochiral form of macrocycle  52  starting from a mixture of ( R , R ) -  and ( S , S ) -
  trans  - cyclohexane - 1,2 - diamine  [56] .  

  3.3.2 
 Synthetic Receptors for Anions 

 One of the papers that introduced the concept of DCC described the infl uence of 
anions on the composition of a multicomponent self - assembly of circular double 
helicates  [123, 124] . Lehn  et al.  explored how the coordination of several tris -
 (bipyridine) strands with hexacoordinated metal ions may generate a dynamic 
mixture of oligomeric circular helicates of different size. The actual complex 
obtained depends on the conditions (Scheme  3.12 ). Thus, the pentameric entity 
 53  is expressed quantitatively in the presence of chloride anions, owing to the 
strong binding of a single chloride ion in the central cavity. The corresponding 
hexameric species is formed when the larger tetrafl uoroborate or sulfate anions 
are used.   

 Kubik  et al.  have used DCC for the optimization of a synthetic receptor for 
anions. Kubik had previously designed the cyclic peptide  54  which binds to anions 
in aqueous solvents  [125]  (Figure  3.13 ). Based on the observation that  54  forms a 
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2   :   1 sandwich complex with the guest, a new receptor  55  was developed in which 
the two peptide rings are covalently connected. The linker was designed based on 
the crystal structure of the 2   :   1 iodide complex of  54   [126] . Simultaneously, a 
dynamic combinatorial approach was developed in which cyclopeptide disulfi de 
 56  was allowed to choose its best spacer from the group of dithiols  9  –  11 ,  23 ,  57 , 
and  58   [8] . Addition of sulfate or iodide anions into the resulting DCL induced 
amplifi cation of two new synthetic anion receptors  59  and  60 . These receptors 
were an order of magnitude more effi cient than designed receptor  55  in binding 
sulfate and iodide anions.   

 A detailed study of these complexes showed that a signifi cant part of their 
binding affi nity derived from hydrophobic interactions between the two peptide 
rings that did not directly involve the anion  [127] . The authors propose that such 
intrareceptor interactions may well be the key to the development of more effi cient 
synthetic receptors  [3, 7] . Since prediction of these interactions may be problem-
atic, DCC represents an attractive method for developing these structurally complex 
molecules.  

     Figure 3.13     Optimization of a receptor for anions using a design approach ( 55 ) and using 
DCC ( 59  and  60 ).  
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  3.3.3 
 Synthetic Receptors for Organic Guests 

 Several organic molecules have been used to produce molecular amplifi cation of 
receptors under thermodynamic conditions. A variety of receptors for organic 
cations have been discovered using dynamic combinatorial approaches, including 
receptors for alkaloids, for  transition state analog s ( TSA s), and for some biologi-
cally relevant guests. As discussed in Section  3.2 , the research carried out using 
guanidinium and  n  - alkyl ammonium cations as templates has addressed several 
fundamental aspects related to the practical application of DCLs such as the rela-
tionship between binding constants and amplifi cations, and the use of immobi-
lized templates  [63, 64, 66, 77, 78, 110, 116 – 118] . 

 In most cases these receptors were amplifi ed from libraries designed to include 
among their members some compounds that resemble previously known recep-
tors for the templates used. Such is the case for a series of macrocyclic receptors 
 25 ,  26 , and  28  developed by Otto and Sanders (Scheme  3.13 ). These receptors were 
identifi ed from amplifi cations observed in DCLs prepared from building blocks 
 22 ,  23,  and  61  inspired by the successful cyclophane receptor  62 , developed by the 

     Scheme 3.13     Exposing a DCL made from three different building blocks to different 
templates results in the amplifi cation of three unexpected receptors.  
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Dougherty laboratory  [79] . Initially, guest  63 , which is one of the best binders to 
the original Dougherty host, was selected as a template with the expectation that 
it would amplify a macrocycle of the type of  64  analogous to the cyclophane  62 , 
but surprisingly the macrocycle  25  was amplifi ed instead. The lack of amplifi cation 
of  64  may be due to an increased rigidity of the  - S – S -  units in the disulfi de mac-
rocycles as compared to the  - CH 2  – O -  units in  62 . Flexibility is important as host 
 62  is reported to bind guest  63  in a partially collapsed conformation  [18, 79, 80, 
82, 128 – 137]  and it is likely that more rigid disulfi de analogs of  62  are unable to 
adopt a similar collapsed conformations. In addition, the increased length and 
different bond angles of the disulfi de linkages may cause a difference in binding.   

 Exposing the library to  N  - methyl morphine  65 , which is considerably larger than 
guest  63 , did not result in the amplifi cation of  64  either    –    this time a cyclic trimer 
( 26 ) was amplifi ed  [77] . A more intriguing result came when the relatively small 
tetramethylammonium iodide  66  was used as template    –    it amplifi ed the cyclic 
tetramer  28   [78] . Since building block  23  was used as a racemic mixture, four 
diastereomeric disulfi des can in principle be present in the DCL. Remarkably, only 
the diastereomer in which the four subunits have alternating chirality was signifi -
cantly amplifi ed. Apparently only this isomer can fold up in a way that effectively 
surrounds the small cationic guest  [78] . These results confi rm once again that DCC 
is an effective method for identifying unpredictable receptors. Such unexpected 
receptors were amplifi ed even from DCLs that had been designed to contain 
members that resemble know receptors. 

 Receptors  25  and  26  were also amplifi ed from the same DCL when using ammo-
nium cations as templates that are TSAs of a Diels – Alder reaction and of an acetal 
hydrolysis respectively  [138, 139] . Kinetic experiments confi rmed that both mac-
rocycles are catalytically active (see Chapter  4  for a more detailed discussion). 

 Disulfi de exchange is one of the few reversible reactions currently used for DCC 
that operates under physiological conditions  [7, 75] . This characteristic was 
exploited by Otto  et al.  for developing a receptor for spermine ( 67 ), a polyamine 
that plays an important role in numerous cellular processes including apoptosis 
and cancer. The design of the building blocks for the recognition of spermine 
started with identifying carboxylate – amine interactions as a potential mode of 
recognition. Since it was not clear whether the DCL should include linear or cyclic 
compounds, monothiol building block  68  and dithiol  69  were used so as to gener-
ate both types of structures (Scheme  3.14 ). When the DCL from  68  and  69  was 

     Scheme 3.14     Amplifi cation of a receptor for spermine.  
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exposed to spermine, cyclic tetramer  70  was amplifi ed. This compound turned out 
to have a remarkably high affi nity for spermine ( K    =   4.5    ×    10 7    M  − 1  in 3   mM Tris 
buffer, pH 7.4) and binds it by forming a pseudorotaxane - type complex. Binding 
is strong enough to enable the receptor to sequester spermine from one of its 
natural hosts, DNA. Binding of spermine to DNA is known to induce a change in 
the helicity of some DNA sequences from the normal right - handed form to a left -
 handed helix. Receptor  65  was able to reverse this process, regenerating the origi-
nal right - handed DNA  [140] .   

 Apart from these examples, there are some other receptors that have been dis-
covered by chance. Such is the case of the responses induced by ammonium 
templates on the DCL prepared from the established building block  39  based on 
the dipeptide  L  - Pro –  L  - Phe (Scheme  3.15 ). The small DCL made from  39  was 
affected by the presence of the cinchona alkaloids quinine ( 71 ) and quinidine ( 72 ) 
 [61] . When the library was exposed to  71  a signifi cant shift in the product distribu-
tion toward the cyclic tetramer  73  at the expense of the other macrocycles was 
observed. The template molecule quinine can be regarded as a quinoline moiety 
( 74 ) attached to one quinuclidine ( 75 ) moiety by a one - carbon bridge. In an attempt 
to determine which of those moieties was responsible for the molecular amplifi ca-
tion observed,  74  and  75  were tested, individually and simultaneously, as potential 
templates. The lack of any amplifi cation observed for either template or their 
combination suggests that the binding is driven by an interaction involving both 
moieties in the template. In order to test the importance of the relative positions 
of the moieties, templating by quinidine ( 72 ), a diastereomer of quinine that pos-
sesses a different confi guration in two of the four stereogenic centers, was tested. 
No amplifi cation of the cyclic tetramer was observed; on the contrary, the concen-
tration of this species along with other macrocycles in the mixture decreased 
to feed amplifi cation of the cyclic dimer  76  that increased in abundance from 9 
to 45% of the library material. Direct experimental measurement of binding 

     Scheme 3.15     Amplifi cation of different receptors by diastereomeric templates.  
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constants for these host – guest systems is not possible since the acidic conditions 
required to produce the protonated guests induce library equilibration.   

 The same small DCL was the origin of possibly one of the most impressive and 
surprising template effects observed to date: the molecular amplifi cation of a [2]
catenane with the assistance of the small neurotransmitter acetylcholine  [141] . 
Addition of acetylcholine hydrochloride to the reaction mixture slowly produces a 
change in the composition of the mixture by shifting the equilibrium to favor the 
formation of the [2]catenane  77  (Scheme  3.16 ). The catenane is the result of 
assembling six molecules of  39  into two interlocked cyclic trimers. With the assist-
ance of the template and after 44 days of equilibration, this improbable product 
could be synthesized in one pot from  39  in 67% isolated yield.   

     Scheme 3.16     Amplifi cation of a [2]catenane by acetylcholine.  

 Although two stereoisomeric catenanes can be formed, formation of only one 
of them was observed. The catenane binds acetylcholine chloride with an excep-
tionally high affi nity (1.4    ×    10 7    M  − 1  in 95   :   5 chloroform/ dimethyl sulfoxide  ( DMSO )). 
Although the exact mode of binding has not been established in detail, several 
observations suggest that the trimethylammonium moiety of acetylcholine is the 
primary recognition site. The catenane binds choline, acetylcholine, and butyryl-
choline in a similar way; however, replacing one methyl group in acetylcholine by 
ethyl reduces the binding constant by two orders of magnitude. 

 Discovery of this unpredictable and highly complex host through stereoselective 
amplifi cation is a perhaps the most clear expression of the power of DCC as a tool 
for the development of new synthetic receptors. 

 Gagne  et al.  have recently reported the discovery of an enantioselective receptor 
for ( – ) - adenosine from a racemic DCL prepared from building blocks  78  and  79  
(Scheme  3.17 ). When ( – ) - adenosine  80  was introduced into the library as a tem-
plate, the amplifi cation of the ( S , S ) dimer  81  with an enantiomeric excess of 21% 
was observed by HPLC equipped with a laser polarimeter detector.   

 In all the previous examples, once amplifi cation of a receptor had been achieved, 
the reversible reaction was stopped and the template molecule removed to give a 
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kinetically stable biased mixture of products from which the receptor of interest 
can be isolated. There are cases, however, where the template molecule stays 
mechanically locked to the amplifi ed library member. Stoddart  et al.   [142]  reported 
the template - directed preparation of a [2]rotaxane under thermodynamic condi-
tions by forming a macroheterocycle around a dumbbell - shaped organic template. 
In this case, the known interaction between a protonated dialkylammonium center 
and a crown ether  [143]  was used as stabilizing recognition motif for the rotaxane, 
whereas imine exchange was used as connecting reversible reaction. On mixing 
of dialdehyde  82  and diamine  83  in acetonitrile, a mixture of interconverting cyclic 
and linear oligomers was obtained. Addition of the thread  84  shifts the equilibrium 
of the interconverting imines toward the formation of the [2]rotaxane  85 . Subse-
quent reduction of the imino groups affords the kinetically stable [2]rotaxane  86  
in practically quantitative yields (Scheme  3.18 ).   

 The generality of the dynamic clipping of imine - containing macrocycles around 
dialkylammonium ions was studied through the generation of a DCL from diamine 
 83  and dialdehydes  50 ,  82 , and  87  (Schemes  3.11 ,  3.18 , and Figure  3.14 ). The effect 
of three dumbbell - shaped templates ( 84 ,  88  and  89 , Figure  3.14 ) with different 
donor acceptor nature of the terminal benzyl groups on the formation of [2]rotax-
anes was investigated  [144] . This study showed that the approach is extremely 
sensitive to small changes in the structure of the macrocycle and dumbbell - shaped 
components, which, in turn, have dramatic effects on the kinetics and thermody-
namics of the assemblies. Furan - containing macrocycles derived from dialdehyde 
 87  and  π  - electron - defi cient dumbbell - shaped ions (like  89 ) are the components of 
choice to form the thermodynamically most - stable [2]rotaxanes, although pyridine 
containing macrocycles form [2]rotaxanes that are more kinetically stable  [145] .   

 The effectiveness of these stabilizing recognition motifs and connecting revers-
ible chemistry for the construction of interlocked molecules was explored further 
by the same group by preparing more complex systems. Varying the geometry of 
the templates and dialdehydes used it was possible a 87% yield synthesis of the 
dendritic [4]rotaxane  90  and a 75% yield synthesis of the cyclic [4]rotaxane  91  
(Figure  3.15 )  [146, 147] .   

     Scheme 3.17     Enantioselective amplifi cation (ee   =   enantiomeric excess) of a receptor for 
( – ) - adenosine.  
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     Scheme 3.18     Amplifi cation of a [2]rotaxane.  

     Figure 3.14     Different building blocks used to generate a DCL of rotaxanes.  

     Figure 3.15     Dendritic rotaxanes prepared through DCC.  
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 Related approaches have been used for the preparation of other mechanically 
interlocked molecules using different reversible processes, such as olefi n metath-
esis  [98, 148, 149]  and disulfi de exchange  [150, 151] . 

 Folded, linear receptors that bind to rod - like guests have been developed by the 
Moore lab using DCLs based on imine exchange  [57] . Mixing building blocks  92  
and  93 , a DCL of oligomers of different lengths was generated (Figure  3.16 ). When 
using acetonitrile as a solvent the library members can fold to form a tubular cavity 

     Figure 3.16     Imine oligomers used as building blocks and rod - shaped guest used to amplify 
a linear receptor.  
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in their interior that has the potential to act as a binding site for a guest. Exposure 
of the DCL to rod - shaped guest  94  resulted in the amplifi cation of receptor  95 , 
which has a cavity length that matches the length of the guest. These results 
suggest that tailored size - selective recognition of guests using such systems should 
be possible.     

  3.4 
 Conclusions 

 To date, most of the receptors developed using DCC have been discovered by 
chance or have been inspired by receptors previously developed by design. Templa-
tion of DCLs inspired by known designed receptors has led to the discovery 
of several new receptors with improved binding affi nity. In these cases DCC 
could be considered more as an optimizing tool than as source of novel host 
structures. 

 In order to develop truly novel receptors it is necessary to improve library 
diversity and to identify rules to guide the design of libraries to target specifi c 
guests. 

 The structural diversity of most DCLs described is modest. The majority of 
the libraries have been prepared from one to three building blocks which contain 
very similar recognition groups. Although a signifi cant number of potential 
receptors with different shapes may be obtained with such a simple setup, it 
is clear that the properties of complex dynamic mixtures of receptors with signifi -
cant differences in recognition groups have not been explored yet. The use of 
diverse recognition groups within one DCL will probably be hampered by appear-
ance of intermolecular interactions between library members. The effect that such 
intermolecular interactions between library members can have on the molecular 
amplifi cation of selected receptors by guests has not yet been analyzed in any 
detail. 

 In addition, the type and diversity of recognition groups that can be incorporated 
into a given library is restricted by the reaction conditions required for the 
exchange. In order to produce reusable receptors, the reaction conditions should 
not interfere with the binding events involved in molecular amplifi cation. Such 
interference includes any effect of the reaction conditions on the binding event: 
negative effects or positive effects. 

 In the best scenario the driving force for amplifi cation of a good receptor from 
a DCL produced by a given guest is the noncovalent interaction between the two 
species (in the case of bimolecular complexes). The strength of such interaction 
will be infl uenced by experimental conditions such as surrounding molecules 
(solvent, reagents, and catalysts), temperature, and so on. Those experimental 
conditions will defi ne the exact molecules that are involved in the molecular rec-
ognition process (e.g., the acidity or basicity of the medium will determine whether 
the species are neutral or charged, etc.). The only way to be certain that the binding 
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observed in the DCL can be used for further applications is to reproduce the whole 
set of conditions. However, by defi nition, the receptor will not be a stable under 
such conditions. As a consequence, two main strategies have been used to stabilize 
the amplifi ed receptor in a way that it can be isolated and actually applied: (i) to 
alter the receptor or (ii) to alter the environment. 

 A typical change to freeze interconverting receptors is the covalent transforma-
tion of the receptor (reduction of the C ̈  N bond of imines or covalent trapping of 
receptors assembled by noncovalent interactions). Such transformation may affect 
binding strength in a signifi cant manner compromising the usefulness of the 
receptor. 

 Changes in the environment usually include removal of the catalyst of the 
exchange reaction. In principle, if the catalyst does not participate in binding, such 
changes should not represent a problem. However, when the catalyst is a proton 
or a strong base, then it is quite likely that, apart from activating the reacting 
groups involved in the reversible covalent chemistry, it changes the protonation 
state of the guest and/or receptor. Typical stabilizing changes in environment 
include adjusting the acidity of the medium (hydrazones, acetals, etc.) or removal 
of a metal catalyst (alkene metathesis, etc). Even if the connecting bonds are not 
covalently transformed by those changes, the isolated receptors will not necessary 
be the same as those that were originally amplifi ed. Thus, although it can be 
advantageous that hydrazones and acetals are stable in neutral media, we should 
ask ourselves: are the receptor and the guest that originally interacted in the DCL 
stable in neutral media? Or in more general terms: is the binding event stable? In 
this respect, disulfi de exchange is one of the most promising exchange processes 
since it can be active under neutral conditions and removal of thiolate is enough 
to stabilize the receptor. Such removal can be achieved simply by complete oxida-
tion, which normally happens anyway during the DCL experiment or during 
receptor isolation (unless there is a free thiol moiety in the receptor). 

 Despite these limitations, in the last decade DCC has produced several unpre-
dictable and structurally complex receptors with exceptionally high affi nities. 

 One advantage of the approach is that resynthesis and isolation of the receptors 
is required only after the amplifi cation results suggest that the selected molecule 
binds the guest. 

 In addition, the strategy also provides a high - yield synthetic method for the 
selected receptor. The use of reversible chemistry under thermodynamic control 
in combination with solid supported templates may speed up this time - consuming 
step in the discovery process of new receptors. 

 The development of such tools increases the potential of DCC as a source of 
synthetic receptors for specifi c applications in the near future. However, the practi-
cal utility of receptors developed using DCC has not been fully demonstrated 
to date. 

 The next challenge for the chemists working in the fi eld is to establish DCC as 
an alternative strategy to solve specifi c problems that are diffi cult to solve by other 
traditional strategies.  
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  4 
Dynamic Combinatorial Chemistry for Catalytic Applications  
  Pierre - Alain R.   Breuil   and   Joost N.H.   Reek        

  4.1 
 Introduction 

 The use of  dynamic combinatorial chemistry  ( DCC ) can be considered as a para-
digm shift in chemistry as it involves dynamic mixtures of compounds rather than 
pure entities that were traditionally aimed for in the area of chemistry  [1] . In 
analogy to natural systems, new properties can emerge from these mixtures, vali-
dating the recent interest in this new area of research. Dynamic mixtures of 
compounds become particularly valuable if they can be combined with a proper 
selection process with which a specifi c compound with desired properties can be 
identifi ed. In a traditional combinatorial approach, a large library of analog com-
pounds is synthesized and subsequently evaluated in a parallel fashion. In a 
dynamic combinatorial approach, only a small number of building blocks are 
generally synthesized, from which a large virtual (dynamic) library can be con-
structed. A proper selection pressure is required to shift the equilibrium of the 
dynamic library, and to select and amplify a member with the desired properties. 
Especially in research areas where rational design has met limited success and 
progress is based on trial - and - error and combinatorial approaches, DCC can 
provide new tools to fi nd solutions for standing problems. Initially, the approach 
was developed for the identifi cation of novel receptor molecules. The selector in 
these examples is obviously the target for which a receptor is desired. Along with 
this development, novel analytical tools have been developed as well as theoretical 
understanding and the DCC fi eld has shifted to other applications that are 
described in the various chapters of this book. One of the underdeveloped fi elds 
of applications of DCC so far is catalysis. In this chapter, we discuss the potential 
of DCC in the fi eld of catalysis. Catalysts accelerate a reaction without being con-
sumed and there are many different types of catalysts that have different modes 
of action. In the area of supramolecular chemistry, many  “ supramolecular cata-
lysts ”  have been developed  [2] . Generally, their working principles are strongly 
related to receptor molecules; they both can host a substrate or several substrates, 
but in a supramolecular catalyst they are converted within the cavity of the recep-
tor. Transition metal catalysts, on the other hand, generally create a new reaction 
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pathway that is not available in the absence of the metal catalyst, via elementary 
steps that occur at the metal site (oxidative addition, transmetallation, migration, 
elimination, reductive elimination, to mention a few)  [3] . Although the application 
of DCC to supramolecular catalysts seems easier, the implications of DCC with 
transition metal catalysis are much larger as it may directly result in practical 
applications. Theoretically, there is no difference in fi nding the best catalysts from 
a dynamic library of transition metal catalysts and supramolecular catalysts, as we 
will see. For an effi cient selection of catalyst via DCC one needs: 

   •      A dynamic library of catalytic systems from a limited number of building 
blocks.  

   •      The library should be adaptive or responsive to additives.  

   •      A proper selection procedure. This in principle implies that an additive should 
be found to which the dynamic library responds and from the response the best 
catalyst(s) (in terms of activity or selectivity) should present itself.    

 Finding the proper selection procedure is clearly a challenge. If one considers an 
energetic pathway for a chemical transformation as depicted in Figure  4.1 , the 
objective is to lower the energy barrier of this reaction. This can be achieved by 
stabilizing the transition state and/or elevating the energy level of the intermediate 
(or substrates) prior to this step. The overall effect in both cases would be an overall 
lower energy barrier and thus a higher reaction rate. Ideally, the selection procedure 
should be done with the transition state, but the inherent instability makes this 
impossible. Therefore, a  transition state analog  ( TSA ) should be designed that 
closely resembles the transition state structure. Selection procedures can also be 
envisioned using the intermediate of a reaction, in which case an inverse correlation 
between the stability and the reactivity is expected. The more stable the intermediate 
complex, the larger the energy barrier of the reaction and the slower the reaction.   

 Marcus theory describes the reaction pathway as the result of two intersecting 
parabola  [4] , the transition state being on the intersection of these. If the reaction 

     Figure 4.1     General energy profi le of a reaction path.  
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     Figure 4.2     Selection procedures based on TSAs (a and c) and intermediates (b and d) in 
reactions that proceed via early (a and b) or late (c and d) transition states.  

goes via an early transition state, the transition state is substrate - like (or similar 
to intermediate 1), whereas a late transition state is more product - like (or inter-
mediate 2). This difference has consequences for the design of the selection pro-
cedure, as will be explained below. In this explanation we focus on activity, but 
the extension to selectivity is a matter of comparison of two competing pathways. 
If the reaction proceeds via an early transition state, its stabilization implies also 
signifi cant stabilization of the intermediate (Figure  4.2 a). The decrease of the 
energy barrier depends on the difference of energy between the two stabilized 
species, which is expected to be small. In contrast, if the reaction proceeds via a 
late transition state, the transition state stabilization will hardly affect the interme-
diate 1 (Figure  4.2 b) and is anticipated to be very effective. The stabilization of a 
late transition state (Figure  4.2 b) also leads to the stabilization of the product (or 
intermediate 2), which may lead to selection of catalysts that show product inhibi-
tion, detrimental for the reaction rate. A selection procedure which is based on 
stabilization of a TSA is therefore most effective for reactions that proceed via a 
late transition state.   

 A selection procedure based on the reaction intermediate (or an analog) is based 
on the destabilization of the intermediate with respect to the transition state. In 
an early transition state reaction path, the destabilization of the transition state 
will be close to that of the intermediate and is therefore less effective as the 
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difference in overall energy barrier will be small (Figure  4.2 c). The same strategy 
applied to a reaction that proceeds via a late transition state (Figure  4.2 d) is 
expected to be more effective as this destabilization has a reduced effect on the 
transition state energy.  

  4.2 
 Dynamic Combinatorial Approaches to Cage Catalysts 

 Enzymes, Nature ’ s catalysts  [5] , encapsulate multiple functionalities within their 
cavity where the catalytic conversion takes place, and can be extremely active and 
selective for a range of chemical reactions. Therefore, enzymes have served as the 
major source of inspiration for supramolecular catalysis, but at the same time the 
working principles of enzymes are still subject to debate. In 1948, Pauling  [6]  
proposed that enzymes stabilize transition states to a larger extent than reagents 
in their (vibrational) ground state by means of noncovalent interactions between 
the functional groups in the enzyme cavity and the compounds inside the cavity. 
These initial ideas have inspired many scientists from various fi elds to explore 
similar approaches for synthetic systems. The main focus in the area of supramo-
lecular catalysis has been on host – guest catalysis  [2]  in which a substrate is bound 
in a cavity possibly next to the catalytically active center. In addition, cage com-
pounds have been used as hosts for substrate molecules. This approach has 
resulted in numerous interesting examples of supramolecular catalysts. Most of 
these cage catalysts work by (i) positioning of substrates (or bring substrates 
together for a bimolecular reaction) and (ii) transition state stabilization (by pre-
organization of substrates or interaction)  [7] . Since there were precedents for 
selecting the best cage receptor for certain guest molecules and similar cages had 
been applied as catalysts, it is no surprise that the fi rst examples in the area of 
dynamic combinatorial catalyst selection come from this approach. 

  4.2.1 
 Libraries of Cage Molecules and Dynamic Selection of Hosts/Guests 

 Molecular cages and molecular capsules are a special class of host molecules with 
a very defi ned three - dimensional structure, including a hollow interior which 
under judicious conditions could engage in  “ binding ”  of guest molecules by 
encapsulation within the enclosed internal space (i.e., the cavity). Besides mere 
physical entrapment, it can be easily envisioned that additional attractive forces 
(e.g., hydrophobic interactions,  π  –  π  interactions, or weak coordinative interac-
tions) can aid in the selective encapsulation of particular guest molecules. The 
difference between capsule and cage compounds is somewhat arbitrary, but in 
general guest molecules can exchange from cage compounds without changing 
the structure of the cage, whereas for capsules a deformation or partial disassem-
bly is required for exchange. Two types of nanometer - sized modular capsules can 
be distinguished: the covalent - based capsules and the noncovalent - based capsules 
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(i.e., self - assembled or supramolecular capsules)  [8] . The latter consists of (not 
necessarily identical) components that, upon self - assembly, lead to the formation 
of the capsule. Initial research in this area was on covalent capsules such as hemi-
carcerands, calixarenes, and cyclotriveratrylene - based capsules. For details on 
molecular capsules and catalysis, we refer to  [9] ; here, we only discuss a few exam-
ples relevant for the current topic. 

 Otto  et al .  [10]  developed macrocycles formed by reversible disulfi de covalent 
bonds, leading to a dynamic mixture of cage receptors. The formation of the con-
stituents of the library is under thermodynamic control; its composition is gov-
erned by their relative free energies, molecular recognition of added templates 
through host – guest interactions induces a shift in the composition of a dynamic 
library of macrocycles. Indeed, the exposure of two different guests as templates 
to the library resulted in the amplifi cation of two different hosts that were verifi ed 
to be good receptor molecules for these specifi c guests (Figure  4.3 ) (see also 
Chapter  3 ).   

 Rebek has constructed a variety of molecular capsules that self - assemble on the 
basis of hydrogen bonds. In a typical approach, concave building blocks are uti-
lized with self - complementary binding motifs. For example, the resorcinarene 
displayed in Figure  4.4  has been functionalized with imide functional groups and 
upon dimerization via hydrogen bonds it forms a cylinder - shaped cavity that can 
encapsulate guests  [11] . In a similar manner, glycoluril - based building blocks have 
been prepared that form capsules by assembly of four of these units. In order to 
create a dynamic library of capsules seven different building blocks were prepared, 
with various substituents on the aromatic ring  [12] . A mixture of two different 
building blocks gives rise to the formation of six capsules and seven different 
monomers can potentially produce 613 different capsules, of which 70 can be 
distinguished by  mass spectrometry  ( MS ). In the presence of a guest only 11 
species are observed by MS, indicating the selection of hosts for a specifi c guest 
that was used as a template.   

 The selection of guest from a library is also demonstrated by Rebek  et al .  [13] , 
for which the cylinder - shaped capsule was used (Figure  4.4 ). The capsule can 
simultaneously encapsulate two different guests (i.e., selective pairwise recogni-
tion). From a mixture of benzene, toluene and  p  - xylene, the capsule almost selec-
tively bound a pair of benzene and  p  - xylene, demonstrating an interesting selection 
strategy based on occupation of space and interaction between guest molecules. 
This type of binding event could be relevant for the stabilization of transition 
states, and analogs thereof, for coupling reactions. 

 Fujita  et al .  [14]  developed an octahedral M 6 L 4  capsule (Figure  4.5 a) formed by 
self - assembly of six metal fragments and four tridentate ligands. By using slightly 
different building blocks, cavities with different shapes and dimensions are 
formed. Many different guests are bound in these types of cage compounds. As 
the cage is highly charged it dissolved in aqueous solution and the organic guest 
molecules are generally forced in by hydrophobic interactions. The cage com-
pound has also been used as reaction vessel for various reactions  [14a].  Metal –
 ligand interactions were also applied by Raymond  et al .  [15]  to form tetrahedral 
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capsules (Figure  4.5 b) using ditopic ligands in combination with several metals 
that require octahedral coordination. This assembly was successfully used for the 
dynamic resolution of a pair of enantiomeric guests through encapsulation. For 
both cages of Fujita and Raymond, many different building blocks have been 
prepared and in most cases used in pure form. However, they both have demon-
strated that the use of a mixture of building blocks leads to a mixture of cage 
compounds that respond to some extent to the addition of guests, indicating that 
these systems are suitable for DCC.    
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     Figure 4.3     High - performance liquid chromatography analyses of the DCL made from dithiols 
(a) in the absence of any template, (b) in the presence of  4  inducing the amplifi cation of host 
 6 , and (c) in the presence of morphine derivative  5  leading to the amplifi cation of host  7 .  
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  4.2.2 
 Catalysis with Cage Compounds and Possible Selection Procedures 

 A wide array of self - assembled molecular capsules based on various building 
blocks and noncovalent interactions has been developed in the last decade. The 
nanospace within these supramolecular capsules is generally in the range of 
300 – 500    Å  3 , which is suffi cient for the selective encapsulation of one large or 
a number of smaller molecules. The structure of the different capsules varies 

     Figure 4.4     Supramolecular hydrogen bonded capsule developed by Rebek  et al .: (left) a 
dimeric structure and (right) various tetrameric structures.  

     Figure 4.5     Supramolecular capsule formed by metal – ligand interactions developed by 
(a) Fujita  et al .  [14]  and (b) by Raymond  et al .  [15] .  
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signifi cantly, and as a result guest shielding and guest exchange rates strongly 
depend on the capsule applied. In addition, a number of open cage compounds 
have been prepared and used as catalyst. A diversity of chemical processes has 
been carried out within molecular capsules and the effects observed so far are, 
although academic, very interesting. Reactions can be accelerated and the selectiv-
ity of a chemical process can be changed completely. These observations can be 
explained by stabilization of the reaction transition state by the capsule (based on 
enthalpic and entropic contributions) or by concentration effects in the case of 
bimolecular reactions, such as Diels – Alder reactions. More important are the 
unique reaction selectivities induced by the novel fi nite microenvironment within 
the capsule. The size and shape of the nanoreactor ’ s cavity and that of the nano-
reactor ’ s gates can control the substrate selectivity by controlling the access to the 
cavity. In the same manner it can protect an active site located in the cavity that 
otherwise would be poisoned by chemicals present in solution. The regio -  and 
chemoselectivities can also be changed by the capsule by changing the ratio of 
reaction rates of competing pathways. Product inhibition is a frequently encoun-
tered problem in bimolecular coupling reactions carried out within enclosed cavi-
ties. The coupling product might have a higher affi nity for the capsule than the 
substrates, and consequently product release from the nanoreactor becomes the 
slowest step in the reaction. Product inhibition can prohibit the utility of nanoreac-
tors as true catalysts. The capsules and cages displayed in this chapter have been 
successfully used as cage catalyst for Diels – Alder reactions  [14] , dipolar cycloaddi-
tion reactions, orthoformate hydrolysis  [16] , and 3 - aza Cope rearrangement  [17] . 
In chemical transformations such as Diels – Alder reactions and dipolar cycloaddi-
tion reactions, the transition state is similar to the fi nal product, so is considered 
to be a late transition state (Scheme  4.1 ).   

     Scheme 4.1     Diels – Alder reaction demonstrating the similarity between transition 
state and product.  

 The Diels – Alder reaction between acridizinium bromide and cyclopentadiene is 
typically catalyzed by cage compounds. In a seminal paper by Otto  et al .  [18] , selec-
tion of catalysts was performed using the reaction product as a suitable TSA to 
select macrocycles from a dynamic library. Exposure of the dynamic combinatorial 
library (  DCL s) based on dithiol building blocks to the product (as TSA) leads to 
the selection and the amplifi cation of two hosts among all the constituents of the 
dynamic library (Figure  4.6 ). The selected cage compounds were applied as cata-
lysts in separate experiments and, indeed, compound  7  was demonstrated to cata-
lyze the Diels – Alder reaction between the two substrates. The reaction rate was 
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increased by a factor of 10. Since the selection procedure was performed with the 
product, the cage compounds also have affi nity for the product that is formed, 
potentially leading to catalyst inhibition. Indeed, if the reaction is carried out in 
the presence of the product, it turns out to be slower. The cage compound, 
however, still gave turnover, indicating that the product did not block the cavity 
for subsequent reactions as it was displaced by the substrates.   

 In another example developed by Otto  et al .  [19] , macrocycles were selected from 
a DCL to be used as catalysts for the acetal hydrolysis reaction (Scheme  4.2 ). The 
acceleration of the hydrolysis reaction was observed in the presence of the selected 
macrocycle. However, it remains uncertain whether the reaction acceleration is 
due to the stabilization of the transition state, to the shift of the pre - equilibrium 
towards the protonated acetal, or a combination of both effects.     

     Figure 4.6     High - performance liquid chromatography analyses of the DCL made from 
dithiols: (a) in the absence of any template and (b) in the presence of TSA  6 , which induced 
the amplifi cation of macrocycles  7  and  8  (as mixtures of stereoisomers).  

     Scheme 4.2     Pathway for the hydrolysis reaction.  
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  4.3 
 Dynamic Combinatorial Approaches to Transition Metal Catalysts 

 Transition metal catalysts generally operate via elementary steps that can occur at 
the metal center, typically oxidative addition, substrate coordination, migration 
(insertion), reductive elimination, and so on. This creates a reaction pathway by 
breaking down the reaction in several different steps. As a typical example, the 
reaction pathway of rhodium - catalyzed hydrogenation is depicted. The reaction 
profi le of such a metal - catalyzed reaction therefore consists of various transition 
states and intermediates (Figure  4.7 ). Often one of the transition states has the 
highest energy barrier and represents the most diffi cult step, and it is this step of 

        Figure 4.7     (a) General mechanism of the rhodium - catalyzed hydrogenation and typical metal 
complex that represents an intermediate (resting state) of the reaction and (b) general 
reaction pathway in transition metal catalysis.  
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a catalytic cycle that should be accelerated to get a faster catalyst. Typically, ligands 
are designed such that this rate - limiting step is accelerated, generating a catalyst 
that gives a faster reaction. In the event that a catalyst should be selected from a 
DCL of catalysts, efforts should be focused on this rate - limiting step.   

 Activity is only a part of the challenge, as in most reactions the selectivity of a 
catalytic process is also an important issue. The creation of a chiral center in a 
selective manner during the catalytic reaction, often referred to as asymmetric 
catalysis, is generally the most diffi cult selectivity to achieve. During one of the 
elementary steps of the catalytic cycle, the chiral information is transferred from 
the catalyst to the substrate. In the decisive step there are two competing pathways, 
with associated transition states that afford the ( R ) - product and the ( S ) - product, 
respectively. The difference in transition state energy is related to the selectivity 
afforded to the fi nal product; because only relative small energy differences are 
required to obtain high selectivity (3   kcal/mol gives 99% enantiomeric excess), 
fi nding selective catalysts by rational design is generally impossible. A general 
energy profi le related to a selectivity issue in a reaction pathway with a common 
intermediate to form both enantiomers of the product is pictured in Figure  4.8 , 
where the ( S ) - enantiomer will be predominantly formed as the lowest energy 
barrier is associated with its formation. The aim of fi nding more selective catalysts 
is related to fi nding catalysts that have selectively lower energy barriers for this 
pathway. Currently, most effective approaches consist of combinatorial screening 
of chiral catalysts and ligand design, guided by knowledge - based intuition. A 
selection - based process in which a TSA selects the most selective catalyst would 
provide an interesting complementary approach. It requires the design of TSAs 
of the enantiodiscriminating step that have different interactions with the ( R ) and 
( S ) chiral ligands.   

     Figure 4.8     Competing reaction pathway that leads to the formation of the two 
enantiomeric products.  
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  4.3.1 
 Dynamic Libraries of Transition Metal Catalysts 

 Over the years many different ligands have been explored in (asymmetric) transi-
tion metal catalysis. A logical strategy to select the most active or the most selective 
catalyst from a dynamic library of catalysts would feature the metal fragment as a 
part of the TSA, with which a DCL of ligands can be screened, as it is the ligand 
that creates the selectivity. The use of various ligands will be discussed briefl y 
below. Depending on the kind of possible interactions involved in the dynamic 
process, the libraries present different advantages and drawbacks (see Table  4.1 ). 

  4.3.1.1   Library of Monodentate and Covalent Bidentate Ligands 
 Many different ligands are now commercially available or easily accessible in 
few synthetic steps. The achiral phosphine and diphosphine ligands, for example, 
have been widely and successfully used in homogeneous catalysis  [20]  such 
as hydrogenation, allylic substitution, and cross - coupling reactions. Libraries of 
these ligands can be used to select more active catalysts. No chemical transforma-
tions are involved in the selection process, but only exchange of ligands at the 
metal center that represents the TSA. The major drawback of selection processes 
in these libraries is the possible multiple coordination as the phosphorous 
coordination sites are in large excess compared to the metal center, limiting the 
size of the dynamic library that can be used. The same holds for chiral versions 
of those libraries, like BINAP, DIPAMP, or DIOP derivatives, which can be used 
for selection of the selective catalysts. Other classes of bidentate ligands such as 
P – N, P – O or P – S ligands or (bi)pyridine might also be screened using this 
approach.  

  4.3.1.2   Library of Supramolecular Bidentate Ligands 
 The class of supramolecular bidentate ligands, which was recently introduced (for 
reviews, see  [21a – c] ; for recent articles, see  [21d – h] ), comprises the use of func-
tionalized ligand building blocks that form bidentate ligands by supramolecular 
interactions between the building blocks upon coordination to the metal center. 
This class of ligands is considered as an important breakthrough in homogeneous 
catalysis as the building blocks are generally easily accessible and the ligand library 
grows exponentially with the number of building blocks, which is ideal for com-
binatorial approaches. So far mainly phosphorous - based supramolecular bidentate 
ligands have been developed, using various supramolecular interactions: metal –
 ligand coordination, electrostatic interactions, and hydrogen bond interactions. If 
these libraries are to be applied in selection procedures, the exchange is through 
ligand exchange at the metal center and no chemical transformation is involved. 
Again, multiple coordination can be expected when using a large excess of ligands 
(with the advantage that a smaller number of building blocks already result in 
many combinations) and also the functional groups may interfere with the metal 
center.    
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  4.3.1.3   Library of Dynamic Supramolecular Templates 
 Supramolecular bidentate ligands can also be constructed by using templates onto 
which the functionalized ligand building blocks are associated. These ligands 
seem ideal for selection procedures as a large excess of ligands is not required as 
the variation can be sought in the template. As such, the problem of over - coordi-
nation can be prevented. So far, only a few examples of such template - based 
ligands have been reported.  

  4.3.1.4   Library of Dynamic Covalent Linkers 
 The best ligands for selection procedures are those that have separated the donor 
atoms for coordination and functional groups for modifi cation. The dynamic 
exchange does not involve the metal center, avoiding possible decomposition 
during the exchange and also over - coordination is prevented. The selection proce-
dure is based on steric modifi cations of either (i) the (a)chiral linker and/or its 
chain length or (ii) the structure of the ligand. Numerous building blocks 
are in principle suited, such as (a)chiral diamine in combination with aldehyde -
 functionalized ligands. The formation of imine is known to be reversible under 
specifi c conditions. In principle, all the dynamic covalent chemistry discussed in 
chapter 1.4 and 3.2.1.1 should be applicable, as long as the exchange chemistry is 
compatible with the coordination chemistry. Although some scattered examples 
of these types of ligands can be found in literature, they have not been developed 
yet with the current application as a goal.   

  4.3.2 
 Selection Procedures via Intermediates and  TSA  s  

 The ideal template for the selection of the best catalyst is the transition state, which 
is by defi nition unstable and therefore not useful. Therefore, a TSA should be 
designed that, on the one hand, is suffi ciently precise to mimic the transition state 
but, on the other hand, is suffi ciently stable to be used for the selection procedure. 
Recent progress in molecular modeling and the ever - increasing computer power 
facilitates the identifi cation of the transition state and for the design of analogs 
thereof. 

 An alternative strategy is to employ selection procedures for identifying the most 
unstable intermediate (Intermediate rds , Figure  4.7 b). By increasing the energy of 
this complex, the overall energy barrier will decrease and the reaction rate will 
increase. This strategy will only work for selection based on reaction rate and not 
on selectivity (unless the situation is more complicated with more intermediates 
that form different products). Importantly, new experimental tools (based on 
 nuclear magnetic resonance  ( NMR ), infrared, MS, etc.) and analytical techniques 
(kinetics, etc.) are continuously being developed, which will facilitate the identifi ca-
tion of different intermediates. The intermediate targeted (prior to the rate - deter-
mining step) is generally accumulated in the reaction, its chemical transformation 
being the slowest of the reaction pathway. 
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  4.3.2.1    TSA  Approach 
 No successful example has been reported so far using a TSA in a dynamic com-
binatorial approach to transition metal catalyst selection. However, inspired by 
enzymes and molecular cages, molecularly imprinted polymers were successfully 
developed by Wulff  et al . and in a small number of cases directed towards transi-
tion metal catalysis  [22] . Cavities as biomimetic catalysts are created by generation 
of polymeric materials in the presence of a TSA as a template, which is removed 
after polymerization. In the presence of the substrate, the incorporation of the 
catalyst precursor leads to high activities, the transition state being stabilized by 
the polymeric cavities. 

 Polborn and Severin  [23]  recently reported ruthenium -  and rhodium - based TSAs 
for the transfer hydrogenation reaction. These complexes were used as catalyst 
precursors in combination with molecular imprinting techniques. Phosphinato 
complexes were prepared as analogs for the ketone - associated complex. They 
demonstrated that the results obtained in catalysis were better in terms of selectiv-
ity and activity when these TSAs were imprinted in the polymer. This shows that 
organometallic complexes can indeed serve as stable TSAs (Figure  4.9 ).    

  4.3.2.2   Selection of Catalyst Based on Intermediate Stability 
 We recently studied if it is possible to device a selection strategy based on the rela-
tive stability of the intermediate of a reaction  [24] . It is known that in the palladium -
 catalyzed allylic substitution, the rate - determining step is the attack of the 
nucleophile on the  π  - allyl - palladium species. The transition state of this step is 
believed to be late when carbon nucleophiles are used. In this scenario, an inverse 
correlation of the energy of the intermediate and the reaction rate is expected, as 
the transition state is more product - like (see Figure  4.10 ). Based on this hypoth-
esis, the selection of catalyst among a dynamic mixture of palladium complexes 
was studied.   

 For the selection experiments, a homolog library of diphosphine ligands, which 
form the Pd - allyl intermediate complexes, was used. We specifi cally wanted to 
investigate the effect of the bite angle and steric properties of the aryl groups, to 
which end we decided to use dppe, dppp, dppb, and their corresponding  o  - tolyl-
phosphino analogs. In a typical selection experiment, 1 equiv. of [Pd(crotyl)(dppe)]
OTf was mixed in dichloromethane with equimolar amounts of the other free 
ligands (i.e., dppp and dppb) to generate a dynamic library of intermediates. 

     Figure 4.9     Organometallic TSAs for transfer hydrogenation reactions as developed by 
Polborn and Severin  [23]  for molecular imprinting.  
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Ligand exchange was shown to be fast by  31 P - NMR and after 1   h the mixture was 
analyzed by  electrospray ionization  ( ESI ) - MS. As there is only one equivalent of 
metal ion present, the ligand that forms the most stable Pd - allyl complex will 
compete most effectively for coordination and the corresponding complex will be 
most abundant in the mixture. Therefore, the abundance of the complexes in the 
ESI - MS spectrum is a direct refl ection of the stability of the corresponding species. 
In order to confi rm that a thermodynamic controlled product mixture was obtained, 
we performed the experiments also starting from the dppp and dppb Pd - allyl 
complexes, which resulted in identical spectra. Furthermore, to be sure the intensi-
ties can be correlated to concentrations of the observed species, we made calibra-
tion curves by injecting mixtures of preformed diphosphine Pd - allyl complexes at 
different ratios. The ESI - MS spectra display signals corresponding to all three Pd -
 allyl complexes in case of both phenyl and  o  - tolyl substituents on phosphorous. 
The complexes with the ethane backbone are most abundant followed by the 
propane and butane backbone. This trend suggests that dppb should give the 
fastest allylic alkylation catalyst and that the rate of the reaction increases with 
increasing bite angle in the investigated series of ligands. This was indeed what 
was observed experimentally, and the nice inverse correlation between the abun-
dance in the MS spectrum and the activity demonstrates the principle of this 
selection procedure.    

     Figure 4.10     Selection procedure by intermediate destabilization in the palladium - catalyzed 
allylic substitution reaction.  
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  Table 4.1    Schematic representation of varions possible catalyst libraries that could be applied 
for ligand selection, including advantages and disadvantages. 

   Library     Advantages     Drawbacks  

  Monodentate ligands  

      

  library commercially available; 
easy synthesis; no chemical 
transformations involved in the 
dynamic process  

  over - coordination with 
large excess of ligand  

  Bidentate covalent ligands  

      

  library commercially available; no 
chemical transformations involved 
in the dynamic process  

  over - coordination with 
large excess of ligand; 
tedious synthesis (unless 
 C  2  - symmetric)  

  Covalent linkers  

      

  library commercially available 
(chiral or achiral spacer, etc.)  

  chemical transformations 
involved in the dynamic 
process, possible 
interference with the metal 
center or the ligands  

  Supramolecular bidentate ligands  

      

  no chemical transformations 
involved in the dynamic process; 
supramolecular interaction under 
thermodynamic control; 
convergent synthesis of building 
blocks  

  possible interference of 
functional groups with the 
metal center; over -
 coordination with large 
excess of ligand  

  Supramolecular templates  

      

  no chemical transformations 
involved in the dynamic process; 
supramolecular interaction under 
thermodynamic control; 
convergent synthesis of building 
blocks  

  possible interference of 
functional groups with the 
metal center; limited 
examples reported  

     , Metal center;   , bond involved in the dynamic exchange;   , coordination site (P, N, O, S, 

etc.);   , diversity of building blocks in the constituents of the dynamic library;   , dynamic 

covalent interaction (disulfi de, imine, hemi - ketal, amide, ester, etc.);   , dynamic 
supramolecular interaction (hydrogen bond, metal – ligand interaction, ionic bond, etc.).   
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  4.4 
 Conclusions 

 The fi eld of dynamic combinatorial catalysis is virtually open. The fi rst few exam-
ples, however, provided fi rst proof - of - principle that also in this area DCC has 
added value. For both cage - type catalysts as well as transition metal complexes the 
DCC approach could have signifi cant advantages over rational design or traditional 
combinatorial strategies, but at this stage it is far too early to compare these 
approaches. In this chapter, we mainly focus on the principles, supported by some 
initial results, in the hope that we will stimulate scientists to continue research in 
this exciting new area.  
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Dynamic Combinatorial Chemistry: Ligands for Biomolecules  
  Olof   Ramstr ö m  ,   Luis   Amorim  ,   R é mi   Caraballo  , and   Oscar   Norberg         

  5.1 
 Ligand Discovery 

  5.1.1 
 High - Throughput Chemistry 

 Already proposed in the early 1960s  [1] , although more pronouncedly formulated 
in the 1980s  [2] , combinatorial chemistry and related strategies have matured to 
become important instruments in chemistry and biology, in general, and in ligand 
discovery processes, in particular  [3 – 6] . Combinatorial approaches have thus 
become a potent technology for creating collections of structurally related com-
pounds that may subsequently be screened for desirable effects and properties. 
Initially developed to produce peptide libraries for screening against antibodies or 
receptors as candidates of optimal binding properties, numerous methodologies 
have been designed to produce chemical combinatorial libraries. Following an 
almost explosive development in the 1990s, especially in the pharmaceutical 
domain, the fi eld evolved substantially from the development of techniques for 
the generation and analysis of very large compound collections to more selective 
approaches for the identifi cation of lead structures. This evolution was in part 
driven by the lack of immediate successes in the discovery campaigns  [7] , where 
the combinatorial libraries employed often created immense datasets of relatively 
low quality with respect to diversity and fi delity  [8, 9] . However, despite all criticism 
raised, combinatorial chemistry still occupies a central role in drug discovery, 
where speed remains of paramount importance in lead generation  [10] . Further-
more, in parallel with chemical technology development, automation techniques 
and rapid analysis instrumentation have at the same time experienced major 
advancements that are of high importance in the present - day discovery processes. 
These developments have led to more advanced  high - throughput chemistry  ( HTC ) 
strategies, and such approaches are also gaining importance in the development 
of synthetic processes, in catalyst discovery, and in materials science. 

 Over time, chemical combinatorial libraries have been developed primarily 
using different formats of parallel syntheses, where the stepwise formation of 

Dynamic Combinatorial Chemistry. Edited by Joost N. H. Reek and Sijbren Otto
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32122-3



 110  5 Dynamic Combinatorial Chemistry: Ligands for Biomolecules

individual compounds is achieved in parallel. This can be done in discrete com-
partments, essentially resulting in small - scale traditional synthetic schemes run 
with a multitude of selected starting materials, or in the same compartment as 
long as the individual compounds can be easily distinguished and handled. Many 
protocols have for this reason implemented resin - based chemistry, where the 
compounds are immobilized on solid supports, each addressable using a variety 
of tagging methods. The so called split - mix methodologies, originally proposed by 
Furka  [2, 11] , can be used to create very large libraries progressively over several 
synthetic steps. Solution - phase, nonimmobilized libraries were originally explored 
(e.g., using multicomponent reactions), but the use of pools of discrete soluble 
substances in the same compartment has not experienced a rapid progress, due 
to diffi culties in hit identifi cation with such systems. The compounds are instead 
usually prepared as discrete, stable entities, virtually insensitive to changes in the 
environment and all compounds are subsequently screened one at a time or in 
small sets using automated systems towards a chosen biological target.  

  5.1.2 
 Dynamic Target Assistance 

 The rapid development of different combinatorial and high - throughput techniques 
has allowed the effi cient synthesis of large arrays of compounds in a short time, 
and large and diverse compound collections have been prepared using a range of 
different structures. Nevertheless, for new collections each individual compound 
needs to be prepared over several synthetic steps and to be suffi ciently character-
ized in order to avoid ambiguities in the subsequent activity screening. Optimiza-
tion of the hit - rate is of high importance, and reduction of the number of 
false - positives and false - negatives is of signifi cant concern. Modern automated 
high - throughput techniques applied to synthesis and analysis have enabled the 
development of such processes, where compound collections can be synthesized 
and screened routinely. 

 Identifi cation of new ligands by high - throughput methods is in a way a trial -
 and - error type of strategy, albeit supported by computer modeling and  in silico  
screening approaches. A more straightforward way would be to allow the target 
entity  per se  to select an active ligand directly from a library pool. With this sce-
nario, the screening process would be greatly simplifi ed and more effi cient, and 
in principle only result in more or less potent ligands. In addition, with a self -
 regulating library pool, able to undergo constitutional changes during the recogni-
tion process and adapting itself to the system constraints, then the screening signal 
could be dramatically enhanced. This effect would lead to facilitated detection and 
characterization and minimize the background effects. 

 This more direct strategy of target - assisted library screening forms the basis of 
 dynamic combinatorial chemistry  ( DCC ), constituting a new paradigm in drug 
discovery. In contrast to the regular static approaches to combinatorial chemistry, 
the library can instead be produced from a set of reversibly interchanging compo-
nents that maintain dynamics of the entire system. Dynamic combinatorial librar-
ies (  DCL s) are thus generated, where each library member affects, and is affected 
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by, all other surrounding constituents and components. The whole approach is in 
principle of supramolecular nature, being driven by the interactions of the library 
constituents with the target site, and relies on reversible reactions or interactions 
between sets of basic components to generate continually interchanging adducts. 
This gives access to  “ virtual ”  compound collections whose potentially accessible 
constituents are all possible, latent combinations of the components available.  

  5.1.3 
 Dynamic Fragment - Based Ligand Discovery 

 The DCC principle has been reviewed in several other chapters of this book, 
notably Chapters  1  and  2 . In the following, only a very brief description will be 
given for clarity, with emphasis on biological systems. DCC is in principle based 
on fragment assembly in generating (supra)molecular assemblies of different size 
and nature. In general fragment - based discovery  [12 – 14] , these fragments are 
assembled one - by - one and tested individually, and sophisticated analytical and 
preparative methods have been developed for this purpose. The use of complex 
molecular cocktails, containing a multitude of fragments, generally results in 
analytical problems and these are for this reason less used. The dynamic charac-
teristics of DCC systems, however, reduce the complexity through adaptive recon-
stitution, thus resulting in simplifi ed processing. The adaptability of the systems, 
enabled by the reversibility of the processes, also confers its potentiality to be 
amplifi ed according to Le Ch â telier ’ s principle. If one constituent of the DCL 
shows stronger interaction with a certain target entity than all others, this constitu-
ent will be withdrawn from the equilibrating pool and all components making up 
this constituent will also be masked by the interaction. In some instances the 
library constituents are only detectable in the presence of the selector, resulting 
in what may be termed  “ virtual combinatorial libraries. ”  

 In principle, DCC - based discovery relies on the following general steps: 

  1)     Selection of dynamic chemistry and library fragments.  
  2)     Establishment of dynamic library generation conditions where the fragments 

are allowed to form interchanging, individual molecular entities.  
  3)     Exposing the dynamic library to target selection at the given conditions.    

 Generation and control of the dynamic system is essential for the entire process 
to work, requiring optimization and judicious selection of involved structures and 
conditions in response to the target species in question. Obviously, these basic 
steps have been adapted and extended in a variety of different related approaches.   

  5.2 
  DCC  Strategies in Targeting Biological Systems 

 Originating from the original concept of thermodynamically controlled DCC 
systems, several strategies of DCL generation and screening have been developed 
in response to different challenges. The DCC concept has thus become extended 
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to a variety of useful approaches for applications in biological systems. All of these 
strategies are based on reversible fragment combination as a common feature, but 
differ in the screening/selection phase. Furthermore, a range of related methods 
have been demonstrated, not always relying on dynamic features. In the following 
section, most of these methods are schematically described. We propose the use 
of the double - arrow symbol to describe a dynamic system in general and a dynamic 
library in particular (Figure  5.1 )  [15] .   

  5.2.1 
 Stoichiometric  DCL  s  

 The original DCC concept addressed the potential of generating the DCLs in 
the presence of a receptor (or a ligand) in the same compartment (Figure  5.2 ). The 
overall system is then under thermodynamic control, and library adaptation 
and potential amplifi cation can be obtained. Using the equilibrium distribution 
of the DCL in absence of any target as a reference, all changes upon its addition 
are then monitored. Following Le Ch â telier ’ s principle, the entire system has to 
rearrange so as to produce more of the best fragment combinations at the expense 
of all other assemblies in the library. Upon re - equilibration, the constituent with 
the highest affi nity will thus experience a certain degree of amplifi cation in com-
parison to the situation where no target molecule was added. In order to achieve 

     Figure 5.1     Description of dynamic systems/DCLs. All members of the system/libraries are in 
constant reversible exchange with each other.  

     Figure 5.2     Stoichiometric DCL format.  
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high amplifi cation effects, stoichiometric amounts of targets are needed in the 
systems.    

  5.2.2 
 Postmodifi ed  DCL  s     –    Dynamic Reductive Amination 

 As will be discussed further below, imines are often employed in creating DCLs. 
In aqueous systems, the exchange between the involved building blocks is gener-
ally fast and to some extent controlled by pH. However, the formed imines are 
normally kinetically unstable entities, and cannot easily be isolated and studied. 
For this reason, a strategy often used in HTC strategies    –    reductive amination    –    has 
been employed also in DCC systems. Thus, the formed imines are subjected to 
reduction using cyanoborohydride species to generate stable amines    –    a process 
that can be done  in situ  during DCL generation and screening (Figure  5.3 ). This 
is a type of postmodifi cation approach, where the active species is further proc-
essed for ease of handling. Advantages with this method are the improved stability 
of the fi nal hits and the straightforward mode of operation. Disadvantages are the 
generation of species that are not initially selected by the selector and may not 
have the same effect. This may, however, also lead to a lower degree of product 
inhibition and the potential use of substoichiometric amounts of target.    

     Figure 5.3     Postmodifi ed DCLs.  
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     Figure 5.4     Pre - equilibrated DCL generation and screening.  

  5.2.3 
 Pre - Equilibrated and Iterated  DCL  s     –    Dynamic Deconvolution and Panning 

 An alternative approach, that in part addresses the issue of avoiding stoichiometric 
amounts of target, is denoted as pre - equilibrated DCLs. In this case, the generation 
and screening steps are separated from each other, and the DCLs are formed 
under dynamic conditions, whereas the identifi cation/screening is performed 
under static conditions. Stoichiometric amounts of target entity are in this case 
not required, thus allowing the use of sensitive biological target species that are 
available in low quantities. Screening may be accomplished using common assay 
methods and identifi cation of high - affi nity fragment combinations can be made 
using dynamic deconvolution protocols. Owing to the dynamic nature of the 
library, such deconvolutions may be signifi cantly simplifi ed, enabling rapid iden-
tifi cation of the best fragments (Figure  5.4 ). The pre - equilibration procedure is 
also highly useful when the dynamic reaction requires equilibration conditions 
that are incompatible with the biological target.   

 The pre - equilibration strategy can furthermore be used to achieve ligand ampli-
fi cation when run repeatedly (Figure  5.5 ). The DCLs are thus generated in one 
compartment under appropriate dynamic conditions and subsequently allowed to 
interact with the target species. The binding event can take place either in the 
same reaction chamber or separately, depending on the conditions. Separation of 
the unbound fragments from the high - affi nity fragment combinations is needed, 
often using immobilized or entrapped target entities. The unbound species are 
then retransferred to the reaction chamber, rescrambled, and again allowed to 
interact with binding site. After several rounds of such a  “ dynamic panning pro-
tocol, ”  the accumulated active species may be easily identifi ed.    

  5.2.4 
 Dynamic Combinatorial  X  - Ray Crystallography 

 Rapid and reliable identifi cation of the best fragment combination for a given 
target species is certainly a challenge and methods for instant identity matching 
are desired. This challenge was addressed using a direct X - ray screen of the 
DCLs in the presence of the target (Figure  5.6 ). Protein crystals were exposed to 
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pre - equilibrated combinatorial libraries in a nondisrupting solution and the best 
combinations were bound to the protein active sites  in situ  in the crystals. The 
DCL fragment combinations could be observed directly by X - ray crystallography 
and interpretation of the resulting electron - density maps yielded information 
of the most potent ligand. Based on the effi cient site - mapping properties of 
X - ray crystallography, this  dynamic combinatorial X - ray crystallography  ( DCX ) 
method has the advantage of simultaneous ligand identifi cation and ligand quality 
estimation.    

     Figure 5.5     Pre - equilibrated DCL generation and iterative screening.  

     Figure 5.6     DCX.  
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     Figure 5.7     DCR.  

  5.2.5 
 Dynamic Combinatorial Resolution    –    Kinetically Resolved  DCL  s  

 A highly attractive method for rapid ligand identifi cation is the direct coupling of 
consecutive irreversible reactions to the thermodynamically controlled DCL 
system. Generation and binding of fragment combinations are in this case enabled 
following the original concept, but an irreversible process following binding then 
results in kinetic resolution of the entire system (Figure  5.7 ). This  dynamic com-
binatorial resolution  ( DCR ) requires only catalytic amounts of target species, and 
generally the selection and kinetic resolution is carried out by the same target 
species. This method results in complete amplifi cation of the best fragment com-
binations, considerably simplifying the identifi cation process, and is particularly 
useful for enzyme substrate screening.    

  5.2.6 
 Dynamers 

 Not only ligands can be assembled and identifi ed by the DCC method, but also 
mimics of biomacromolecules themselves. This development has only more 
recently been initiated, where reversible linkages are used to form dynamic poly-
meric structures    –    so - called  “ dynamers ”     –    in some cases based on analogs of natural 
building blocks (Figure  5.8 )  [16 – 18] . To date, these dynamers have not been 
applied to any biological interaction studies other than self - organization, in itself 
highly interesting, but these materials have the potential to be used in a variety of 
applications, ranging from slow release to biosensing.    

  5.2.7 
 Related Approaches 

  5.2.7.1   Deletion Approach 
 Rather than selecting and amplifying the best binder as proposed by the dynamic 
approaches, an interesting, pseudodynamic deletion alternative has been intro-
duced. In this case, the unbound constituents are deleted from the libraries (Figure 
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 5.9 ). The libraries are in this case not dynamic in nature, and with this concept 
the formation and destruction of the libraries are separate irreversible reactions. 
Ligand identifi cation is enabled by the kinetic deletion of poorer binders, where 
binding to the target entity shields the best binders from the deletion process. This 
results in an increase in the relative ratio of good and poor ligands, and identifi ca-
tion is based on the decrease of certain fragment products compared to those 
building up poorer constituents in a reverse identifi cation methodology. As the 
name implies, the libraries are in this case not truly dynamic in nature, inasmuch 
as the constituents are not spontaneously reformed in the process. Nevertheless, 
an improvement of the concept where the constituents were continuously resyn-
thesized during the deletion process has also been demonstrated.    

     Figure 5.8     Dynamer formation.  

     Figure 5.9     Deletion approach.  



 118  5 Dynamic Combinatorial Chemistry: Ligands for Biomolecules

  5.2.7.2   Tethering Approach 
 A highly interesting related technique that is related to DCC is the so - called  “ teth-
ering ”  approach (Figure  5.10 ). In order to screen for fragments of ligands to a 
specifi c binding site, the fragments are tethered covalently to the vicinity of the 
binding site through disulfi de bond chemistry and the inhibitory activity of the 
linked fragment measured. The technique in this case requires a free thiol moiety 
in close proximity to the binding site and, in cases where a suitable thiol function-
ality is absent from protein surface, the target generally needs to be engineered to 
possess a cysteine residue in that position. Obviously this needs to be arranged 
such as not to interfere with the structure of the protein or the binding. Due to 
the reversible nature of the thiol – disulfi de interchange, the process can also be 
performed under dynamic conditions and in this case the biological target  per se  
is made part of the library. The technique is furthermore especially useful for 
identifying weakly binding fragments of a potential ligand.    

  5.2.7.3    In Situ   “ Click ”  Approach 
 Another fragment - based approach that makes use of the target species  per se  in 
the selection process is the synthesis of ligands directly in the target binding site 
(Figure  5.11 ), also conceptualized as  in situ   “ click ”  chemistry in using the Huisgen 
1,3 - dipolar cycloaddition reaction between azides and alkynes. This strategy 
requires activated fragments that are essentially inert at dilute conditions, but react 
with each other when adequately positioned together in the binding site. The 
proximity effect created by hosting the fragments in the binding site thus increases 
the reaction rate compared to the background reaction in solution. Although being 
a highly attractive technique, it depends on highly selective reactions that mainly 
occur with certain reactant pairs and is furthermore sensitive to product 
inhibition.      

     Figure 5.10     Tethering approach.  
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  5.3 
 Dynamic Diversity Generation for Biological Systems 

  5.3.1 
 Dynamic Chemistry 

 The chemistry of DCL formation has been covered in previous chapters in this 
volume, notably Chapters  1  and  3 . Thus, DCLs can be generated using essentially 
any type of reversible chemical mechanism, provided the interconverting states 
can be properly controlled and the fi nal products identifi ed. The most important 
processes involve molecular/supramolecular interchanges, of either reversible 
covalent or noncovalent character. Functional groups enabling reversible covalent 
bonds are of special importance in this sense and a number of them are presented 
in Table  5.1 . The list contains a relatively wide range of chemistries that have all 
been used in DCL generation. For biological applications in aqueous systems, 
however, a few reaction types are most preferred: transimination, acyl hydrazone 
exchange, and thiol – disulfi de exchange. In principle, the reversible chemistry 
needs to be compatible with the overall process, not interfering or damaging the 
target species. Although the preferred chemistries are potentially interfering (e.g., 
through amino and thiol functionalities of the target species), conditions can 
generally be chosen to overcome this problem. This can be achieved by control of 
pH, temperature, solvent composition, auxiliary reagents, and so on. The frag-
ments must, however, be capable of connecting reversibly with one another under 
the chosen conditions and for the major part potentially able to interact with the 
target species.    

  5.3.2 
  DCL  Design 

 For a DCL to be effi ciently produced, the fragments need to fulfi ll several impor-
tant characteristics. First and foremost, each component in the library must 
possess functional groups capable of undergoing reversible exchange to other 
components. This function can be either symmetric, so that each interacting 

     Figure 5.11      In situ   “ click ”  approach.  
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  Table 5.1    Reversible reaction/interaction types used in  DCC  system applied to biomacromolecules. 

   Reaction type       

  Transimination  

      
  Hydrazone exchange  

      
  Acyl hydrazone 
exchange  

      
  Oxime exchange  

      
  Aldol exchange  

      
  Nitroaldol exchange  

      
  Transesterifi cation  

      
  Transthiolesterifi cation  

      
  Transamidation  

      
  Conjugate exchange  

      
  Thiol – disulfi de 
exchange        

  Alkene metathesis  

      
  Boronate exchange  

      
  Metal coordination  
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partner carries the same functionality (A – A), or orthogonal, where pools of ele-
ments carry two different, interacting functionalities (A – B). Both of these strate-
gies possess their advantages and shortcomings, but in general the orthogonal 
approach maintains better control of the process. 

 The DCL fragments may furthermore be of interactional and/or organizational 
character. The former type secures optimal recognition to the target entity, whereas 
the latter forms the molecular scaffold. The library constituents should be selected 
to cover the geometrical and functional space of the target binding site and, similar 
to traditional library design, the choice of fragments may be assisted by careful 
study of the crystal structure of the target entity. The orientation and assembly of 
the interactional groups are of fundamental importance for the DCL process to 
function appropriately. The recognition groups need to be optimally arranged in 
the binding site resulting in high - affi nity constituents. Organizational fragments 
establishing the core geometry and the topicity of the DCL constituents are there-
fore of high importance. Of perhaps equal importance is the need for compact 
dynamic chemistries, where the resulting dynamic functionality occupies 
minimum space, allowing more freedom in choosing fragments that more closely 
fi ll up the binding site space.   

  5.4 
 Applications of  DCC  in Biological Systems 

 As mentioned, biological systems are very challenging targets for dynamic com-
binatorial systems. Not only are biological entities often insuffi ciently stable at 
non - optimal conditions, sensitive to harsh treatment for longer periods of time, 
but they are furthermore less available in large, and pure, amounts. Most studies 
have thus to be made in well - defi ned buffer systems, greatly limiting the choice 
of dynamic chemistry used. 

 For this reason, several reversible chemistries that are effi cient in organic phase 
(e.g., catalyzed by acids or bases) are less convenient in aqueous media. Instead, 
reactions occurring under suffi ciently mild conditions need to be employed. These 
restrictions have led to the preference of but a few different reaction types, and, 
to date, mainly imines (including hydrazones, oximes, etc.), disulfi des, and metal 
coordination are employed in these systems. However, other reaction types, such 
as transthiolesterifi cation, conjugate addition, alkene metathesis, and aldol addi-
tion/condensation, have been demonstrated, but are so far less preferred in these 
systems. 

 The interest in identifying new and effi cient interaction partners to biological 
entities is obviously very high and the use of an  in situ  molecular evolution method 
in order to allow the target to select its own ligands is highly attractive. Thus, 
despite    –    or perhaps as a result of    –    these challenges, a multitude of systems have 
been addressed. Consequently, although DCC has only been developed during 
a relatively short period of time, its potential in biological systems has been 
demonstrated in a number of examples (Table  5.2 ).   
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  Table 5.2    Applications of  DCC  with biological target species or self - recognition of biological constituents. 

   Target     Reversible 
chemistry  

   Library 
size  

   Hit(s)     Reference  

  Proteins                  

     enzymes                  

        trypsin    alcohol – boronate 
exchange  

  ND    tripeptidyl - boronate     [19]   

         carbonic anhydrase    transimination    12    sulfamoylbenzaldimine     [20]   

         carbonic anhydrase    metathesis    ND    bis - sulfonamide 
derivatives  

   [21]   

         carbonic anhydrase    transamidation    4    sulfonamide - containing 
dipeptide  

   [22]   

         carbonic anhydrase    transamidation    8    dipeptide     [23]   

        AChE    acyl hydrazone 
exchange  

  66    bis - pyridinium structure     [24]   

        AChE    transthiolesterifi cation    10    substrates     [25]   

        AChE    transthiolesterifi cation    25    substrates     [26]   

         HPr kinase/phosphatase    acyl hydrazone 
exchange  

  440    2 - aminobenzimidazole     [27]   

         cyclin - dependent kinase 2    hydrazone exchange    ND    oxindole structures     [28]   

        Aurora kinase    thiol – disulfi de 
exchange  

  ND    3 - amidobenzamide 
structure  

   [29]   

         glutathione  S  - transferase    conjugate addition    5    glutathione derivatives     [30]   

         glutathione  S  - transferase    conjugate addition    ND    inhibitors     [31]   

        neuraminidase    transimination     > 40000    Tamifl u analogs     [32]   

        neuraminidase    transimination    ND    Tamifl u analogs     [33]   

         hen egg white lysozyme    transimination    6     N  - acetylglucosamine 
derivative  

   [34]   

         hen egg white lysozyme    transimination    12     N  - acetylglucosamine 
derivative  

   [35]   

         P. cepacia  lipase    nitroaldol reaction    16     β  - nitroacetates     [36]   

         galactosyl transferase    transimination    ND    UDP - galactose mimics     [37]   

         galactosyl transferase    transimination    ND    UDP - galactose mimics     [38]   

        subtilisin    thiol – disulfi de 
exchange  

  3    thiocolchicine/
podophyllotoxin 
conjugates  

   [39]   

         β  - lactamase    thiol – disulfi de 
exchange  

  ND     N  - benzoyl -  D  - cysteine     [40]   

     other proteins                  

        anti -  β  - endorphin    transamidation    ND    peptides     [41]   
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   Target     Reversible 
chemistry  

   Library 
size  

   Hit(s)     Reference  

        fi brinogen    transamidation    ND    peptides     [41]   

         GalNAc - specifi c lectins    metal coordination    4    tris - GalNAc     [42]   

         GalNAc - specifi c lectins    metal coordination    4    tris - GalNAc     [43]   

        Con A    thiol – disulfi de 
exchange  

  21    bis - mannoside     [44]   

        Con A    acyl hydrazone 
exchange  

   > 474    tris - mannoside     [45]   

        peanut lectin    thiol – disulfi de 
exchange  

   > 10    divalent galactoside 
species  

   [46]   

         wheat germ agglutinin    thiol – disulfi de 
exchange  

  13     N  - acetylglucosamine 
derivative  

   [47]   

        Con A    thiol – disulfi de 
exchange  

  105    bis - mannosides     [48]   

        human galectins    thiol – disulfi de 
exchange  

  21    glycosyldisulfi des     [49]   

         gal - selective plant lectins    thiol – disulfi de 
exchange  

  21    glycosyldisulfi des     [49]   

         wheat germ agglutinin    aldol reaction    4    sialic acid     [50]   

         wheat germ agglutinin    aldol reaction    3    sialic acid     [51]   

        calmodulin    thiol – disulfi de 
exchange  

  15    inhibitor     [52]   

        gramidicin A    thiol – disulfi de 
exchange  

  3    disulfi de phospholipids     [53]   

  Nucleotides                  

     DNA    transimination/metal 
coordination  

  ND    salicylaldimine - Zn(II) 
complex  

   [54]   

     DNA    transimination    36    salicylaldimine - Zn(II) 
complex  

   [55]   

     RNA    metal coordination     > 27    salicylamide - Cu(II) 
complex  

   [56]   

     DNA/RNA    transimination    ND    oligonucleotide 
derivatives  

   [57]   

     DNA/RNA    transimination    15    oligonucleotide 
derivatives  

   [58]   

     DNA    thiol – disulfi de 
exchange  

  6    peptide derivatives     [59]   

     DNA    thiol – disulfi de 
exchange  

  54    peptide derivative     [60]   

Table 5.2 Continued.
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 As can be seen from Table  5.2 , nearly all different classes of biomolecules have 
been targeted, including enzymes and receptor proteins, oligonucleotides, and 
whole cells, and libraries have also been constructed using a range of different 
building blocks. Most of these have been based on non - natural construction ele-
ments, but attempts have also been made with amino acids, nucleotides, and 
carbohydrates. 

 In addition to biological macromolecules and cells, smaller entities such as cell 
surface ligands or other discrete substances may be targeted with receptor DCLs. 
Several of these reports have been discussed in Chapter  3  and will not be covered 
here. 

  5.4.1 
 Early Examples 

 Predecessors to the DCC concept and other fragment - based ligand discovery 
methods can be found in a variety of biological systems. Acyl hydrazone chemistry 
was for example used in a series of highly interesting studies by Rideout  et al . 
 [68 – 71] , proposing the concept of  “ self - assembling drugs, ”  where fragments of 
inhibitors for different enzymes were assembled  in situ  through acyl hydrazone 
formation (Scheme  5.1 a). Reversibility of the acyl hydrazone bond was in this case 
not an issue, but the reaction type was rather used as a means to chemoselectively 

   Target     Reversible 
chemistry  

   Library 
size  

   Hit(s)     Reference  

     RNA    thiol – disulfi de 
exchange  

  11325    peptide derivatives     [61]   

     RNA    transimination     > 1015    oligonucleotide 
derivatives  

   [62]   

     DNA    thiol – disulfi de 
exchange  

  7    polyamides     [63]   

     DNA    thiol – disulfi de 
exchange  

  5    oxazole - peptide 
macrocycles  

   [64]   

  Cells                  

     MRSA    thiol – disulfi de 
exchange  

  3828    psammaplin A analogs     [65]   

     Ac 2  -  L  - Lys -  D  - Ala -  D  - Ala    metathesis/thiol –
 disulfi de exchange  

  36    vancomycin dimers     [66]   

     Ac 2  -  L  - Lys -  D  - Ala -  D  - Ala    metathesis/thiol –
 disulfi de exchange  

  36    vancomycin dimers     [67]   

   ND, not determined.   

Table 5.2 Continued.
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     Scheme 5.1     Early examples of potentially dynamic systems targeting biological entities. See 
text for details PKC, protein kinase C.  

generate the active drug from nonactive fragments at the site of action. This strat-
egy bears some resemblance to what has been proposed to be  in situ  synthesis of 
activated ligand fragments in enzyme - binding sites  [72, 73]     –    the  in situ   “ click ”  
approach  [74 – 78] , mentioned above. Another early example was presented by 
Goodwyn and Lynn  [79] , employing reversible imine formation, and subsequent 
reduction, in DNA - templated oligonucleotide synthesis (Scheme  5.1 b). In these 
cases, however, no libraries were actually generated and a system that bears more 
resemblance to the DCC concept was presented by Stroud  et al .  [19]  in a strategy 
called episelection. Tripeptides carrying a terminal boronate group were crystal-
lized in the presence of trypsin and a few simple alcohols    –    methanol, ethanol, or 
isopropanol    –    and the enzyme could preferentially select one of the boronic esters 
formed (Scheme  5.1 c).   
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 A factual demonstration of the DCC concept in a biological system, although 
without a comprehensive conceptual discussion, employed protease - catalyzed 
transamidation to generate ligands to  β  - endorphin (Figure  5.12 )  [41] . A broadly 
specifi c protease (thermolysin) was used together with short peptides (YGG   +   FL) 
in a water - rich organic media to establish simultaneous synthesis and hydrolysis, 
and a peptide library was in this way generated. The process was subsequently 
performed in presence of a monoclonal antibody specifi c for the N - terminus of 
 β  - endorphin (YGGFL), and binding peptides could be selected and amplifi cation 
detected. To protect the antibody from digestion, a semipermeable membrane was 
used to compartmentalize the scrambling process from the recognition process. 
Another biological entity targeted using the same principle was fi brinogen, also 
able to select discrete peptides from the transamidation pool  [41] .    

  5.4.2 
 Proteins 

  5.4.2.1   Enzymes 
 In comparison to other biomacromolecules, enzymes have been the most attrac-
tive targets for DCC protocols. Biocatalysts are preferred for several reasons. (i) 
They are obviously integral parts of important biochemical pathways that may be 
of pharmacological relevance. (ii) They are often soluble entities that can be 
expressed in larger amounts, some of which commercially available. (iii) They offer 
very attractive features from an analytical point of view and inhibition can be easily 

     Figure 5.12     Generation and screening of  β  - endorphin peptides generated by protease -
 catalyzed transamidation.  
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     Scheme 5.2     Identifi cation of carbonic anhydrase inhibitor by dynamic reductive amination.  

monitored even with small amounts of protein. These are some reasons why 
several examples have addressed enzymes as targets. 

 In a sense, the seminal account on the use of enzymes in DCC employed car-
bonic anhydrase, a Zn(II) - containing enzyme involved in the interconversion 
between CO 2  and bicarbonate (Scheme  5.2 )  [20] . As mentioned above, imine for-
mation and exchange (transimination) are especially attractive reactions that are 
fairly compatible with water, characterized by rapid formation and fast exchange 
rates. This chemistry was thus adopted, and an imine system based on three dif-
ferent aldehydes and four different primary amines, resulting in a library of 12 
different imine constituents, was generated. One of the possible combinations in 
the DCL was chosen to resemble known inhibitors of this enzyme and the library 
contained a sulfonamide group, potent in interacting with the Zn(II) - binding site, 
as well as lipophilic moieties for potential interactions with the neighboring hydro-
phobic site. An excess of amine was applied in order to overcome the effects from 
amino groups at the surface of the enzyme, otherwise potentially participating in 
the imine generation. In addition, cyanoborohydride was added to freeze out the 
formed imines by reduction to the corresponding secondary amines, thus demon-
strating the postmodifi cation strategy mentioned above. The designed imine com-
bination was found to bind preferentially to the enzyme and its formation was 
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furthermore markedly amplifi ed with respect to the concentration in the absence 
of any protein.   

 Carbonic anhydrase is a reasonably well - behaved, low - cost protein that is espe-
cially suited for model studies and this enzyme has been further targeted with 
other protocols. For example, bovine carbonic anhydrase II was more recently 
screened with a DCL prepared using alkene cross - metathesis  [21] . In this case, the 
sulfonamide recognition motif, functionalized as an allyl ester, was combined with 
a collection of vinyl -  or allyl - derivatized components. Cross - metathesis using fi rst -  
or second - generation Grubbs catalysts then produced a DCL of different alkene 
structures. The enzyme was in this case allowed to interact with the library after 
the metathesis, in a pre - equilibrated strategy, and several combinations with prom-
ising binding affi nities could be identifi ed (Figure  5.13 ).   

 This enzyme has also been subjected to the deletion strategy mentioned above 
 [22, 23] . Series of sulfonamide - containing dipeptides were allowed to interact with 
carbonic anhydrase and the binding monitored. When a protease was added in a 
second compartment, separated from the recognition by a semipermeable mem-
brane, the less active dipeptides were hydrolyzed faster than the more active 
dipeptides. In this way, the identifi cation of the best binder could be more easily 
discerned. In the fi rst example, the total amount of dipeptides was gradually con-
sumed in the process, thus reducing the signal. This was addressed in the second 
study  [23] , when a third compartment was introduced in which the dipeptides were 
continuously synthesized (Figure  5.14 ).   

  Acetylcholinesterase  ( AChE ), a serine hydrolase that catalyzes the hydrolysis of 
the neurotransmitter acetylcholine to acetate and choline at neuromuscular syn-
apses, is another well - studied enzyme. This enzyme has two binding sites, both 
of which are selective for positively charged functionalities, such as quaternary 
ammonium groups. One active site is located at the bottom of a deep gorge and 
a so - called peripheral site is situated near the rim of this gorge. By bridging the 
two sites, very effi cient inhibitors can be found and the AChE from the electric 
ray  Torpedo marmorata  was fi rst targeted using an acyl hydrazone system in a pre -
 equilibrated system (Figure  5.15 )  [24] . A DCL composed of interconverting acyl 
hydrazones was generated starting from 13 different hydrazide and aldehyde 
building blocks, some of which contained quaternary ammonium groups, forming 
a library of 66 different species. Of all possible acyl hydrazones formed, active 
compounds containing two terminal cationic recognition groups separated by a 
spacer of appropriate length could be rapidly identifi ed using a dynamic deconvo-
lution procedure based on the sequential removal of starting building blocks. A 

     Figure 5.13     Examples of inhibitors identifi ed from a DCL targeting carbonic anhydrase.  
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     Figure 5.14     Deletion method to carbonic anhydrase inhibitors.  

very potent bis - pyridinium inhibitor with a  K  i  value in the nanomolar range was 
selected from the process ( K  i    =   1.09   nM,  α  K  i    =   2.80   nM) and the contribution of 
various structural features could be evaluated.   

 The DCR concept of applying kinetic resolution to DCLs was also applied to 
AChE  [25, 26] . In this case, transthiolesterifi cation was fi rst used in DCL genera-
tion and libraries could be effi ciently formed at neutral pH in aqueous buffer 
systems. Treatment of the thiolester DCL with the enzyme AChE resulted in the 
best substrates being fi rst recognized by the enzyme and subsequently hydrolyzed 
(Scheme  5.3 ). This resulted in loss of the acyl component from the DCL and forced 
the DCL to reconstitute to generate more of the hydrolyzed species. Over time, 
two of the thiolesters, the acetyl and propionyl thiocholine, respectively, were 
selected by the enzyme, with the acetyl species being more rapidly hydrolyzed than 
the propionyl counterpart. After prolonged reaction times, less adapted esters were 
also affected, whereas all other thiolesters remained untouched in accordance with 
the known specifi city of the enzyme. The screening of the DCL proved in this case 
straightforward, enabling both the identity of the enzyme substrates and the rela-
tive order of effi ciency to be established. In addition, 100% selection/amplifi cation 
was achieved for the selected thiolesters. The DCR process was also tested for a 
range of other hydrolases under the same set of conditions, including butyrylcho-
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     Scheme 5.3     AChE targeted with a dynamic thiolester DCR protocol.  

     Figure 5.15     Dynamic acyl hydrazone libraries targeting AChE. A highly potent bis - pyridinium 
compound could be identifi ed.  
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     Scheme 5.4     Dynamic acyl hydrazone libraries targeting HPr kinase. A potent bis - cationic 
compound could be identifi ed.  

linesterase, horse liver esterase,  Candida cylindracea  lipase,  β  - galactosidase, trypsin, 
and subtilisin, where the substrate selectivities could be effi ciently probed.   

 Kinases represent one of the most targeted classes of enzymes in drug discovery, 
often being key enzymes in important biochemical pathways. They are also espe-
cially challenging, owing to the fact that the phosphoryl donor site is very similar 
between the enzymes. Nevertheless, kinases have also been targeted with DCC 
protocols. In the fi rst example, acyl hydrazone exchange was chosen to generate 
ditopic heterocycle DCLs against HPr kinase/phosphatase, a serine kinase/phos-
phatase active in bacterial carbohydrate metabolism  [27] . The libraries were in this 
case composed of all combinations resulting from the dynamic interconversion 
of 21 hydrazide and aldehyde building blocks, resulting in libraries containing up 
to 440 different constituents together with the starting components (Scheme  5.4 ). 
Of the acyl hydrazones formed in this case, active lead compounds containing 
two terminal cationic heterocyclic recognition groups separated by a spacer of 
appropriate structure could be rapidly identifi ed using a dynamic deconvolution 
procedure.   

 Another kinase, cyclin - dependent kinase 2, was targeted using the DCX approach 
(Scheme  5.5 )  [28] . The DCL was in this case based on phenyl hydrazone intercon-
version between a series of phenylhydrazines and a corresponding series of isatins. 
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The library could in this study be generated in a dimethyl sulfoxide - rich solvent 
mixture, a prerequisite for not damaging the protein crystals, and the crystals were 
directly soaked with the DCL solution. By following the electron - density maps in 
the crystallography setup, the best binders could be identifi ed and several oxindole 
structures with inhibitory activities in the nanomolar range were found.   

 A recent method relying on the  “ tethering ”  approach mentioned above targeted 
Aurora kinase, an enzyme that has shown signifi cant roles in regulating mitosis 
 [29] . An extension to the original approach was described, where the irreversible 
action of an extender unit is replaced with a disulfi de, enabling reversible cysteine 
modifi cation. A second disulfi de moiety of the extender can then reversibly interact 
with other DCL components and combinations showing affi nity to the target be 
detected. The DCLs were generated from a diaminopyridine - based bis - disulfi de 
extender together with sets of 10 different disulfi des and the cysteine - modifi ed 
Aurora kinase. Very few hits were identifi ed overall, owing to the simultaneous 
requirement for two disulfi de bonds, of which a 3 - amido - benzamide structure 
could be identifi ed and further studied (Figure  5.16 ).   

 Glutathione  S  - transferase, a dimeric enzyme catalyzing the conjugation of glu-
tathione to a variety of xenobiotic substances such as prostaglandins and quinones, 
was targeted with a stoichiometric strategy using a DCL based on conjugate addi-
tion of thiols to enones  [30, 31] . The thiols were analogs of glutathione and 
ethacrynic acid was used as the basic structure/scaffold for the enones. DCLs were 
generated and screened towards the transferase, and relatively potent inhibitors 
could be indentifi ed (Scheme  5.6 ).   

     Scheme 5.5     DCX applied to  cyclin - dependent kinase 2  ( CDK2 ).  
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     Figure 5.16     Identifi cation of Aurora kinase inhibitors applying a bis - thiol extender to the 
tethering approach.  

 The most extensive testing of DCC in drug discovery was performed against the 
enzyme neuraminidase, one of the key enzymes in infl uenza virus activity (Scheme 
 5.7 )  [32, 33] . Dynamic reductive amination and the stoichiometric strategy were 
in this case used, generating very large imine libraries (theoretically more than 
40   000 constituents) initially comprising the scaffold molecule and 20 aldehydes. 
Both aldehydes and ketones could, however, be used as components in the DCL. 
The DCL components were in part inspired by previous structure – activity relation-
ship studies of the enzyme and in part based on a known drug against the enzyme 
(Tamifl u  ®  ). Highly potent neuraminidase inhibitors, showing resemblance to the 
Tamifl u structure, could be identifi ed from the campaign. The best inhibitor was 
found to be a monosubstituted amine from an aromatic aldehyde, with a  K  i  value 
of 1.6    μ M. In a second - generation library, the scaffold structure was modifi ed to 
compensate for the prevalence of monosubstituted hits, by which the amplifi ed 

     Scheme 5.6     DCL from glutathione and ethacrynic acid derivatives. Species were selected 
from targeting the DCLs with glutathione  S  - transferase.  
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components had  K  i  values as low as 4.0   nM. Although the Tamifl u scaffold was 
used as a structural base, this study demonstrates the potential of DCC in true 
drug discovery. The virtual character of the library (i.e., the absence of visible 
constituents from the library) was in this case also very conspicuous and the best 
hits could only be detected upon reduction in the presence of enzyme. Very large 
amplifi cation effects (above 100) were thus recorded.   

 Lysozyme, a group II glycosidase involved in peptidoglycan degradation in cleav-
ing  N  - acetyl - glucosamine oligomers (chito - oligosaccharides) into their smaller 
units, was targeted using the postmodifi cation strategy with transimination. 
4 - Methylumbelliferyl - labeled  β  - D - Glc or  β  - D - GlcNAc scaffolds carrying primary 
amino groups in the 4 - positions, were employed to form DCLs with a series of 
aromatic aldehydes (Scheme  5.8 )  [35] . One of the reduced imine combinations 
showed inhibitory properties ( K  i    =   0.6   mM), on a par with the known inhibitor 
chitotriose. In an interesting follow - up study  [34] , the same system was used to 
monitor the formation of the imines rather than the amines formed after reduc-
tion. This could be achieved by freezing the equilibration by a rapid drop in pH 
and instantaneous high - performance liquid chromatography analysis. It could 
thus be shown that the parent imine was selected by the enzyme with a  K  i  value 
of approximately 0.16   mM.   

     Scheme 5.7     Imine - based DCL targeting neuraminidase.  
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     Scheme 5.8     Imine - based DCL targeting lysozyme.  

     Scheme 5.9     Dynamic combinatorial resolution of nitroaldol DCL (ee, enantiomeric excess).  

 Lipases are a family of enzymes that, in addition to their hydrolytic activity on 
triglycerides, also catalyze (trans)esterifi cation reactions. They recognize a broad 
range of unnatural substrates in either aqueous or nonaqueous phase, have a high 
commercial availability, do not require expensive cofactors, and are easily recover-
able. These factors make lipases especially interesting and they have been used 
extensively in, for example, asymmetric synthesis. The lipase from  Pseudomonas 
cepacia  was also targeted in a dynamic combinatorial resolution - type protocol  [36] . 
Based on the effi cient nitroaldol (Henry) reaction, DCLs of aldehydes, nitroal-
kanes, and  β  - nitroalcohols could be easily generated (Scheme  5.9 ).   
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     Figure 5.17     Combinations of a uridine derivative with aromatic diamines selected from an 
imine DCL targeting  α 1 – 3 - galactosyltransferase.  

 In the DCR protocol using lipase as selector, selective  β  - nitroalcohol acylation 
was subsequently performed, yielding the corresponding acetylated products. Two 
products from the DCL were resolved by the process, where the major product 
proved to be the ester produced from 3 - nitrobenzaldehyde and 2 - nitropropane. 
The nitroaldol - lipase DCR process could, however, not only amplify specifi c  β  -
 nitroalcohol derivatives, but also lead to their asymmetric discrimination. The 
enantioselectivity of the process proved very high, resulting in high enantiomeric 
purity of the products. The ( R ) - enantiomer of the ester was thus resolved to 99% 
enantiomeric excess. 

 Galactosyltransferases were targeted in two studies  [37, 38] . The glycosyltrans-
ferase family of enzymes are active in the glycosylation of a variety of acceptors, 
using activated phosphate donors, and are important targets for glycobiological 
studies. Similar to the kinases, the enzymes are challenging targets for drug dis-
covery, since their three - dimensional structures are often unknown and the nucle-
otide part of the donor is a common motif for several members of the family. In 
the reported studies, an imine - based system was used in combination with reduc-
tive amination. Nucleoside and carbohydrate aldehydes were combined with 
diamines of varying length, generating an imine DCL that was subjected to an 
 α 1 – 3 - galactosyltransferase. Combinations from the uridine derivative with aro-
matic diamines were selected (Figure  5.17 ), which after reduction resulted in 
 half - maximal inhibitory concentration  ( IC 50  ) values in the millimolar range. Sub-
stitution for the diamines by monoamines resulted in improved selection, as 
demonstrated for another DCL. Interestingly, the enzyme could be used in non-
stoichiometric amounts, otherwise necessary in this protocol, probably due to the 
fact that the reduced imines were signifi cantly less bound by the enzyme than the 
parent imines. The DCL could also be used to select different binders when  β 1 – 4 -
 galactosyltransferase was targeted, where instead aliphatic amines were selected.   

 In a study of slightly more preliminary character, subtilisin and albumin were 
targeted with a disulfi de - based DCL containing derivatives of thiocolchicine and 
podophyllotoxin  [39] . Rather than targeting the binding site of the proteins, the 
aims of the study were to generate the disulfi de library and to monitor the DCL 
dependence in presence of a protein. The choice of proteins were in this case based 
on the stability in water - poor organic solvents. From a three - membered DCL, it 
was also found that both subtilisin and albumin quenched the formation of the 
heterodimer, and that both the homodimers were favored (Figure  5.18 ).   
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     Figure 5.18     Homodimers favored by subtilisin and albumin.  

 In a recent account, thiol – disulfi de interchange chemistry was applied to ligand 
discovery with the BcII metallo -  β  - lactamase from  Bacillus cereus , an enzyme that 
is important in  β  - lactam antibiotic resistance  [40] . A dynamic combinatorial  mass 
spectrometry  ( MS ) approach was proposed, employing a generic component that 
was strongly complexed to the active site zinc ions and also able to form disulfi des 
with other thiols. Electrospray ionization - MS was then used to directly analyze the 
enzyme - bound disulfi des under nondenaturing conditions. This approach enabled 
the identifi cation of an  N  - benzoyl - D - cysteine - derived inhibitor, showing a  K  i  value 
below 1    μ M (Figure  5.19 ).    

  5.4.2.2   Other Proteins 
 Proteins other than enzymes have been targeted with DCC systems on a number 
of occasions. As is the case for enzymes, mainly easily accessible (commercially 
available) proteins have been used, whereas in some instances proteins of more 
precious character have been challenged with the technique. 

 In addition to studies with carbohydrate - processing enzymes such as trans-
ferases and hydrolases, carbohydrate - binding proteins have also been targeted. In 
an early example, a prototype DCL was constructed using metal coordination and 
allowed to interact with different plant lectins (Scheme  5.10 )  [42, 43] .  N  - acetyl - D -
 galactopyranoside (GalNAc) groups were attached to a bipyridine unit and four 
different trivalent tris - bipyridine complexes were formed after addition of Fe(II) 
ions. The formed DCL was subsequently screened against lectins specifi c for 
GalNAc, including the  Vicia villosa  B4 (hairy vetch) and the lectin from  Glycine 
max  (soybean); one of the complexes was in each case selected.   

 In another example, disulfi de interchange was used to generate a bivalent car-
bohydrate library (Scheme  5.11 )  [44] . Starting from a range of different thiol -
 derivatized carbohydrates, ditopic DCLs of up to 21 different disulfi de species were 
easily generated. When screened against the plant lectin from common Jack bean, 

     Figure 5.19     Thiol ( N  - benzoyl -  D  - cysteine) selected from a DCL targeting BcII 
metallo -  β  - lactamase.  
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     Scheme 5.11     DCL of disulfi de - containing carbohydrate structures. A bis - mannoside was 
selected in the presence of the Jack bean lectin Con A.  

 Concanavalin A  ( Con A ), immobilized on solid - support, a bis - mannoside structure 
was selected. Generation of the library was performed at neutral to slightly basic 
pH, where the redox exchange is rapid, and the exchange could effi ciently be 
stopped by lowering the pH.   

     Scheme 5.10     Dynamic generation around a metal - coordination center targeting GalNAc -
 specifi c plant lectins.  
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     Figure 5.20     Tris - mannoside structure identifi ed from acyl hydrazone DCL targeting Con A.  

     Figure 5.21     Selected divalent galactoside species capable of interacting with 
the peanut lectin.  

 Acyl hydrazone exchange has also been probed as reversible chemistry for the 
generation of oligotopic and directional carbohydrate DCLs of larger size  [45] . 
Here, carbohydrate - derivatized benzaldehyde functionalities were allowed to inter-
act with hydrazides of different topology and structure, generating libraries com-
posed of more than 400 different acyl hydrazones. When screened against the 
plant lectin Con A, used as a model carbohydrate - binding protein, a trivalent tris -
 mannoside structure could be identifi ed (Figure  5.20 ). Detailed binding studies 
estimated a relatively strong binding affi nity with an IC 50  of 22    μ M from a solid -
 phase assay, comparable to the natural trimannoside ligand for the protein.   

 Several research groups have independently probed disulfi de DCLs of similar 
structure in part based on 1 - thiosaccharides and other thiols. For example, proto-
type disulfi de - linked glycopeptide libraries were constructed from 1 - thiosaccha-
rides and cysteine - rich oligopeptide building blocks, affording DCLs composed of 
various carbohydrate – peptide conjugates and cyclic peptides  [46] . Preliminary 
surface plasmon resonance analyses suggested that a 1 - thiogalactose - derived 
library contained divalent galactoside species capable of interacting with the 
peanut lectin (Figure  5.21 ).   

 Another account describes a similar system, where 1 - thiosaccharides and 
cysteine - containing oligopeptides were allowed to form prototype disulfi de glyco-
peptide DCLs  [47] . In this case, wheat germ agglutinin was instead targeted and 
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MS analyses revealed the amplifi cation of an  N  - acetylglucosamine - peptide disulfi de 
(Figure  5.22 ), as expected for this protein.   

 These studies made use of 1 - thiosaccharides, and in principle DCLs built from 
carbohydrate structures where hydroxyl functionalities are replaced by thiol group, 
are structurally compact and can result in disulfi de adducts more closely resem-
bling natural glycosides. This was also probed in carbohydrate – lectin interactions, 
using the plant lectin Con A as target species  [48] . The DCLs were generated from 
a pool of thiosaccharides and a range of additional noncarbohydrate thiol compo-
nents through reversible thiol – disulfi de interchange, and screened using an effi -
cient method based on a quartz crystal microbalance setup. It was found that 
dimers based on 1 - thio -  and 6 - thio - mannose analogs were the most active inhibi-
tors (Figure  5.23 ), the latter of which in part analogous to the native ligand for this 
lectin.   

 In a second study with a similar DCL  [49] , more physiologically relevant systems 
were targeted. Lectins with specifi city towards galactose, fucose, or  N  - acetylgalac-
tosamine, respectively, were tested in solid - phase assays and probed as inhibitors 
in lectin – tumor cell interactions. A human endogenous lectin (galectin - 3), involved 
in tumor spread and cardiac dysfunction, was for example probed by the DCLs. 
 N  - acetylgalactosamine was pinpointed as the most important building block of 
libraries for the human lectin and the digalactoside as the most potent compound 
acting on the toxic viscumin. This was shown by a series of inhibitory experiments 
between viscumin and human B lymphoblastoid line Croco II (Figure  5.24 ).   

 Highly intriguing accounts on enzymatic DCL generation applied to a carbohy-
drate - binding protein have also been reported  [50, 51] . Using the  N  - acetyl-
neuraminic acid aldolase (sialic acid aldolase), reversible aldol addition of three or 
four different carbohydrates to pyruvate was catalyzed, yielding small DCLs of 

     Figure 5.23     Glycosyldisulfi des identifi ed from a DCL targeting Con A.  

     Figure 5.22      N  - acetylglucosamine - peptide disulfi de selected from a disulfi de DCL targeting 
wheat germ agglutinin.  
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     Figure 5.24     Disulfi de DCL targeting the interaction between viscumin and the human 
B - lymphoblastoid line Croco II.  

     Scheme 5.12     DCL generated by sialic acid aldolase targeting wheat germ agglutinin.  

three or four new adducts of which one was sialic acid. When this library was 
probed against wheat germ agglutinin, the formation of sialic acid increased in 
comparison to the two other adducts (Scheme  5.12 ).   

 Calmodulin is a calcium - binding protein that regulates several biologically 
important processes by interacting with various proteins. This protein was targeted 
with a disulfi de - based DCL in a pre - equilibrated strategy  [52] . A DCL generated 
from fi ve cysteine - based derivatives was allowed to interact with the protein in the 
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presence and absence of calcium ions. Two of the combinations were identifi ed 
in the process, of which a sulfonamide structure showed the highest affi nity 
(Figure  5.25 ).   

 In an interesting study, gramicidin A, a bacterial channel - forming antibiotic, 
was used to infl uence the equilibrium distribution of a DCL - like system  [53] . A 
mixture of two disulfi de - based phospholipids was used to form vesicles. When the 
disulfi de - based dimers were allowed to undergo monomer exchange in the pres-
ence of channel - forming gramicidin A, the phospholipids were left in a randomly 
arranged state, whereas a preference for the homodimers occurred for the non -
 channel - forming species. The study points to the ability of gramicidin A to com-
municate its conformation to the surrounding phospholipids.   

  5.4.3 
 Nucleotides 

 In addition to enzymes and other proteins, DNA and RNA have been successfully 
targeted with DCC systems in several studies. Oligonucleotide duplex formation 
is a highly effi cient means to generate stable complexes even at very low concentra-
tion and these complexes can be easily studied by a range of different analytical 
methods. 

 However, selective and high - affi nity recognition of RNA and DNA by small mol-
ecules is not a trivial task, and dynamic combinatorial approaches can in principle 
accelerate the discovery process. The fi rst true examples in this area involved metal 
coordination as a useful means to generate diversity under controlled conditions 
(Scheme  5.13 )  [54, 55] . As mentioned, metal coordination interactions are useful 
for DCL formation and in some cases suffi ciently prone to scrambling in aqueous 
media. In these examples, Zn(II) was used in combination with libraries of salicy-
laldimines and probed against binding to double - stranded oligo(A – T) nucleotides. 
Dynamic combinations of the different Zn(II) complexes could be generated and 
one of the species showed higher binding than all other library constituents. A 
binding constant in the lower micromolar range could also be recorded.   

 Similar DCLs were subsequently generated and screened against RNA  [56] . In 
this case, Cu(II) was used to coordinate salicylamides, forming at least 27 square 
planar mono -  and bis - salicylamide complexes. The DCL was probed against an 
RNA hairpin structure derived from the GTP - binding P7 helix from the  Pneumo-
cystis carinii  group I intron. Equilibrium dialysis was adopted as a technique to 
facilitate library screening and a Cu(II) - histidine salicylamide complex could be 

     Figure 5.25     Bis - sulfonamide structure selected from a disulfi de DCL targeting calmodulin.  
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     Scheme 5.13     DCL of Zn(II) complexes interacting with duplex DNA.  

identifi ed. Detailed analysis of the interaction revealed a binding constant of 
50   nM. 

 In two interesting contributions, a resin - bound DCC method was adopted where 
the library components were covalently attached to a solid support and allowed to 
equilibrate in the presence of a labeled target. Resin beads bearing the labeled target 
were easily isolated and the active components could be identifi ed  [60, 61] . In the 
fi rst application, selection of DNA - binding constituents was made using a thiol –
 disulfi de approach based on the octadepsipeptide family of bis - intercalating DNA 
binding agents reported to bind DNA in the minor groove through bis - intercala-
tion. Two model DNA sequences were screened, and one of the homodimers were 
identifi ed to show affi nity in the micromolar range to one of the DNA structures. 
Later, the synthesis and evaluation of a very large DCL (more than 11   000 constitu-
ents) targeting the  human immunodefi ciency virus  ( HIV ) - 1 frameshift regulatory 
stem – loop RNA critical to HIV proliferation was described using the same method 
 [61] . Again, DNA - binding analogs of the bis - heterocyclic octadepsipeptide family 
of nucleotide - binding natural products were used, able to form disulfi de linkages. 
From this library, a constituent was identifi ed that binds the target RNA showing 
high selectivity and affi nity in the micromolar range (Figure  5.26 ).   

 In a series of studies, quadruplex DNA was targeted  [59, 63, 64] . In the fi rst of 
these, a prototype disulfi de DCL consisting of six possible disulfi de combinations 
was allowed to interact with a human telomeric quadruplex DNA. Two constituents 
were selected by the process, of which one was an expected combination of an 
acridone unit, designed to interact with the terminal G tetrad of a parallel quad-
ruplex, and a tetrapeptide sequence, known to have quadruplex recognition proper-
ties. The other hit was more surprisingly the tetrapeptide dimer (Scheme  5.14 ).   
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 In a second study, selection of distamycin - type structures was performed using 
a similar protocol. In this case, three different thiol - derivatized oligoamides, con-
taining one, two, or three  N  - methylpyrrole groups, respectively, were prepared and 
allowed to form a 10 - member disulfi de DCL together with glutathione. Two DNA 
structures were targeted: a four - stranded intramolecular G quadruplex formed by 
human telomeric DNA and an A/T - rich duplex DNA sequence identifi ed in the 
promoter region of the oncogene c -  kit . Three of the combinations of the longer 
ligands were identifi ed from the DCC process, moderately amplifi ed in presence 
of the quadruplex, but more pronounced in presence of the duplex. In the most 

     Scheme 5.14     Disulfi de identifi ed to interact with a human telomeric quadruplex DNA.  

     Figure 5.26     Selected disulfi de from DCL targeting the HIV - 1 frameshift regulatory 
stem – loop RNA.  
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     Figure 5.27     Selection of small - molecule conjugated RNA aptamers that bind tightly to the 
TAR element of HIV - 1  

recent study, two different G quadruplex structures, derived from G - rich sequences 
of the promoters of c -  kit  and c -  myc  proto - oncogenes, respectively, were targeted 
with disulfi de - type DCLs. A thiol - derivatized oxazole - peptide macrocycle, known 
to interact with quadruplexes, was used as a generic interaction partner and a 
series of other thiols of various structures, with different potential for hydrogen -
 bonding and charge interactions, was applied. Several of the disulfi des could be 
identifi ed as ligands for the quadruplexes, of which combinations of the generic 
macrocycle with guanidine - containing thiols proved most effi cient. 

 Following the early study discussed above  [79] , oligonucleotides have been deri-
vatized as amines and the resulting diamino - duplexes allowed to form imines with 
a series of aldehydes  [57, 58] . In one example, a loop – loop complex, also known 
as a  “ kissing ”  complex, displaying fundamental base - pairing complementarity and 
a constrained three - dimensional structure, was targeted. The DCL consisted of a 
14 - nucleotide aptamer in which a ribonucleotide in the loop was replaced by a 
2 ′  - amino - derivatized nucleotide together with three non - nucleotidic aldehydes. 
This was allowed to interact with a stoichiometric amount of a 27 - nucleotide form 
of the  transactivation - response element  ( TAR ) RNA hairpin loop of HIV - 1. Reduc-
tive amination of the DCL was applied and the increased formation of one of the 
different combinations could be shown. In a later proof - of - principle study  [62] , the 
concept was extended and the combinatorial SELEX (Systematic Evolution of 
Ligands by Exponential Enrichment) method to DNA/RNA aptamers was directly 
combined with the reversible imine formation. The process led to the selection of 
modifi ed aptamers, conjugated to a range of non - nucleotidic aldehydes. The 
method proved successful for the selection of small - molecule conjugated RNA 
aptamers that bind tightly to the TAR element of HIV - 1 (Figure  5.27 ).    

  5.4.4 
 Cells 

 The DCC concept is not restricted to discrete (macro)molecules, but DCLs can 
also be used to target whole cells. This was fi rst demonstrated with a disulfi de -
 based DCL using the pre - equilibrated approach  [65] . Based on studies of the 
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     Figure 5.28     Psammaplin A and identifi ed structures.  

marine natural product psammaplin A, an antibacterial agent potent against 
 methicillin - resistant  Staphylococcus aureus   ( MRSA ), a very large ditopic library 
composed of more than 3000 constituents was designed. Extensive screening of 
the DCL towards MRSA resulted in the identifi cation of several lead compounds 
of higher activity than the parent psammaplin A structure (Figure  5.28 ).   

 That cell - surface determinants can be targeted with the DCC technique was 
shown in interesting studies where the bacterial cell wall peptide D - Ala – D - Ala was 
probed  [66, 67] . A DCL based on vancomycin - derived components was used and 
the libraries were made by linking two peptide - binding units by a linker chain. 
The vancomycin dimer is known to bind to its ligand more effi ciently than the 
corresponding monomer, and by varying the linker unit, an optimal distance and 
structure could be identifi ed. Both alkene metathesis and disulfi de interchange 
were used to introduce reversibility in the system, and libraries of up to 36 
members were effi ciently generated in a pre - equilibrated strategy. The resulting 
library constituents were subsequently tested for antibacterial activity against a 
series of vancomycin - resistant bacterial strains and several of the library compo-
nents were found active (Figure  5.29 ).     

  5.5 
 Conclusions and Future Prospects 

 In conclusion, it has become evident that DCC is a useful tool for the generation 
of complex chemical diversity, directly able to interrogate biological target entities. 
Although the technique is still in its early development phase, a multitude of 
examples have been presented that show its potential. Thus, a variety of enzymes 
and other proteins have been targeted, as well as DNA/RNA and even cellular 
systems. The fi eld is at present in rapid progress, with new biological species being 
targeted and expanding the frontier of the whole concept. Some challenges still 
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     Figure 5.29     Vancomycin dimers targeting cell surface peptides. X – X   =   S – S, CH = CH.  
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persist, however, especially concerning the dynamic chemistry involved, where an 
improved variety of chemoselective reversible reactions are needed. Controllable 
and rapid chemistries that are entirely compatible with biological conditions, such 
as solvent, pH, temperature, and so on, and that show no interference with the 
targets are especially desired. Furthermore, more compact dynamic elements are 
desirable since biological receptor sites are often quite limited in size, capable of 
accommodating rather small ligands. 

 Still, the dynamic ligand assembly concept has indeed opened new perspectives 
in drug discovery processes, offering a versatile and rapid targeting method 
endowed with self - screening capability. It furthermore exemplifi es the concept 
of informed molecular diversity where the chosen target entity drives the forma-
tion of its own ligand. It thus plays a major role in the emergence of adaptive 
chemistry  [80] .  
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  6 
Polymers Formed by Dynamic Combinatorial Chemistry  
  Jean - Luc   Wietor  ,   Nicole E.   Botterhuis  , and   Rint P.   Sijbesma         

  6.1 
 Introduction 

 Applying the principles of  dynamic combinatorial chemistry  ( DCC ) in polymers 
is a highly promising approach to functional systems that takes advantage of many 
of the specifi c features of long - chain molecules. Key elements of DCC    –    diversity, 
reversibility, and the possibility for molecular recognition via multiple interac-
tions    –    are either innately present or can be engineered in polymers. Polymers have 
intrinsic diversity because even the best polymerization techniques give rise to a 
signifi cant dispersion in the degree of polymerization. Particularly when the 
polymer chain is formed by reversible linking of monomers, the statistics of the 
polymerization process lead to a  “ most probable distribution ”  of chain lengths 
with a high polydispersity, also known as the Flory distribution  [1] . Diversity is 
further enhanced by the wide variety of monomers that can be used to make 
copolymers, giving rise to a huge number of sequences of even a single chain 
length. (As an example the combinatorial synthesis of a 20mer oligopeptide from 
a mixture of 20 natural amino acids would theoretically give rise to a library with 
a size of 20 20  molecules    –    more molecules than can be made out of 1   kg of each of 
the amino acids.) 

 The second key element of DCC    –    reversibility    –    is a feature that is intrinsic to 
many polymers, specifi cally those that are formed by step polymerizations. 
Although the conditions under which bond formation takes place for the most 
common functional groups (esters, amides) are quite harsh, a large variety of 
bonding forming reactions that are reversible under mild conditions have been 
studied recently and have become known under the name of dynamic covalent 
chemistry. Reversibility is an even more prominent feature of supramolecular 
polymers    –    polymers in which the monomeric units are held together by noncova-
lent bonds. 

 Finally, the third key element of DCC    –    molecular recognition via multiple inter-
actions    –    is a fundamental feature of polymers. Due to their size and architectural 
fl exibility, polymers are able to combine a large number of molecular recognition 
sites in virtually any spatial arrangement    –    the abundance of nucleic acids and 
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proteins for molecular recognition in natural systems refl ects the intrinsic cap-
ability of polymers for selectivity and strong binding of a wide variety of guest 
molecules. 

 Despite these favorable characteristics, relatively few systems have been described 
that combine all key elements of DCC in a single system and the potential of 
dynamic combinatorial libraries ( dynamic combinatorial library   DCL s) of poly-
mers is just beginning to be explored. The current chapter outlines how reversibil-
ity and selectivity have been employed separately to develop functional polymers, 
and how these elements are being combined to amplify specifi c sequences of 
monomers in chains or networks. In the following section of this chapter, a closer 
look will be taken at the use of dynamics in polymers, discussing dynamic covalent 
polymers and supramolecular polymers. In the subsequent section, the focus will 
be on different aspects of molecular recognition in polymeric systems, both in 
reversible systems, where selective binding interactions lead to the preferential 
formation of specifi c compositions, and in irreversible systems, where templates 
have extensively been used to obtain molecular imprinted materials. Finally, the 
outlook discusses the challenges to develop polymeric systems that combine all 
essential features of DCC and the need for fundamentally new approaches to 
conquer entropic limitations intrinsic to DCC in polymerics.  

  6.2 
 Dynamics in Polymers 

  6.2.1 
 Exchangeable Covalent Bonds    –    A Familiar Feature in Polymer Chemistry 

 The reversible nature of some polymerization reactions has been recognized and 
studied for more than half a century. However, most of the time, the exchangeable 
character has been considered a nuisance, and only the advent of dynamic covalent 
chemistry  [2]  has promoted the reversibility of transesterifi cations and the like to 
the status of an auspicious feature. Nonetheless, most polymerization reactions 
only reverse under conditions too harsh for successful templating and compatibil-
ity with other functional groups. 

 In the following, we provide a commented overview of the reversible reactions 
that have found use in polymers or that we consider promising. 

 Table  6.1  lists exchange reactions that have been used in reversible polymers, 
the exchange stimuli required as well as references to key publications and 
reviews.   

 In the following, we will give a brief account of the advantages and drawbacks 
of the three large classes of chemistries    –    noncovalent, coordinative, and exchange-
able covalent    –    used for the generation of dynamic polymers, in the order of 
increasing bond strengths. As a detailed overview would go beyond the scope 
of this chapter, we direct the interested reader to a series of review papers  [10, 
28 – 30, 39] .  
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  Table 6.1    Reversible covalent bonds used in  DCC  of polymers. 

   Name     Reaction scheme     Exchange stimulus     References  

  Alkoxyamines  

  

N
O

R1O

OR2

    

  heat     [3 – 7]   

  Boronic esters  

  

B

HO

O

O

R 2

R3

R1

    

  base     [8]   

  Coordination bonds  

  

M
R1

R2L
    

       [9 – 12]   

  Diels – Alder  

  

N

O

O

O

R2R1

    

  heat     [13 – 15]   

  Disulfi des (anionic)  

  R1

S
S

R2
    

  thiolate     [16, 17]   

  Halogen bonding  

  

NR1

F

I

F F

F

R2

    

       [18]   

  Hydrazones  

  
R1 N

H

O

N R2

    

  acid     [19 – 27]   

  Hydrogen bonding  

  

XR1 H

R2

Y

    

       [28 – 30]   

  Hydrophobic interactions  

  

R2

R1     

       [31]   

  Imines  

  
N R2R1     

  acid     [32 – 34]   

  Oximes  
  

N R2O
R1

    

  acid     [35]   
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  6.2.2 
 Noncovalent Chemistry    –    Supramolecular Polymers 

 Hydrogen - bonded supramolecular polymers  [28 – 30] , especially those using units 
with multiple donor and acceptor sites, have become the most versatile class 
of supramolecular polymers. A broad range of possible geometries and highly 
directional interactions have been among the advantages of hydrogen bonding, 
alongside the possibility to tune binding strength by varying the number of hydro-
gen bonds and the solvent. In addition to that, hydrogen bonding units can be 
designed to be either complementary or self - complementary, rendering a variety 
of geometries and structures accessible. The multiple hydrogen bond units gener-
ally rely on conjugated or polyaromatic scaffolds, which provide the required geo-
metrical preorganization of the hydrogen bond donors and acceptors. Figure  6.1  
lists some of the most widely used moieties  [40 – 44] .   

 Despite their undeniable advantages, one of the drawbacks of hydrogen bonds 
is the short timescale on which exchange takes place. For diffusion controlled 
reactions (which hydrogen bond formation usually is), there is a simple relation 
between binding constant and lifetime of the bond. Being relatively weak, hydro-
gen - bonded complexes, even if based on multiple hydrogen bonding units, usually 
break and reform at timescales well below 1   ms. This feature makes it often impos-
sible to isolate or even identify the favored members of a library, as they will re -
 equilibrate as soon as separated from their template. Indeed, published examples 
of templating with hydrogen - bonded polymers are scarce. 

 Other noncovalent interactions. such as the hydrophobic effect, ionic interac-
tions, or  π  –  π  interactions. are even weaker than hydrogen bonding, and suffer 

   Name     Reaction scheme     Exchange stimulus     References  

  Resorcinols  

  

OH

HO R1

OH

OH

R2

    

  heat, acid     [36]   

  Thioesters  

  

R1
S

O

R2

    

  thiolate     [37]   

  Tetraaminoethylenes  

  

R

N

R

R

N

N

R

N

    

  heat     [38]   

Table 6.1 Continued.
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from a lack of thermodynamic and kinetic stability. Therefore, these binding 
interactions have hardly been used on their own.  

  6.2.3 
 Coordination Polymers 

 The use of coordinative bonds can lead to varied electrochemical, optical, or mag-
netic properties, and offers a wide range of thermodynamic and kinetic stabilities 
 [10, 39] . Among the notable features of many systems is the possibility to radically 
change (e.g., completely freeze) exchange kinetics by electrochemically changing 
the degree of oxidation of the metal center or by substituting one metal by another, 
largely without changing the coordination geometry  [45, 46] . Coordination poly-
mers have recently been discussed in a tutorial review  [47] .  

  6.2.4 
 Exchangeable Covalent Bonds 

 The attraction of exchangeable covalent bonds is beyond any doubt their stability 
in the absence of an exchange stimulus, be it heat, acid, or base, or other catalytic 
species  [2, 48, 49] . The still somewhat limited list of dynamic covalent bonds is 

     Figure 6.1     Selected examples of multiple hydrogen bonding motifs used in polymers: 
(a) urazole  [40] , (b) ureidopyrimidinone  [41] , (c) bis - urea  [42] , (d) Hamilton ’ s wedge  [43] , and 
(e) linear arrays developed by Gong  [44]   
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likely to be expanded over the next few years and the advent of new generations 
of exchange catalysts ought to allow scrambling of some functionalities under less 
stringent conditions. Promising reactions include transamidation, for which mild 
exchange catalysts are being developed  [50, 51] , acetal exchange  [52] , and ultravi-
olet - triggered radical disulfi de exchange    –    a reaction proven suitable in small - mol-
ecule reactions  [53]  and in protein - folding studies  [54 – 56] .  

  6.2.5 
 Reversible Covalent Chemistry in Polymers 

 Dynamic polymers containing main - chain hydrogen bonds have been studied 
extensively, among others thanks to their peculiar, but outstanding material prop-
erties. However, as the ultimate goal in DCC comprises templation and isolation 
of particular sequences or conformations, we focus here on the kinetically more 
stable main - chain covalent polymers. 

 Using the radical alkoxyamine chemistry, the group of Takahara have developed 
dynamic polymers in several geometrical variations. A nitroxide radical and a styryl 
radical reversibly form an alkoxamine (Table  6.1 ), which acts as a covalent link 
between two polymer chains. This functionality has proven successful for (Figure 
 6.2 a) copolymer formation  [3] , (Figure  6.2 b) synthesis of graft polymers  [4] , and 
(Figure  6.2 c) cross - linking of polymer strands  [6] , and tuning of molecular weight 
and molecular weight distribution  [7] . In solution, these materials undergo ring -
 chain equilibria, the position of which is changed by varying the concentration  [5] .   

 The research group of Jean - Marie Lehn have also published numerous papers 
on dynamic polymers, both noncovalent  [57, 58]  and covalent. In this section, we 
will give a nonexhaustive list of examples of dynamic polymers. 

 In addition to self - assembling helical polymers based on hydrazones  [19, 26] , 
the Lehn group conducted several studies of exchange of monomers between a 

     Figure 6.2     Selected geometries used in the dynamic polymers by Takahara  et al. : 
(a) copolymer formation from a blend, (b) graft polymerization, and (c) cross - linking of 
polymer chains.  
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polymer and a monomer or between two polymers, exploiting several types of 
polymers and exchange reactions. It has been shown that such cross - over reactions 
occur in hydrazone polymers in the presence of some acid in solution  [27]  or even 
in the solid state at longer time - scales  [24] . In one study (incidentally combining 
an acyl hydrazide and an aromatic hydrazide), heating induced a fl uorescent 
response at the interface between two polymers due to copolymer formation  [22] . 
The potential of such recombining systems for self - healing properties has been 
put forward; however, it remains unclear whether the mobility necessary for 
recombination does not jeopardize material properties, most notably retention of 
shape. 

 Imine - based dynamers of different types have also been investigated. On fl u-
orene - based dynamers, fundamental studies were conducted on the infl uence of 
Zn 2+  and H +  ions on the constitution, chain length, and, above all, optical proper-
ties  [33, 34] . In a different study, two bis - aldehyde and two bis - amine oligomers 
were mixed to give all four copolymers in solution, as opposed to only two in the 
bulk material. This was ascribed to crystallization of one of the combinations, 
leaving only one possible combination for the two oligomers remaining in the 
amorphous phase  [32] . If this gives an impression of self - templating, one should 
keep in mind that crystallization should be regarded as a kinetic trap. 

 The same authors used the tridentate chelating sites created by an acyl hydrazide 
condensed with a pyridyl aldehyde to complex metal ions, thereby combining 
covalent and coordination linkages within one system. As in their earlier work, 
luminescent properties of fi lms were changed by simply bringing the fi lms into 
contact. When two nonluminescent fi lms (polymer 1 and 2, Figure  6.3 ) were 
stacked on each other and allowed to blend at moderate temperatures, two 

     Figure 6.3     Constituents of polymers 1 and 2, and cartoon of the cation migration.  
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nonfl uorescent polymers blended into fl uorescent material. Initial polymer 1 did 
not dispose of a fl uorophore, whereas polymer 2 had a (fl uorescent) quinoline unit, 
coordinated to a quenching nickel cation. When the metal ion quencher was 
allowed to diffuse away into polymer 2, fl uorescent activity of the quinoline moiety 
was restored  [9] .   

 More recently, the dynamer concept was applied to the generation of analogs of 
biopolymers: hydrazone and oxime analogs of oligoglycosides and oligonucle-
otides. Arabinose was functionalized with either an alkoxyamine and a masked 
aldehyde (A – B monomer approach) to give a directional homopolymer, or with 
two alkoxyamines or two (masked) aldehydes (A – A   +   B – B approach) to give 
an alternating copolymer without directional orientation of the monomers  [35] . 
Alternatively, the carbohydrates can be side - chains of the polymer if they are 
appended to the main - chain exchanging monomer  [25] . 

 Similarly, using hydrazone chemistry, modifi ed nucleobases were incorporated 
into a dynamic analog of peptide nucleic acid  [20] . Recently, the relatively weak 
covalent bonds of ene tetramines have been employed to develop reversible cova-
lent polymers based on carbene dimerization  [38] .  

  6.2.6 
 Dynamics Put to Use in Self - Healing Materials 

  Self - healing material s ( SHM s) are highly desirable targets in material research 
that are actively sought after by polymer chemists  [59, 60] . Although SHMs and 
DCC are clearly distinct concepts, the traits they share make a brief discussion 
worthwhile. 

 Finding a compromise between liquid (thus perfectly self - healing) and solid 
(shape - retaining) materials is one approach to SHMs, but reconciling these seem-
ingly contradictory properties is not an easy task. Nevertheless, several promising 
SHMs reported to date rely on the dynamic character of exchangeable covalent 
linkages or hydrogen bonds. 

  6.2.6.1   Reversible Covalent Approach 
 Covalent bonds make the material strong and solid - like, but rearrangement of the 
covalent bonds is necessary in order to achieve mending of cracks    –    the fracture 
surfaces have to be able to fl ow into each other. The group of Fred Wudl has 
developed such materials, relying on a reversible Diels – Alder reaction that reshuf-
fl es bonds at high temperatures and allows crack repair. A fi rst material was based 
on a furane – maleimide system (Scheme  6.1 a), in which molecules functionalized 
with three diene and four dienophile moieties, respectively, were reacted to gener-
ate a highly cross - linked network. When a cracked specimen was heated to 120 –
 150    ° C for 2   h, cracks largely heal and the material regains more than half of its 
initial strength  [13] . Further improvement of the system allowed 81% recovery 
after 30   min at 115    ° C  [15] . More recently, a system based on the formation of 
homodimers and homotrimers of cyclopentadiene was published  [14] . The pos-
sibility of trimerizations and the identity of diene and dienophile allows for 
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network formation from a single component, with a largely simplifi ed synthesis. 
However, the material and self - healing properties of this material require further 
optimization.    

  6.2.6.2   Noncovalent Approach 
 Another approach relies on the dynamic nature of hydrogen - bonding interactions. 
The group of Ludwik Leibler recently reported a system that exhibits repeated self -
 healing, without requiring external stimuli such as heat or displaying liquid - like 
behavior  [61] . In this system, dimer and trimer acids were reacted with diethylene 
triamine and urea to yield a complex mixture of small molecules with strong 
hydrogen bond donors and acceptors (Figure  6.4 ). When this material is plasti-
cized with dodecane, a soft rubber is obtained, which can be cut or broken and 
mended by joining the cut or broken surfaces and allowing the material to heal 
for a few hours. The material recovers essentially all of its strength and elasticity.   

     Scheme 6.1     (a) Asymmetrical and (b) symmetrical reversible Diels – Alder reactions 
used in SHMs.  

     Figure 6.4     Schematic representation and molecular structures of the components of the 
self - healing rubber developed by Leibler.  
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 An approach based on coordinative bonds was followed by Bielawski  et al. , who 
developed electrically conductive coordination polymers that can be healed after 
damage by thermal treatment  [62] . Incidentally, one further successful approach 
does not rely on dynamic features within the material. It simply carries microen-
capsulated monomer within its matrix, a polymer, which contains a polymeriza-
tion catalyst. When a crack propagates through the polymer matrix, monomer is 
released and polymerized within the crack, restoring the initial material properties 
of the sample  [63, 64] .    

  6.3 
 Biasing Composition by Molecular Recognition 

 Complete control over the composition of and precise positioning of functional 
groups in polymers are essential features for the faithful replication and transcrip-
tion of genetic information stored in DNA. To achieve the required level of fi delity, 
Nature uses a combination of molecular recognition and nonequilibrium proof-
reading processes. While realizing the latter in synthetic polymers will remain an 
extremely challenging goal for many years to come, much progress has been made 
in the use of recognition units to direct the composition of self - assembled poly-
meric systems. Self - sorting and orthogonal self - assembly are two of the concepts 
we will discuss here. These are self - assembly strategies to bias polymer composi-
tion and structure based on internal stimuli, instead of the templates that repre-
sent the external stimulus in DCC. 

  6.3.1 
 Self - Sorting 

 Control over the position of functional groups in polymers can be obtained by 
using self - sorting in multifunctionalized polymers  [65 – 70] . Self - sorting is the 
ability of an entity to distinguish between self and nonself. This principle is found 
in nature in the replication of DNA and in the crystallization of racemates into 
conglomerates (mixtures of enantiomerically pure crystals of one enantiomer and 
its opposite), but even phase separation of oil and water can be considered as a 
self - sorting process. Isaacs  et al.  have investigated the self - sorting capacity in mix-
tures of several synthetic host – guest complexes in organic solvents and water 
 [71 – 75] . They were able to show that each guest molecule binds its own host mol-
ecule with high fi delity in a complex mixture of hosts and guests. 

 In the formation of complexes via self - sorting, no external template is used. 
Instead, the molecular structure of the host can be considered as the template for 
the preparation of a host – guest complex. In this case, the amplifi cation of the most 
stable complex takes place via intermolecular interactions, such as hydrogen 
bonding, metal coordination, or ionic interactions, between the different compo-
nents in the mixture. Since the strength of these supramolecular interactions is 
known to be infl uenced by substituents, a dynamic library can be obtained    –    not 
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only by using different supramolecular interactions, but also by changing the 
substituents of the binding units. 

 Whereas the group of Isaacs has studied self - sorting in mixtures of small mol-
ecules, others have extended this approach to self - sorting in (block) copolymers 
 [66 – 70, 76 – 81]  and on surfaces  [82] . Weck  et al.  synthesized polynorborenes with 
host groups that bind different guest molecules based on metal – ligand interac-
tions, hydrogen bonding ion – dipole interactions, or ionic complexes (Figure  6.5 ). 
Association was observed to occur preferentially between the established host –
 guest complexes in a mixture of different hosts and guests. Even if a polynor-
bornene was functionalized with two similar hydrogen bonding hosts (Figure 
 6.5 c), the corresponding guests were capable of selective binding to the best match-
ing hosts  [78] .   

 Self - sorting under kinetic control has also been reported  [75] . However, due to 
the dynamic nature of the noncovalent interactions used in polymer self - assembly, 
the products of self - sorting usually cannot be isolated when they form in solution. 

 Self - recognition of the urea group by hydrogen bonding is used in less dynamic 
environments such as organogels  [28, 83 – 89]  and in polymers. In the latter 
medium, the selectivity of the binding of guests with two urea groups has been 
studied extensively in the groups of Meijer and Sijbesma  [90 – 92] , because it is an 
easy, modular approach towards the functionalization of polymers. Matching of 
the spacer length between the two urea groups is a crucial factor in molecular 
recognition. A negligible amount of bis - urea guest was washed out from a bis - urea 
polymer fi lm if the spacer lengths of the bis - urea polymer and a bis - urea guest 
were the same, whereas almost 70% of the bis - urea guest was lost if spacer lengths 
were different  [92] . This type of self - sorting has been named  “ narcissistic ”  self -
 sorting, since the guest and host molecule have the same recognition unit, as 
opposed to  “ social ”  self - sorting in host – guest systems such as described by the 
groups of Isaacs  [71 – 75]  and Weck  [66 – 69, 78, 79] . Orthogonality can be introduced 
in this bis - urea - based system by using a mixture of two bis - urea polymers with 
different spacer lengths  [93] . It was shown that self - sorting occurs in a mixture of 

     Figure 6.5     Self - sorting in polymers. 
(a) Schematic overview of a noncovalent 
approach to different copolymers from 
a generic polymer backbone. (b) Non-
covalently multifunctionalized polyno-
rborene terpolymer, via metal coordination 
(palladium pincer), pseudorotaxane 

formation (crown ether), and hydrogen 
bonding arrays (diaminopyridine – thymine). 
(c) Noncovalently multifunctionalized 
polynorborene polymer, via competitive 
hydrogen bonding receptors (diaminopyridine – 
thymine and cyanuric acid – isophthalic 
wedge).  Reproduced from South  et al.   [66]  .  
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a heptylene - spaced and a butylene - spaced bis - urea guest and their matching bis -
 urea polymers. 

 Molecular recognition was used in a very elegant way to direct block copolymer 
morphology by Shenhar  et al.   [80] . Upon addition of dendritic wedges with thymine 
units to a lamellar block copolymer with diaminopyridine units, a block copolymer 
morphology was obtained after evaporation of the solvent. 

 Self - sorting in polymers is not only of interest for multifunctionalization of 
polymers. Pollino  et al.  have shown that both functionalization and cross - linking 
can be done noncovalently in one step/pot by using the orthogonal assembly of 
palladium pincers with pyridine groups and thymine groups with diaminopyridine 
groups  [94] .  

  6.3.2 
 Templating 

 One important approach to using a template in order to get nonrandom, nonsta-
tistical distributions or sequences in polymers is template polymerization. In this 
approach, the template is a molecule that bears different functional groups in an 
order and geometrical arrangement such that monomers with complementary 
functional groups can arrange next to each other and be polymerized in the desired 
sequence. Of course, such a template would much less act in the  “ guest ”  mode 
used in many DCLs, but rather be tailormade for a particular sequence. In an ideal 
case, this system has an in - built mechanism to correct sequence errors. 

  6.3.2.1   Templating in Biopolymers 
 As so often, Nature has developed a remarkably effi cient system, although one 
which does not operate under thermodynamic conditions. DNA polymerases 
proceed at high speed, with impressive catalytic turnover and almost papal infal-
libility. When provided with a single - stranded template and suitable monomers 
(nucleotide triphosphates), DNA polymerases synthesize the complementary DNA 
polymer. Some DNA polymerases (e.g., the prokaryotic Pol I) are also equipped 
with a proofreading ability. If an error occurs in the polymerization, another site 
on the same enzyme gets activated and cuts out the erroneous base. Translation 
from messenger RNA to a protein on the ribozyme using transfer RNA is a similar 
if still more complex system! An author with an inclination towards pomposity 
might conclude that there would be no life without template polymerization. 

 The ingeniousness of Nature has been adapted to the polymerase chain reaction    
–    a technique used in clinical and forensic science to replicate minute amounts of 
nucleic acids until analyzable quantities are obtained  [95] .  

  6.3.2.2   Templating in Non - Natural Polymers 
 The emulation of Natures ’  perfection in artifi cial systems has been pursued at 
different levels of sophistication. When an irreversible reaction is used to polymer-
ize the monomers, correctness of the sequence of the polymer must be ensured 
by the thermodynamically controlled binding of the monomers to specifi c sites on 
the template, conditioned by the absence of any reaction in the absence of the 
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template. However, error correction is no longer possible when the polymerization 
reaction has taken place. This approach can be compared to a small - molecule DCL 
using reductive imination to link the building blocks in the presence of a template. 
This is the usual approach in templated polymerizations and several approaches 
have been reported  [66, 96 – 99] . As an example, the polymer that was formed using 
a template approach by South and Weck is discussed here  [99] . In this work, the 
rate of a ring - opening polymerization metathesis polymerization was enhanced 
via hydrogen bonding of the monomers to a polynorborene template, thereby 
increasing the local monomer concentration. Furthermore, the addition of the 
template during the polymerization reduced the polydispersity index of the result-
ing polymer from 1.73 to 1.19. However, the degree of polymerization of the poly-
mers was not infl uenced by the degree of polymerization of the template, indicating 
that the method results in perfect inverse replicas from a template. 

 In general, this goal cannot be obtained with an approach based on equilibrium 
self - assembly. Even if the selectivity of binding is very high (so - called orthogonal 
self - assembly), fi nite binding energy differences between correct and incorrect 
replicas will result in a Boltzmann distribution of different products  [100] . Although 
a signifi cant yield of the best binding replica can be obtained even in complex 
mixtures  [48] , the near - exclusive formation of exact replicas requires nonequilib-
rium proofreading concepts like those used in Nature for the replication and 
transcription of the genetic information stored in DNA  [101] . Such approaches 
have recently begun to be adapted in synthetic systems, albeit by making use of 
Nature ’ s nucleic acid machinery  [102, 103] .   

  6.3.3 
 Molecularly Imprinted Polymers 

 Molecular imprinting  [104 – 108]  is one of the fi elds in which DCC is expected to 
fl aunt its full power.  Molecularly imprinted polymer s ( MIP s) are materials that 
have a particular affi nity for certain small or larger molecules thanks to in - built 
binding sites. The underlying principle is that monomers containing a functional-
ity able to bind (covalently or not) to a molecular template (or  “ print molecule ” ) 
form a cavity around the template. The functional monomers can be copolymer-
ized with a large excess of nonfunctional monomers and thus create a polymer 
matrix with embedded recognition units. When the template molecule is removed, 
cavities with a defi ned binding affi nity remain; MIPs can be used for analytical, 
chromatographical, or catalytic purposes. 

 Current limitations of molecular imprinting include the frequency of errors in 
cavity shapes and functionality as well as other defects, due to the irreversibility 
of the polymerization step. As a consequence, selectivities are lower and loading 
capacity is diminished. If indeed a reversible step could be incorporated into the 
process of molecular imprinting, some of the major weaknesses of this technique 
could be overcome. 

 Among the sundry approaches to tackle this issue  [108] , reversible disulfi de 
bond formation was proven effi cient in a seminal publication in 2001  [109] . Build-
ing on earlier work by Wulff and Schulze on chirally selective polystyrenes cross -
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 linked with disulfi de bridges  [110] , Hiratani  et al.  designed a polymer selective for 
Ca 2+  ions, using bis - chelation of the calcium ions by carboxylate residues. Polym-
erization of the components shown in Figure  6.6  gives a polymer gel from which 
the lead ions (kinetically stable cross - links under polymerization conditions) 
can be removed and the disulfi de bridges reduced to thiols. Subsequently, the gel 
is soaked with calcium ions, which reversibly choose the pair of carboxylic acid 
residues that  “ fi ts ”  best. Subsequently, fi xation of the network is achieved via 
oxidation of the thiols into disulfi des.   

 In this strategy reminiscent of the reduction – oxidation steps in producing curls 
in hair by a  “ permanent wave ” , the calcium ions play the role of the curlers    –    they 
reorganize the available carboxylate groups in an optimal geometry, subsequently 
immobilized by reoxidation of the mercapto cross - linkers. This reduction – oxida-
tion treatment results in a signifi cant increase in the affi nity for calcium ions. In 
contrast, when the gel was reoxidized in the absence of the calcium template, 
affi nities for calcium dropped. 

 In our opinion, one study in template polymerization deserves special emphasis 
in the context of DCC. This study by Li and Lynn  [111]  reports on the templated 
oligomerization of modifi ed dinucleotides on a complementary octanucleotide 
The authors use a thymidine T 1  bearing an amine and an aldehyde function or 
the amide - linked non - natural dinucleotide T 2  (Figure  6.7 ) and a solid - supported 
octanucleotide A 8  with eight adenine residues as the template. When either of the 
building blocks T 1  and T 2  and the template are mixed in aqueous sodium cyanoboro-
hydride, species with eight thymidine bases are exclusively formed, either the 
octamer of T 1  or the tetramer of T 2 . The solid - supported template facilitates 
removal of formed products and recycling of the template, and hence multiple 
synthesis cycles.   
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     Figure 6.6     (a) Components used to make calcium - selective imprinted gels and (b) schematic 
of the imprinting process.  
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     Figure 6.7     Reversible template polymerization of amine and aldehyde bearing thymidine T 1  
and amide linked dinucleotide T 2 .  

 The reaction was shown to follow step - growth kinetics in its early stages and to 
stop abruptly at the length defi ned by the template. No products were detected in 
the absence of any template. As the hydrogen bonding between the nucleobases 
and the imine formation are reversible, error correction occurs to some extent in 
this system. In this sense, this report matches the spirit of DCC more closely than 
many others. Unfortunately, no follow - up using the entire  “ nucleic acid alphabet ”  
has been published hitherto.   

  6.4 
 Conclusions and Outlook 

 Taking into account the intrinsic potential to apply polymers for the goals of DCC, 
remarkably little work has been done on synthetic polymers that combine diver-
sity, reversibility, and the possibility for molecular recognition via multiple interac-
tions. In this chapter, we have discussed several examples of polymers that feature 
at least one of those functions. The task to us, as polymer scientists, is now to 
unite these approaches in order to create materials that match their natural coun-
terparts in the ability to respond to external stimuli    –    molecular or otherwise    –    with 
the amplifi cation of specifi c monomer sequences. However, we cannot beat Boltz-
mann when we stick to the paradigm of strict self - assembly. All equilibrium 
mixtures must contain a signifi cant fraction of undesired products. This problem 
will only become more acute when we go to polymers in which the entropic penalty 
to form a single sequence becomes truly enormous as the length and monomer 
choice increase. Therefore, true progress in this area should draw inspiration from 
Nature and combine reversible self - assembly with proofreading processes that 
derive their selectivity from the dissipation of energy. These irreversible processes, 
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when part of complex networks of reactions that also include, for example, self -
 replication and autocatalysis, cannot only give rise to unprecedented selectivity, 
but also to an almost limitless variety of emergent properties (see Chapter  2 )  [112] . 
It is with these prospects that we predict a bright future for the use of polymeric 
systems in DCC.  
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  7 
Analytical Applications of Dynamic Combinatorial Chemistry  
  Kay   Severin        

   7.1 
 Introduction 

 The basic concepts of selection experiments with dynamic combinatorial libraries 
(  DCL s) were articulated more than 10 years ago (see Chapter  1 ). Since then, a 
number of applications have emerged. This includes the discovery new enzyme 
inhibitors, receptors, and catalysts, as well as the synthesis of novel materials 
such as responsive gels and polymers (see Chapters  2  –  5 ). A recent addition to the 
list of applications is the utilization of  dynamic combinatorial chemistry  ( DCC ) 
for analytical purposes. This chapter summarizes the main ideas and results in 
this area. 

 The concentrations of the different members of a DCL depend on the physical 
and chemical environment of the respective system (pH, solvent, concentration of 
target molecules, etc.). The library composition is therefore a characteristic feature 
of the respective environment. If the DCL composition can be transduced into a 
signal output, it is possible to use the DCL as a sensor. Typically, DCLs are ana-
lyzed by nuclear magnetic resonance spectroscopy or high - performance liquid 
chromatography. For sensing purposes, however, faster and cheaper analysis 
methods such as fl uorescence or  ultraviolet - visible  ( UV - Vis ) spectroscopy are pre-
ferred. These techniques can be used if the DCL is composed of compounds with 
different color or fl uorescence properties (Figure  7.1 ).   

 For a DCL sensor of this kind, the information about the analyte is distrib-
uted over the entire spectrum. The spectrum therefore represents a  “ fi nger-
print ”  of the analyte. To correlate the spectral changes with the analyte 
properties of interest (identity, quantity, purity), it is advantageous to use multi-
variate analyses techniques. In this regard, a DCL sensor is related to sensor 
arrays  [1, 2] . However, contrary to sensor arrays with independent sensor units, 
a DCL sensor is comprised of compounds that are connected by exchange reac-
tions. Furthermore, the various sensors of an array have to be analyzed sepa-
rately, whereas a single UV - Vis or fl uorescence measurement is suffi cient for a 
DCL sensor.  
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  7.2 
 Fluorescent Sensors 

 Over recent years, the group of Lehn has studied constitutionally dynamic poly-
mers ( “ dynamers ” ), which result from the connection of monomers via reversible 
covalent bonds  [3] . In this context, they have investigated the condensation reaction 
of a 1   :   1   :   1 mixture of 2,7 - diaminofl uorene ( 1 ),  tran s - 1,4 - diaminocyclohexane ( 2 ), 
and 2,7 - fl uorene - bis - carboxaldehyde ( 3 ) in the presence of variable amounts of 
[Zn(BF 4 ) 2 (H 2 O) 8 ] (Scheme  7.1 )  [4, 5] .   

     Scheme 7.1     Condensation of the diamines  1  and  2  with the dialdehyde  3  results in the 
formation of a dynamic mixture of polymers. The addition of Zn 2+  favors the formation of 
polymer  B . The rearrangement is accompanied by a change of color and fl uorescence.  

     Figure 7.1     Basic principle of a DCL sensor: a dynamic mixture of colored (or fl uorescent) 
compounds A – F undergoes an analyte - induced adaptation. The change in color (or 
fl uorescence) can be used to obtain information about the identity, quantity, or purity of 
the analyte.  

 The dominant product in the absence of zinc was polymer  A  containing the 
aliphatic monomer  2 . The addition of increasing amounts of zinc shifted the 
equilibrium in favor of polymers containing the aromatic monomer  1 . Polymer  B  
was found to be the dominant species when the system was equilibrated in the 
presence of two equivalents of Zn 2+ . The difference was explained by the prefer-
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ential complexation of Zn 2+  to the more nucleophilic diamine  2 . Polymers  A  and 
 B  show different absorption spectra. The zinc - induced change in polymer compo-
sition therefore resulted in a change in color. Similarly, the fl uorescence emission 
maximum was shifted from 370 to 493   nm with a concomitant increase in inten-
sity. The dynamic polymer can therefore be regarded as a system that is able to 
sense Zn 2+  due to an analyte - induced constitutional rearrangement. 

 More recently, the Lehn group has reported the synthesis of dynamic polymers 
with oligosaccharides grafted to the main - chain  [6] . These  “ glycodynamers ”  were 
found to be strongly fl uorescent. The emission properties were affected by 
exchange processes. Since oligosaccharides are involved in numerous molecular 
recognition events, it is conceivable that glycodynamers may fi nd applications in 
biosensing. 

 So far, there are only few reports about fl uorescent oligomers that change their 
constitution upon addition of an analyte. In contrast, there are many examples of 
fl uorescent molecules that undergo a conformational change upon addition of 
certain analytes (e.g.,  “ molecular beacons ”   [7] ). Although conformationally dynamic 
receptors are sometimes discussed in the context of DCC  [8] , these systems will 
not be described in more detail in the present chapter.  

  7.3 
 Colorimetric Sensors 

 Artifi cial receptors can be converted into sensors by covalent attachment of a sig-
naling unit such as a fl uorescent dye. An interesting alternative are so - called 
 indicator displacement assay s ( IDA s)  [9] . These assays are based on receptors that 
are bound to dyes (or fl uorescent ligands) via noncovalent interactions. Upon addi-
tion of an analyte, the dyes are displaced, which results in a change of their optical 
properties. These changes can be used to identify and/or quantify the analyte. 

 The group of Anslyn has investigated IDAs based on the synthetic receptors  4  
 [10]  and  5   [11]  (Figure  7.2 ). These cationic hosts have a high affi nity for oxoanions 
such as gallic acid, tartrate, or malate. It was found that analytical power of such 
IDAs can be increased if several receptors and dyes are used in parallel. This was 
demonstrates by making a malate and tartrate sensor composed of receptor  4 , 
receptor  5 , and the dyes bromopyrogallol red and pyrocatechol violet  [12] . Both 
dyes can bind to both receptors and, consequently, four different receptor – dye 
complexes can be formed. Although this was not stressed in the original publica-
tion, the system can be regarded as a small DCL of receptor – dye aggregates.   

 When a solution containing variable amounts of malate and tartrate was added 
to the multicomponent sensor, a characteristic UV - Vis spectrum response was 
obtained. Since the different receptor – dye complexes and the free dyes all have 
different colors, the information about the analytes was dispersed over the entire 
spectrum. To analyze the spectral changes, a  multilayer preceptron  ( MLP )  artifi cial 
neural network  ( ANN ) was employed (see Glossary in Box  7.1 ). To train the ANN, 
the UV - Vis absorption data of 45 calibration samples containing different amounts 
of malate and tartrate (0 – 1.2   mM) were used. For each sample, the absorbances at 
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     Figure 7.2     Dynamic mixture of the receptors  4 ,  5 , and the dyes bromopyrogallol red and 
pyrocatechol violet can be used to determine simultaneously low millimolar concentration of 
malate and tartrate.  

27 wavelengths between 375 and 675   nm were taken as the data input. The training 
consisted of correlating the input (UV - Vis data) with the output (concentration of 
the analytes malate and tartrate). The predictive power of the trained network was 
then evaluated with four validation samples. The absolute errors of the predictions 
were found to be between 1 and 6%. After further training with new calibration 
samples, the error was consistently lower than 2%. These results show that a 
dynamic mixture of receptor – dye complexes can be used as a powerful sensor.   

 In another study, the Anslyn group has employed receptor  6  in combination 
with xylenol orange to determine the concentration of Ca 2+  and citrate in fl avored 
vodkas (Figure  7.3 )  [16] . Receptor  6  can bind to the dye xylenol orange or to citrate. 
The dye and citrate, on the other hand, can both form complexes with Ca 2+ . The 
addition of samples containing Ca 2+  and citrate to a sensor comprised of receptor 
 6  and xylenol orange was therefore expected to result in a complex dynamic 
mixture of aggregates.   
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  Box 7.1    Glossary: Multivariate Analysis.     

  Principal 
component 
analysis (PCA)  

  A PCA is a statistical tool that allows us to reduce a multidimensional 
data set to lower dimensions  [13] . PCA is mathematically defi ned as an 
orthogonal linear transformation that converts the data to a new 
coordinate system such that the highest degree of variance of the data 
comes to lie on the fi rst coordinate (called the fi rst principal 
component) and other principal components follow in the order of 
decreasing variance. PCA is a nonsupervised method that does not use 
the information of what data belongs to which class (e.g., an analyte).  

  Linear 
discriminant 
analysis (LDA)  

  Similar to a PCA, a LDA is able to reduce the dimensionality of a dataset 
 [13] . However, contrary to PCA, it is a supervised method that uses the 
information of which data point belongs to which class. The 
discriminants are linear combinations of the measured variables (e.g., 
sensor response). A discriminant function is found that maximizes the 
ratio of between - class variance to within - class variance.  

  Cross - validation    A cross - validation procedure partitions the dataset into training and 
validation data. The analysis is performed on the training data and 
the validation data is used to confi rm the analysis. A leave - one - out 
cross - validation uses a single observation from the original sample as 
the validation data and the remaining observations as the training data. 
This is repeated until each observation in the sample is used once as 
the validation data.  

  Artifi cial neural 
networks (ANN)  

  ANNs are nonlinear computational tools suitable to model complex 
relationships between inputs and outputs or to fi nd patterns in data sets 
 [14] . The structure of ANNs is reminiscent of biological neural networks. 
Several simple nodes ( “ neurons ” ) are connected to form a network of 
nodes. Algorithms defi ne the strengths between the neurons. Multilayer 
preceptron (MLP) is one of the most popular and traditional models of 
ANNs  [15] . Its structure consists of an input layer, one or more hidden 
layers, and an output layer. All layers contain a variable number of 
neurons. The network maps the input data (e.g., UV - Vis data) to a set of 
outputs (e.g., concentrations). A training data set can be used to 
optimize the strength of the connections. The trained network is then 
able to make predictions for a validation data set.
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     Figure 7.3     Mixture of receptor  6  and xylenol orange can be used to determine 
Ca 2+  and citrate.  

     Scheme 7.2     Generation of a DCL of metal – dye complexes by mixture of arsenazo I, 
methylcalcein blue, and glycine cresol red with CuCl 2  and NiCl 2  in buffered aqueous solution.  

 First, an ANN was trained with the UV - Vis data of 75 calibration samples con-
taining 0 – 400    μ M of Ca 2+  and 0 – 800    μ M of citrate. The sensor was always composed 
of a fi xed amount of receptor  6  (240    μ M) and xylenol orange (10    μ M). The calibrated 
system was then used to predict the concentration of Ca 2+  and citrate in fi ve valida-
tion samples and in fi ve fl avored vodkas. Overall, the correlation between the 
predicted and the real values was acceptable (maximal differences of up to 33%). 

 A different way to construct a dynamic mixture of compounds with a character-
istic color was described by our group  [17] . The commercially available dyes meth-
ylcalcein blue, arsenazo I, and glycine cresol red were dissolved in aqueous buffer 
containing the transition metal salts CuCl 2  and NiCl 2 . The resulting solution con-
tained a mixture of (metal)  x  (dye1)  y  (dye2)  z   complexes of variable composition 
(Scheme  7.2 ). The coordination to Cu 2+  or Ni 2+  changes the UV - Vis absorption of 
the dyes. Each complex was therefore expected to display a distinct color.   
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 The dynamic mixture of metal – dye complexes was responsive to analytes, which 
are able to displace the dyes from the complexes. This was demonstrated with 
dipeptides. Dipeptides are known to form stable complexes with Cu 2+  and Ni 2+  
ions. The addition of a dipeptide to the DCL sensor therefore resulted in a partial 
liberation of dyes, accompanied by a re - equilibration of the remaining metal – dye 
complexes. The results obtained for the sequence isomers His – Ala and Ala – His 
are shown in Figure  7.4 .   

 The data depicted in Figure  7.4  are the UV - Vis difference spectra obtained from 
equilibrated solutions before and after addition of the respective dipeptide. The 
analytes His – Ala and Ala – His are clearly distinguishable. It is important to note 
that the UV - Vis spectra differ not only in terms of amplitude at a certain wave-
length, but also in terms of the position of infl ection points and maxima. 

 Peptides with His residues give rise to large changes in the UV - Vis spectrum 
because the side - chain of histidine has good metal - coordinating abilities. To test 
the scope of the DCL sensor with more challenging analytes, the structurally 
related dipeptides Gly – Ala, Val – Phe, Ala – Phe, Phe – Ala, and  D  - Phe – Ala were 
investigated. The UV - Vis difference spectra of these analytes were more similar 
to each other and chemometrics methods (for reviews, see  [18] ) were used to 
identify the analytes. For each peptide, 15 UV - Vis measurements were performed. 
The data of eight selected wavelengths were classifi ed by a  linear discriminant 
analysis  ( LDA ) (see Glossary in Box  7.1 ). A 100% discrimination was achieved for 
a leave - one - out cross - validation, in which one measurement at a time was treated 
as an unknown and the rest of the data was used as the training set (see Glossary 
in Box  7.1 ). This is quite remarkable, given that closely related analytes such as 
the regioisomers Ala – Phe and Phe – Ala and the stereoisomers Phe – Ala and  D  - Phe –
 Ala were used, and that none of the dipeptides contained coordinating side - chains. 

     Figure 7.4     Changes in the UV - Vis spectrum upon addition of the dipeptides His – Ala or 
Ala – His to a DCL sensor composed of (metal)  x  (dye1)  y  (dye2)  z   complexes ([dipeptide]   =   
1.0   mM, [CuCl 2 ]   =   [NiCl 2 ]   =   [dye1/2/3]   =   75    μ M, 35   mM CHES buffer, pH 8.4).  
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A graphic representation of the LDA analysis in the form of a score plot is given 
in Figure  7.5 .   

 An advantage from an experimental point of view is the fact that the synthesis 
of the DCL sensor is very easy    –    it is obtained by simply dissolving CuCl 2  and NiCl 2  
together with three commercially available dyes in a buffer. However, the approach 
has another advantage: its inherent fl exibility. Since the sensor is assembled from 
fi ve different building blocks, it is possible to rapidly optimize the system for a 
particular sensing problem by variation of the total amounts and the relative ratios 
in a combinatorial fashion. This was demonstrated for the analysis of sequence -
 isomeric tripeptides composed of one histidine and two glycines  [19] . The building 
blocks for the DCL sensor were the same as described above. To optimize the 
sensor performance, 20 different DCL sensors were generated by variation of the 
total ([M] total    =   80, 160, 240, and 320    μ M) and relative metal concentration using 
constant dye concentrations ([dye1/2/3]   =   75    μ M). These 20 sensors were then 
tested for their ability to distinguish two different analyte pairs: His – Gly – Gly 
versus Gly – Gly – His and Gly – His – Gly versus Gly – Gly – His ([peptide]   =   1.00   mM). 
To approximate the ability of the respective DCL sensor to discriminate between 
the two peptides, the area between the UV - Vis curves obtained for the two analytes 
was calculated. A graphic representation of the results of this screening is depicted 
in Figure  7.6 .   

 For both analyte pairs, a high total metal concentration of 320    μ M was found 
to give the best discrimination. However, interesting differences were observed 
for the best Cu 2+    :   Ni 2+  ratio. For the analyte pair Gly – His – Gly and Gly – Gly – His, 
a mixture of 25% Cu 2+  and 75% Ni 2+  resulted in the largest difference in the 
UV - Vis spectra (Figure  7.6 , left). For the analyte pair His – Gly – Gly and Gly – Gly –
 His, on the other hand, a sensor containing only Cu 2+  gave the best results 
(Figure  7.6 , right). The results show that the optimal sensor composition can 

     Figure 7.5     Two - dimensional LDA score plot for the dipeptide analytes Gly – Ala, Val – Phe, 
Ala – Phe, Phe – Ala, and  D  - Phe–  Ala. The fi ve different peptides can clearly be distinguished.  
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vary substantially, even for closely related analytes such as sequence - isomeric 
tripeptides. 

 In the small screening of 5    ×    4 different sensors, only the metal concentrations 
were varied, but other parameters such as the relative dye concentrations were not 
changed. Therefore, the screening only resulted in a partial optimization. Never-
theless, the semioptimized sensors were found to show a remarkable analytical 
power. This was evidenced by the following experiment. Eight samples containing 
either Gly – His – Gly or Gly – Gly – His in concentrations of 0.25, 0.50, 0.75, or 
1.00   mM were analyzed with the DCL sensor. After processing the UV - Vis data 
with a LDA, it was possible to identify the respective tripeptide and to determine 
its concentration. 

 More recently, a related approach was used to construct a sensor for nucleotides 
 [20] . Instead of CuCl 2  and NiCl 2 , the Rh(III) complex [Cp * RhCl 2 ] 2  was employed. 
When [Cp * RhCl 2 ] 2  is dissolved in water, air - stable Cp * Rh - aqua complexes are 
formed. The three coordination sites opposite to the  π  - ligand display a high affi nity 
for N/O - donor ligands  [21] . To obtain a small DCL with the Cp * Rh complex, it 
was dissolved together with the dyes gallocyanine, mordant yellow 10, and Evans 
blue in phosphate buffer at pH 7.4 (Scheme  7.3 ). Gallocyanine and mordant yellow 
10 form 1   :   1 complexes with the Cp * Rh fragment, whereas 1   :   1 and 2   :   1 complexes 
are obtained with Evans blue.   

 For all three dyes, the complexation to the metal resulted in pronounced changes 
in the UV - Vis, but these changes occurred in different regions of the spectrum. 
The addition of analytes with a high affi nity to the Cp * Rh complex was therefore 

     Figure 7.6     The ability of a DCL sensor to discriminate between the sequence isomers 
Gly – His – Gly and Gly – Gly – His (a) and His – Gly – Gly and Gly – Gly – His (b) as a function of the 
total metal concentration and the Cu 2+    :   Ni 2+  ratio. The color indicates the differentiation, which 
was achieved for the respective sensor composition (red   =   good; blue   =   weak).  



 178  7 Analytical Applications of Dynamic Combinatorial Chemistry

expected to give characteristic UV - Vis spectra. This was tested with nucleotides 
that are known to bind to the Cp * Rh fragment in aqueous solution  [22] . First, the 
response of a sensor comprised of [Cp * RhCl 2 ] 2  (60    μ M) and the three dyes 
([dye] total    =   100    μ M) was tested for the nucleotides  adenosine diphosphate  ( ADP ), 
 adenosine triphosphate  ( ATP ), or  guanosine triphosphate  ( GTP ) ([nucle-
otide]   =   0.5   mM). The three nucleotides indeed gave characteristic spectra, which 
differed in terms of amplitude and position of the signals (Figure  7.7 ).   

 Subsequently, the range of the analytes was expanded by adding  cyclic adenosine 
monophosphate  ( cAMP ),  adenosine monophosphate  ( AMP ), and the  pyrophos-
phate anion  ( PP i  ) to the DCL sensor. Six independent measurements were per-
formed for each analyte ([nucleotide]   =   [PP i ]   =   1.0   mM). The intensities at fi ve 
different wavelengths were chosen as the input variables for a LDA (see Glossary 
in Box  7.1 ). The resulting score plot is shown in Figure  7.7 . The data appear in 
well - separated groups, which shows that the sensor can easily discriminate the six 
analytes. 

 The Cp * Rh - based sensor can also be used for quantitative analyses. This was 
demonstrated with the analytes ATP, cAMP, and PP i . The hydrolysis of ATP to 
give cAMP and PP i  is catalyzed by  adenylate cyclase  ( AC ). AC is an important 
enzyme that is involved in many signaling pathways. Its activity is commonly 
measured by monitoring the conversion of [ α  -  32 P]ATP to [ α  -  32 P]cAMP using ion -
 exchange chromatography to separate the nucleotides. To show that the sensor 
can be used to measure simultaneously the concentrations of ATP and cAMP/PP i , 

     Scheme 7.3     Generation of a small DCL of Cp * Rh – dye complexes by mixture of gallocyanine, 
mordant yellow 10, and Evans blue with [Cp * RhCl 2 ] 2  in buffered aqueous solution.  
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     Figure 7.8     Determination of independent analyte concentrations (ATP and cAMP/PP i ) with a 
DCL sensor. The concentrations of the validation samples are shown as circles and the 
predictions of the ANN as crosses. The intersections of the grid lines represent the 
concentrations of the 36 calibration samples.  

a multilayer ANN (see Glossary in Box  7.1 ) was trained with the UV - Vis data of 
36 calibration samples containing variable amounts of ATP, cAMP, and PP i  
([cAMP]   =   [PP i ]). The predictive power of the trained ANN was evaluated with 10 
validation samples with ATP and cAMP/PP i  concentrations between 0.1 and 
0.9   mM. The actual and the predicted concentrations for the validation samples 
are shown in Figure  7.8 . Overall, the predictions were quite good    –    the root - mean -
 square errors were only 45    μ M for ATP and 42    μ M for cAMP/PP i .   

     Figure 7.7     Identifi cation of nucleotides and 
PP i  with a DCL sensor. (a) UV - Vis difference 
spectra obtained upon addition of ADP (solid 
line), GTP (dotted line), or ATP (dashed line) 
to a sensing ensemble composed of 

[Cp * RhCl 2 ] 2  and the dyes gallocyanine, 
mordant yellow 10, and Evans blue. 
(b) Two - dimensional LDA score plot for the 
analysis of fi ve different nucleotides and PP i .  
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 The colorimetric sensors described above are based on dyes that interact with 
synthetic receptors or with metal complexes. The resulting dynamic mixtures of 
receptor – dye or metal – dye aggregates undergo competitive exchange reactions 
with analytes. This adaptation gives rise to characteristic changes in the UV - Vis 
spectrum. A different approach has been described by the group of Lavigne  [23] . 
As the key building block of their sensor, they have employed a carboxylic acid 
functionalized poly(thiophene).  α , ω  - Diamines were chosen as analytes. The ana-
lytes bind to the polymers via electrostatic and/or hydrogen bonding interactions. 
As a result, the main - chains of the polymers are twisted and aggregation of the 
polymers occurs (Figure  7.9 ). Both effects infl uence the absorbance of the polymer 
in a specifi c way. The analytes can therefore be identifi ed by a UV - Vis analysis. It 
should be noted that in this approach, the DCL of aggregates is only formed in 
the presence of analytes.   

 As a proof - of - concept, the Lavigne group has investigated the sensor response 
for simple  α , ω  - diamines with a chain lengths between two and six methylene 
groups. In addition, histamine was used as an analyte. The analysis was performed 
with the UV - Vis data obtained for a constant polymer concentration of 0.4   mM, 
and for fi ve different analyte concentrations between 0.5 and 5.0   mM. The normal-
ized absorption values at nine wavelengths were subjected to a LDA (see Glossary 
in Box  7.1 ). A  “ jack - knifed ”  classifi cation matrix showed that the analyte can be 
identifi ed with an accuracy of over 99%  [23] . 

 In a subsequent study, the Lavigne group has shown that a sensor of this kind 
can be used to quantify histamine in a fi sh sample  [24] . Histamine is the most 

     Figure 7.9     The interaction of  α , ω  - diamine analytes with a carboxylic acid functionalized 
poly(thiophene) results in an aggregation of the polymer. The chain length of the diamine 
affects the color of the aggregate.  
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prevalent biogenic amine found in tuna, and its amount is correlated with the 
 “ freshness ”  and the quality of the fi sh. Histamine was extracted from the tuna 
samples by extraction with trichloroacetic acid. Quantifi cation of the amine was 
then possible using a  “ classical ”  analysis method    –    the ratiometric response of the 
polymer sensor at 420 and 530   nm. It is interesting to note that the sensitivity of 
the assay was better than the typical mammalian sense of smell. 

 The analyte - induced aggregation of functionalized poly(thiophene) is reminis-
cent of colorimetric sensors that are based on the aggregation or dissociation of 
gold nanoparticles. Gold nanoparticles display a red - shift of their plasmon band 
upon aggregation. This feature has been exploited extensively for (bio)analytical 
applications. A discussion of this work extends the scope of the present chapter 
and more details can be found in a number of review articles  [25] .  

  7.4 
 Molecular Timers 

 In the previous part of this chapter it was described that DCL sensors can be used 
to determine the identity and/or the quantity of analytes. A recent extension is the 
demonstration that DCL sensors can be used to obtain information about the 
history of analyte variations  [26] . 

 A photochemical sensor, whose optical status is determined by the time at which 
certain analytes are added, needs to operate under kinetic control. In this regard, 
Cp * Rh - based sensors are interesting because competitive dye – analyte reactions 
occur on the minute to hour timescale. Furthermore, it was found that the kinetics 
can be slowed down by using additives such as PP i   [26] . To demonstrate that DCLs 
of Cp * Rh(dye) complexes can be used to time molecular events, the following 
experiment was performed. The analytes ADP (250    μ M) and ATP (250    μ M) were 
added at times  t  1  and  t  2  to a freshly prepared mixture of [Cp * RhCl 2 ] 2  and the dyes 
azophloxine, glycine cresol red, and naphthol blue black. The two analytes compete 
with the three dyes for the complexation to the metal. Since the free and the metal -
 bound dyes show different colors, a characteristic UV - Vis spectrum was obtained. 
A UV - Vis analysis at time  t  3  followed by data processing with a multilayer ANN 
(see Glossary in Box  7.1 ) then allowed determining the addition times  t  1  and  t  2  
(Figure  7.10 ).   

 For the training of the ANN, 25 calibration samples with variable ADP and ATP 
addition times were analyzed by measuring the absorption at fi ve different wave-
lengths after  t  3    =   15   min. The predictive power of the trained ANN was evaluated 
with 12 validation samples with randomly chosen addition times between 0 and 
10   min for ADP and ATP. Analogous to the calibration samples, the validation 
samples were analyzed by UV - Vis spectroscopy after 15   min (fi ve measurements 
each). The predictions of the ANN in comparison with the real addition times of 
ADP and ATP are shown in Figure  7.10 . On average, the deviation of the predic-
tion for the addition time of ADP was 36   s and for the addition time of ATP 34   s. 
This correlation is quite remarkable, given that the timer has to distinguish 
submillimolar concentrations of two structurally very similar analytes.  
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  7.5 
 Conclusions 

 The examples described above are evidence that DCLs can be used as powerful 
analytical tools. Biologically interesting analytes such as peptides, nucleotides, or 
amines have been identifi ed and/or quantifi ed with sensors, which are cheap and 
easy to make. Furthermore, it has been shown that DCLs can be used to time 
molecular events. 

 For DCL sensors, the information about the analyte is represented by the library 
composition. Readout by fl uorescence or UV - Vis spectroscopy is possible if the 
library is composed of compounds with a characteristic color or fl uorescence. The 
information is then distributed across the entire spectral range of the library 
members. This distinguishes a DCL sensor from a classical chemosensor, for 
which the analysis is generally performed at either a single wavelength or by com-
parison of two wavelengths ( “ ratiometric sensor ” ). To process the DCL sensor data 
it is advantageous to use multivariate analyses methods. In this regard, DCL sensors 
are related to sensor arrays such as  “ electronic noses ”  or  “ electronic tongues. ”  

 DCLs of colored or fl uorescent compounds can be used for any analyte that 
results in a detectable re - equilibration of the library. It is thus suffi cient if the 
analyte displays an unspecifi c interaction with some library members. This is in 
contrast to DCL selection experiments aimed to identify a high - affi nity receptor. 
Here, a specifi c and strong interaction with a particular library member is of 
advantage, because it results in higher amplifi cation factors. 

     Figure 7.10     (a) UV - Vis analysis after time  t  3  in combination with a multivariate analysis can 
be use to determine the times  t  1  and  t  2 , when ADP and ATP were added to a solution 
containing a Cp * Rh(III) complex and three dyes. (b) ATP and ADP addition times determined 
by the molecular timer in comparison with the real addition times for 12 validation samples. 
The predictions are shown as fi lled symbols (fi ve measurements for each sample) and the real 
addition times are indicated by empty symbols.  
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 From an experimental point of view, DCL sensors have two key advantages. (i) 
The generation of a DCL sensor is very simple    –    all that is required is to mix the 
respective building blocks. This is exemplifi ed by the colorimetric DCL sensor for 
dipeptides, which was obtained by mixing CuCl 2 , NiCl 2 , and three commercially 
available dyes. (ii) DCL sensors can easily be modifi ed    –    and thus optimized    –    by 
variation of the nature, amounts, and relative ratios of the constituent building 
blocks. This fl exibility is not found for classical chemosensors, which are based 
on receptors with covalently attached signaling units. Here, structural modifi ca-
tions may require substantial synthetic efforts. 

 The utilization of DCLs for analytical purposes is a recent addition to the con-
stantly growing list of applications of DCC. So far, there are few publications in 
this area, most of which are summarized in this chapter. However, in view of the 
advantages outline above, it is likely that interesting new developments and appli-
cations will be reported in the near future.  
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  8 
Trends and Perspectives  
  Sijbren   Otto   and   Joost N.H.   Reek        

  8.1 
 Introduction 

 Interest in  dynamic combinatorial chemistry  ( DCC ) has increased rapidly since 
the fi rst publications on the subject in the mid - 1990s. Figure  8.1  shows that the 
annual number of publications involving DCC has risen steadily. Among the 
various available reversible covalent reactions, disulfi de, imine, and hydrazone 
chemistries are the most popular (Figure  8.2 ). However, other reversible covalent 
reactions are being developed and there is defi nitely a need to further expand this 
repertoire.   

 As the available reversible chemistries diversify, exciting opportunities arise by 
combining different reversible reactions in the same system. The fi rst such study 
was reported by Eliseev and Lehn, who combined hydrazone chemistry with 
metal – ligand coordination involving a labile Co(II) center that could be oxidized 
to form a stable (kinetically inert) Co(III) species  [1] . Nitschke  et al.  extensively 
explored systems that combine imine and metal – ligand interactions  [2] . Also a 
combination of imine, metal – ligand, and disulfi de chemistry has recently been 
reported  [3]  as well as a combination of imine, metal – ligand, and boronic acid 
chemistry  [4] . Combinations of different reversible covalent chemistries have 
also been reported, including imine and nitrone chemistry  [5] , communicating 
disulfi de and thioester chemistry  [6] , and orthogonal disulfi de and hydrazone 
chemistry  [7, 8] . In the latter case, both exchange chemistries operate in different 
pH regions, so it should be possible to evolve such systems away from the hypo-
thetical global thermodynamic minimum by alternating between the two exchange 
chemistries.  

  8.2 
 Dynamic Combinatorial Libraries as Molecular Networks 

 Dynamic combinatorial chemistry has grown out of an unmet demand for effi cient 
methods for developing new synthetic receptors and new ligands for biomolecules. 
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     Figure 8.2     Number of publications until the end of 2008 on DCC grouped by type of 
reversible covalent chemistry.  

     Figure 8.1     Number of publications dealing with DCC since the invention of the approach.  
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It is evident from Chapters  3  and  5  that dynamic combinatorial libraries (  DCL s) 
have indeed become popular and powerful tools for these purposes. The respon-
siveness of DCLs to external infl uences has also potential for other applications. 
First reports on the infl uence of electric fi elds  [9] , light  [10 – 12] , and temperature 
and pH  [13]  have recently appeared, and it is our expectation that there is a great 
deal more to be discovered by using these and other external stimuli. The same 
applies to the use of DCLs for identifying catalysts (see Chapter  4 ). The dynamic 
combinatorial approach has not yet seriously entered this area of science and only 
the fi rst examples have appeared that show proof - of - principle. It is possible to 
design procedures to select a catalyst from a dynamic mixture of candidate 
molecules. 

 All of the applications mentioned above use an external molecular or physical 
stimulus with the aim of selecting particular molecules with special properties. 
While this approach is in essence reductionist (i.e., the purpose is the identifi ca-
tion of individual molecules), the actual experiments require dealing with DCLs, 
which are complex mixtures. We have already seen in Chapter  2  that dynamic 
libraries can present counterintuitive behavior, which has important implications 
for the design of dynamic combinatorial experiments and may produce some 
pitfalls in the interpretation of the resulting data. Thus, efforts have been made to 
analyze the behavior of DCLs in order to come to a better understanding. While 
the incentive for these studies was initially to guide the design of dynamic com-
binatorial experiments, it gradually became apparent that the behavior of DCLs is 
an interesting subject in its own right. DCLs are complex networks of interacting 
molecules and constitute an important entry into the emerging fi eld of systems 
chemistry  [14] . 

 It is clear from biology that networks of (bio)molecules can perform highly 
specifi c and advanced functions. There is currently a great drive to unravel the 
structure and mechanistic details of networks of biomolecules, which has given 
rise to the discipline of systems biology and, more recently, synthetic biology, 
where the insights derived from systems biology are used to engineer new systems. 
By analogy, it must also be possible to create networks of fully synthetic molecules 
that perform new and advanced functions that go well beyond a mere sum of the 
properties of the individual molecular constituents. In addition, fundamental 
understanding of biological systems properties may be facilitated by knowledge 
generated in the area of systems chemistry as the underlying principles are likely 
to be the same. The advantage of synthetic chemical systems is that we have ample 
tools to modify these systems such that we obtain a better understanding or an 
improved control over the system and its properties. 

 Indeed, there are already a number of examples in DCC where the focus is on 
the global behavior of the molecular network (i.e., the DCL) rather than on any of 
the individual network constituents. Examples include work on DCLs with unusual 
network topologies  [15] , where two subsets of ligands are unable to form metal –
 ligand complexes containing ligands from each of the two subsets. This charac-
teristic infl uences the way such networks respond to the introduction of guest 
molecules. Another example is the formation of patterns in the amplifi cation 
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behavior of DCLs of hosts that were simulated using randomly assigned host –
 guest binding affi nities  [16] . These patterns can emerge as a result of the infl uence 
of particular hosts that are already abundant in the absence of the guest and, upon 
addition of guest, compete strongly with the other species for the building blocks 
from which they are made up. 

 Another important trend is the use of DCLs as sensors. Here, the response of 
the entire library to the introduction of an analyte is recorded, and information 
about the nature and quantity of the analyte is obtained through multivariate 
analysis methods. When the kinetics of the library response are included in the 
analysis, the time of addition of analytes can also be determined. Chapter  7  
describes these analytical applications in more detail. 

 A global analysis of the response of a DCL to a template molecule is determined 
by the affi nities of the template for the various library members. Thus, the library 
response contains quantitative information about the template binding strengths 
of all library members that have signifi cant affi nities for the template. This allows 
us to obtain good estimates of the binding constants for the stronger hosts in a 
DCL directly from the library composition in the presence of different concentra-
tions of guest  [17] . This application is described in more detail in Chapter  2 . This 
method bypasses the need for isolation of individual library members and thereby 
greatly increases the speed at which affi nity data can be collected. 

  8.2.1 
 Self - Replication in  DCL  s  

 The above examples clearly illustrate a trend towards a more holistic approach of 
DCC. Further exponents of this trend are a number of recent reports that explore 
self - recognition in DCLs. In these systems molecular recognition between library 
members drives the synthesis of the very compounds that recognize each other 
( cf . Chapter  1 , Figure  1.2 d). Thus, the DCLs are self - screening and the selected 
structures can be considered to be self - replicating. We proposed this possibility 
back in 2006  [18] , at which time the systems that came closest to showing such 
behavior were the disulfi de - bridged lipids developed by Regen  et al.   [19] . It is 
gratifying to see that several systems have appeared since in which such internal 
templating is occurring. 

 Giuseppone recently reported a proof - of - principle study featuring a library 
member exhibiting self - complementary recognition through hydrogen bonding 
 [20] , inspired by the Rebek replicator  [21] . The authors mixed aldehydes  1  –  3  with 
amines  4  and  5  (Scheme  8.1 ).   

 Of these building blocks,  1  has the potential to hydrogen bond to  4 . Thus, the 
imine formed from these two building blocks can dimerize to give the complex 
shown in Scheme  8.1  and this dimerization shifts the equilibrium in favor of the 
formation of this imine. 

 In more recent work, the same group has developed another self - replicating 
system based on the reversible formation of amphiphiles  [22] . In this system a 
lipophilic aldehyde can combine reversibly with any of a series of hydrophilic 
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amines (Scheme  8.2 ). This results in the formation of amphiphilic imines that can 
aggregate to form micelles. These micelles promote the dissolution of the hydro-
phobic aldehyde and its subsequent reaction with a hydrophilic amine. Thus, the 
imine promotes its own formation. While this principle has been explored already 
in some detail by Luisi  [23] , the authors now introduce a new element to the system 
in the form of a pool of different amines. Thus, the system is able to select the 
 “ fi ttest ”  amine through reversible imine chemistry.   

 Another example where aggregation of a library member drives its synthesis 
was recently reported by Ulijn  et al.   [24, 25] . They used reversible amide bond 
formation, mediated by thermolysin, which is an enzyme that can catalyze both 
amide bond hydrolysis and formation, and is only moderately peptide - sequence -
 dependent. The authors reported that starting from dipeptides and fl uorenyl -
 protected amino acids, the action of thermolysin gives rise to a dynamic mixture 
of peptides of different lengths (containing typically one to fi ve amino acid 
residues). When using phenylalanine or leucine as the starting amino acids the 

     Scheme 8.1     Self - templating of an imine from a DCL of six possible imine products.  
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corresponding trimeric peptides were observed to self - assemble into fi bers through 
a combination of stacking between the hydrophobic fl uorenyl groups and  β  - sheet 
type main - chain hydrogen bonding. These interactions not only stabilize the 
nanostructures, but also cause the equilibrium between the various possible 
peptide products to shift in favor of the formation of the trimers. The fi bers were 
of suffi cient length and strength to give rise to entanglement and subsequent 
gelation of the aqueous solvent (see Figure  8.3 ).   

 Philp  et al.  have recently reported a beautiful example of a kinetically controlled 
self - replicating systems that feeds on a DCL, strongly biasing the fi nal product 
distribution towards the autocatalytic product that had a concentration of zero at 
the start of the experiment  [5] . The system was set up by mixing fi ve ingredients: 
building blocks  6  –  9  and dipolarophile  14  (Scheme  8.3 ).   

 The four building blocks can combine through reversible imine and nitrone 
formation to produce a small DCL containing imines  10  and  11  and nitrones  12  
and  13 . The two nitrones can undergo an irreversible 1,3 - dipolar cycloaddition 
with maleimide derivative  14 . The  trans  product of the cycloaddition of nitrone  12  
(but not of  13 ) is a good catalyst for its own formation as it preorganizes  12  and 

     Scheme 8.2     Reversible formation of an imine surfactant in a system where surfactant 
aggregation shifts the equilibrium towards formation of the imine that aggregates most 
effi ciently.  
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     Scheme 8.3     Autocatalytic reaction that feeds on a DCL.  
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 14  through the formation of a ternary  12     ·     14     ·     15  complex as shown in Scheme 
 8.3 . Autocatalysis by  trans  -  15  causes the cycloaddition of  12  to dominate over that 
of  13  causing the selective consumption building blocks  6  and  8  from the building 
block pool. 

     Figure 8.3     Thermolysin - mediated reversible amide bond formation gives rise to a DCL of 
short peptides. Aggregation of the trimeric peptide into fi bers shifts the equilibrium towards 
this product and also causes gelation of the solvent.  
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 The above examples show that an interface is developing between DCC (i.e., 
dynamic molecular networks) and self - replicating systems, hinting at a possible 
role for DCLs in the origin of life.   

  8.3 
 Perspectives 

 DCC has been conceived as a technique for the discovery of new synthetic recep-
tors and ligands for biomolecules. The results of little over a decade of research 
go well beyond merely establishing proof - of - principle in these areas. Lucid exam-
ples are the discovery by Miller  et al.  of lead compounds targeting myotonic dys-
trophy  [26] , and our own discovery of a synthetic receptor for spermine that is 
effi cient enough to sequester spermine from DNA and thereby control the helicity 
of DNA  [27] . 

 Two potential applications of DCLs that remain underexplored are catalysis 
(Chapter  4 ) and the exploration of intramolecular recognition to give rise to mol-
ecules exhibiting stably folded structures. In both of these areas the fi eld has not 
developed as rapidly and is still in the proof - of - principle phase. 

 However, in other areas DCC has expanded well beyond what it was originally 
conceived to do. When regarding DCLs not merely as discovery tools, but as 
molecular networks, many additional opportunities present themselves, some of 
which are now starting to be explored. A nice example includes the use of mul-
tiphase systems recently reported by Sanders  et al.   [28]  We expect that the future 
will bring many new developments in new areas, which may include emergent 
behavior such as information processing  [16] , feedback behavior, and molecular 
communication.  
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