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1. INTRODUCTION 

 

Molecular recognition between two chemical entities forms the basis of all biological processes, 

such as gene transcription, metabolism, signal transduction, etc. The ability to interfere in these 

processes using synthetic molecules offers the possibility to correct errors that originate from a genetic 

or environmental origin. The size of the proteome, which is the entire set of proteins expressed by the 

genome, and the large number of signalling and metabolic pathways that occur inside a cell, makes the 

sole selection of the appropriate target protein very challenging. Even in case the target protein has been 

identified, information on its mode of action, its globular structure and the structure of its active site is 

necessary. In case all this information is available, a lead compound should be sought for that has some 

basic affinity for the active site, which can then be optimized in a process called lead optimization. 

Whereas the identification of target proteins is a task of biologists and biochemists, the development of 

lead compounds and their optimization is a chemical job. The rational design of lead compounds 

requires an exact knowledge about the multitude of noncovalent interactions that can occur between the 

lead compound and the active site of the target protein and the medium. The difficulty in predicting the 

combined effect of simultaneously occurring multiple noncovalent interactions has lead to the 

development of powerful computational techniques. Docking studies now allow large libraries of 

molecules to be screened in silico, which allows the actual synthesis of potential lead compounds to be 

directed a priori. Regarding the synthesis, it is evident that the chances of finding a successful lead 

increases as the number of synthesized compounds increases. With this idea in mind pharmaceutical 

companies jumped on combinatorial chemistry in the 1990ies. Synthetic methodology and automated 

systems were available for the preparation of colossal libraries of molecules containing up to 105 – 106 

members. However, the screening results of such libraries did by no means live up to the expectations 



and the number of hits was surprisingly low. One of the main reasons for this lack of success was 

pointed out by Schreiber et al. in 2000, who convincingly argued that, despite the large number of 

building blocks used, the structural diversity within these libraries was actually rather limited.1 Being 

synthesized according to a linear strategy, those combinatorial libraries addressed only a very small 

portion of chemical space. Schreiber made a call for diversity oriented synthesis in which building block 

diversity alone is not sufficient, but should be accompanied by skeleton (or core) diversity, i.e. also the 

spatial orientation of functional groups should be a variable.2-4 For the discovery of unknown lead 

compounds, the combinatorial library should represent a chemical diversity as large as possible. 

Nonetheless, eventually any library needs to be synthesized physically and each member of it needs to 

be screened individually for affinity. 

Fig. 1. Conceptual representation of dynamic combinatorial chemistry. The addition of a target changes 

the thermodynamic landscape of the DCL and causes a spontaneous increase in the concentration of the 

best receptor. Image reproduced from ref 14. 

 

Dynamic combinatorial chemistry (DCC) adds a new dimension to combinatorial screening: the 

target interacts simultaneously with all members of a combinatorial library, self-selects the best 

component and spontaneously amplifies the concentration of that component in the library.5, 6 

Potentially this is highly attractive since it just requires the preparation of a large pool of components as 

chemically diverse as possible. The selection of the optimal component is performed by the target itself, 

which means that knowledge about the way of interaction is not requested at all. The principle behind 

DCC is very simple. Consider a dynamic combinatorial library (DCL) formed through the reversible 

connection of molecules by means of noncovalent interactions or reversible covalent bonds (see next 

paragraph for examples). The use of reversible bonds makes that the composition of the DCL will be 

determined by the relative thermodynamic stabilities of the individual members. In other words, a DCL 

is composed of a numerous set of chemical equilibria and is under thermodynamic control. Formation of 

a DCL is simple as it just requires mixing up a large variety of building blocks provided that these are 

equipped with a functional group for reversible bond formation. The addition of an external stimulus to 



such a DCL (which may be the addition of a target molecule, but also a change in the environmental 

conditions such as pH or light) will change its thermodynamic landscape. Some members will interact 

with the target and hence are thermodynamically stabilized. Consequently, all equilibria will shift in 

favour of those members leading towards a spontaneous increase in their concentration. In an ideal case, 

after re-equilibration the DCL is composed of only one compound, which just needs to be isolated.  

 

2. CHEMICAL BOND FORMATION UNDER THERMODYNAMIC CONTROL 

 

The main feature of DCC is the use of reversible bond formation to construct the members of the 

combinatorial library. This may either be a noncovalent bond or a reversible covalent bond (Table 1).5 

In theory, and also in practice, many reversible reactions have been employed, but some practical 

considerations are important. 

• The reaction needs to be reversible on a reasonable time scale. 

• Compatibility is requested between the experimental conditions of the recognition process in 

the library and reversible bond formation.  

• As a general rule, the reversible bond formation should occur under mild conditions, because 

of the delicateness of the noncovalent interactions involved in the molecular recognition 

process. 

• It should be possible to ‘freeze’ the exchange reaction in order to prevent re-equilibration 

during the analysis. This is less important in case analysis is performed in situ or in a time 

frame which is much faster than the exchange reaction. 

• Ideally, all building blocks of the library should be isoenergetic to prevent a bias of the initial 

library composition in favour of one of the components. 

The use of noncovalent interactions to construct a DCL has been limited to hydrogen bonds and 

coordination bonds. These bonds have directionality which makes them very suitable to create larger 

structures in a rational manner.7, 8 The relative weakness of these interactions makes that equilibration is 

very fast. Nonetheless, in practice the latter turned out to be also a disadvantage since the low kinetic 

stability of the products makes analysis of the library composition a daunting task. For that reason, 

currently almost exclusively reversible covalent bonds are used to generate DCLs.9  

Reversible covalent bond formation is generally much slower and frequently a catalysts needs to 

be added to ensure appreciable exchange kinetics. Consequently, exchange processes can be simply 

stopped by removing the catalyst. Although many reactions of those listed in Table 1 have actually been 

studied within the context of dynamic combinatorial chemistry, the vast majority of DCLs reported rely 

on disulfide or imine-type exchange reactions. 



Table 1. Reversible covalent reactions used in DCC. Taken from ref. 5 

 

The popularity of the disulfide exchange is caused by its high compatibility with functional groups 

and physiological conditions. It is the reversible covalent bond employed by Nature itself. The exchange 

mechanism involves a nucleophilic attack of a thiolate anion on the disulfide leading towards the 

expulsion of another thiolate. This makes the disulfide reaction highly pH dependent and allows the 

exchange process to be ‘frozen’ simply by lowering the pH. Under neutral or slightly basic conditions 

generally a sufficient amount of thiolate is present to induce exchange. Disulfide based DCLs are often 

prepared in two distinct ways, either by slow air oxidation of a mixture of thiols (υexchange > υoxidation), or 

by the addition of a catalytic amount of a reducing agent (e.g. dithiothreitol) to a mixture of disulfides. 

Imines are formed by a condensation reaction of an aldehyde or ketone with an amine. With regard to 

DCC, the main advantage of this reaction is the fact that it is heteromeric. This implies that exclusively 

productive interactions are present without interfering self-dimerizations for instance. This allows one to 

follow exclusively the aldehyde component, which simplifies the analysis of the DCL. Imine formation 

is also catalyzed by acid, but a too acidic pH kills the reaction as the amines get protonated. In water, 

imines have a rather low thermodynamic stability which makes that their application in this medium is 

not frequent. Related C=N based bonds, such as oximes or hydrazones, have a far higher 

thermodynamic stability even under physiological conditions. 



3. APPLICATIONS OF DYNAMIC COMBINATORIAL CHEMISTRY 

 

This section gives an overview of the applications of DCC. Some key examples are selected that 

illustrate well the potential of DCC in the various fields and also give an insight in how the 

methodology is used practically. 

 

3.1. Receptors 

 

Back in 1996, the group of Lehn was strongly involved in the self-assembly of well-defined 

inorganic architectures, such as squares, grids, ladders, and helicates.10 Self-assembly, or noncovalent 

synthesis,11 was emerging as the strategy for the preparation of well-defined molecular objects of 

nanosized dimensions. Self-assembly strongly relied on the use of multiple noncovalent interactions 

with thermodynamics being the driving force for assembly formation. The guiding lines for the design 

of the final structures by Lehn et al. were the appropriate combination of oligomeric ligands (often 

containing multiple bipyridine units) and metal ions with a well-defined coordination geometry, 

frequently CuII, NiII, PdII, etc. 

 

Fig.2. Anion-templated formation of metallomacrocycles. Image reproduced from ref 13. 
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In the course of these studies they made an interesting observation: mixing tris-bipyridine ligand 1 

with 5 equivalents of FeCl2 gave exclusively the pentanuclear circular helicate I, composed of five 

ligands 1 and five Fe(II) ions, as the thermodynamic product (Figure 2).12, 13 Surprisingly, when FeSO4 

was used as the metal source, exclusively the hexanuclear circular helicate II, composed of six ligands 1 

and six Fe(II) ions, was obtained. Circular helicate II was also obtained when other large anions were 

used such as SiF6
-, BF4

-. Analysis of the X-ray crystal structure evidenced the presence of a Cl- ion 

inside helicate I, which led to the hypothesis that the Cl- ion templated the formation of circular helicate 

I. In other words, stabilizing interactions between I and Cl- induce the preferential formation of I. To 

show that thermodynamic stability was the driving force, the SO4
2--ion in helicate II was exchanged for 

a Cl- and the complex was heated for a prolonged time. Indeed, both 1H NMR and ESI-MS analysis 

indicated the quantitative transformation of II into I, containing Cl- in its central cavity. As such, it was 

one of the first clear examples in which a template directed the composition of a DCL. 

Besides Lehn et al., another major contributor in the field of DCC is the group of Sanders in 

Cambridge. They have developed several working systems based on the dynamic formation of 

macrocycles either through disulfide or hydrazone formation. Both systems will be illustrated with a key 

example. The first DCL is obtained by mixing a focused set of dithiol building blocks 2-4 (Figure 3).14 

The design of these building blocks was inspired by the family of cyclophane receptors developed by 

Dougherty.15 Dithiols 2-4 have hydrophobic aromatic surfaces that are well-separated from the 

carboxylate groups required for water solubility. Mixing equimolar amounts of compounds 2-4 in water 

at pH 8-9 in an open vial results in the formation of a DCL composed of a variety macrocycles. After 

oxidation (complete disulfide formation), ESI-MS revealed the presence of 45 different macrocycles of 

unique mass. The actual number of macrocycles is much higher because stereoisomers and 

constitutional isomers are obviously not differentiated. HPLC analysis gave the quantitative distribution 

and revealed that the DCL was mainly populated by two compounds which turned out to be the mixed 

dimer of 3 and 4 and a mixed trimer containing all three building blocks. At least 36 smaller peaks 

corresponding to other library members were also present. Subsequent exposure to a series of guests 

induced remarkable changes in the library composition. The addition of 2-methylisoquinolinium iodide 

resulted in a very strong amplification of trimer 5, composed of two units 2 and one unit 3. On the other 

hand, the addition of N-methylated morphine led to the amplification of homotrimeric compound 6. 

Isolation of the receptors and determination of their binding affinity for the added guests using 

isothermal calorimetry gave values in the order of 105 M-1 and suggested that binding is driven by 

electrostatic interactions such as cation-π interactions. 

 



 

Fig.3. Formation of a DCL of macrocycles through disulfide formation and respective changes in the 

DCL composition upon the addition of guests. Image reproduced from ref 14. 

 

Fig.4. Formation of a DCL of macrocycles through hydrazone formation. Image reproduced from ref 16 
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The strength of the following example from the same group is that it shows the unpredictable 

behaviour of a DCL yielding a receptor that no one would have been able to conceive a priori. A 

dynamic library of macrocycles of different size was formed upon addition of trifluoroacetic acid to a 

solution of peptide building block 7 (Figure 4).16 TFA liberates the aldehyde group and also catalyzes 

the formation and exchange of hydrazones with the hydrazide unit. HPLC analysis revealed that initially 

linear intermediates were formed that rapidly converted into a series of macrocycles (up to at least the 

hexamer). Thermodynamic equilibrium was reached in 3 days indicated by the absence of any further 

changes in time in the chromatogram (Figure 4). The surprise came when the experiment was repeated 

in the presence of the neurotransmitter acetylcholine ACh. Also here, initially a series of linear and 

cyclic oligomers was formed, but within one hour a new peak appeared that was never observed in the 

non-templated experiment. Over a long period of 44 days this peak continued to grow in intensity 

reaching a maximum level of 70% of the material in the library (based on HPLC) corresponding to an 

amplification of more than three orders of magnitude. Isolation and characterization of this peak by a 

combination of NMR and MS revealed that this product was a [2]-catenane composed of two 

interlocked cyclic trimers. Remarkably, in the absence of ACh the 1H NMR spectrum is ill-defined 

indicating the presence of slowly interconverting isomers. Addition of the substrate sharpens the 

spectrum indicating the formation of a well-defined complex. Isothermal calorimetry revealed an 

impressive binding constant of 1.4x107 M-1 in a 95:5 mixture of CHCl3:DMSO.  

The previous examples involve the amplification of a receptor, of host, upon the addition of the 

target guests. This process is referred to as molding. Conceptually, one can also do the opposite, casting, 

in which a receptor induces the assembly of the best guest. It is clear that this is potentially very 

attractive for drug discovery.17 The target protein itself selects the optimal binder from a dynamic 

library of candidates. The feasibility of such an approach was demonstrated by Lehn et al. in a seminal 

contribution from 1997.18 This was a guided study in the sense that the concept was studied on a known 

protein-ligand system, CAII and 4-sulfamoylbenzoic acid benzylamide (Kd = 1.1 nM). A 12-component 

DCL was prepared composed of three aldehydes and four amines and its composition at thermodynamic 

equilibrium was studied by HPLC. When the library was prepared in the presence of CAII, a different 

chromatogram was obtained evidencing the increase in intensity of some signals. The compound that 

was amplified to a major extent was structurally very similar to the covalent inhibitor. This approach 

has been successfully applied also on other proteins. 

 

3.2. Catalysts 

According to Pauling, a catalyst is a species able to lower the transition state of a chemical 

reaction. Obviously, the problem is that the transition state is a highly energetic, transiently stable 



species and therefore by definition difficult to handle. However, as an alternative one can take a 

transition state analogue (TSA), which is a stable species resembling the transition state both sterically 

and electronically. The group of Sanders and Otto anticipated that the addition of a TSA to a DCL 

would lead to the self-selection of receptors for the TSA, and thus having the ability to stabilize the 

transition state of the reaction under scrutiny. As a first example, Sanders, Otto and co-workers 

described the isolation of  a catalyst for the Diels-Alder reaction between acridizinium bromide and 

cyclopentadiene (Figure 5a).19 A DCL composed of a series of macrocycles was obtained by mixing 

three dithiol building blocks. Considering that the transition state of a Diels-Alder reaction is very 

similar to the product, the product itself was used as a transition state analogue (TSA) and added as a 

template to the DCL. A significant shift in library composition was observed in favour of two 

macrocycles 8 and 9 (Figure 5b) After isolation, it was indeed found that both macrocycles had a high 

affinity for the transition state. However, a comparison with the binding affinities for the substrate 

showed that only macrocycle 8 bound the product stronger than the starting material, indicating that 

only 9 would exhibit catalytic activity. Measurements of the rates of the Diels-Alder reaction in the 

presence and absence of 8 and 9 indeed revealed an accelerating effect (~10x) for macrocycle 8 and no 

effect for 9. Although rather modest in terms of efficiency, this study is of importance as it showed for 

the first time the self-selection of a catalyst from a DCL.  

 

Fig.5. Catalyst selection using a transition state analogue as target. 
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3.3. Sensors 

 

Because the relative concentrations of the members of a DCL depend on the environment (pH, 

solvent, presence or absence of target, etc), Severin et al. hypothesized that a DCL could be used as 

sensor if its composition could be transduced into a specific signal output.20 They prepared a DCL of 

metal-dye complexes in which all library members have a different color (Figure 6). Re-equilibration 

upon the addition of an external stimulus will therefore result in a variation of the UV/Vis spectrum of 

the mixture. The DCL was obtained by mixing commercially available dyes arsenazo I 10, 

methylcalcein blue 11, and glycine cresol red 12 with the metal salts CuCl2 and NiCl2. Job plot analysis 

revealed that apart from the 1:1 complexes also species with different stoichiometries were formed. 

Dipeptides were used as analytes, since these are known to form stable complexes with Cu2+ and Ni2+ 

ions and therefore change the composition of the DCL. Among the UV/Vis spectrum eight wavelengths 

were selected that were most significant in terms of identification. The data was the classified by a 

linear discriminant analysis (LDA). The results were quite remarkable despite the simplicity of the 

DCL, since even closely related analytes as L-Phe-Ala and D-Phe-Ala could be differentiated. The 

modular nature of a DCL makes it easy to optimize the response for a particular sensing problem by 

variation of the nature, the number, and/or the relative amount of its components.  

Fig.6. A colored DCL for the sensing of dipeptides. Image reproduced from ref 20. 

 

3.4.  Materials 

 

Supramolecular polymers form a new class of materials and are characterized by the presence of a 

reversible chemical bond in the backbone.21 This may either be a set of hydrogen bonds or coordinative 

bonds, but also a reversible covalent bond. As a consequence, these polymers have highly characteristic 

properties, one of which is their ability to reversibly pass from a monomeric (liquid) state to a polymeric 

state in conditions where the ‘weak’ link is disrupted. Lehn et al. has demonstrated that dynamic 
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polymers (coined ‘dynamers’) have the capacity to undergo spontaneous and continuous changes in 

their constitution by exhange, reshuffling, incorporation and decorporation of the monomeric units.22, 23 

As such, a constitutional dynamic polymer library has potentially the ability to respond to altering 

environmental conditions by shifting its equilibrium towards the preferred ‘fittest’ dynamer. A dynamer 

library was prepared by condensation polymerization through reversible imine formation.24Diamines 

and dialdehydes contained functional groups able to induce or favour folded forms through 

supramolecular interactions. It was shown that the addition of metal ions induced an adaptive behaviour 

of the dynamer library favouring those dynamers with an optimal binding site. Additionally, different 

metal ions create different optical signals rendering also a sensing function to the dynamic library. In 

another study the same group described a dynamic system able to switch between a macrocyclic and 

polymeric state upon the addition of metal ions.25 Here, metal ions induces a conformational change in 

the building blocks which favours the formation of dimeric macrocyles over linear polymers. 

 

4. IS DYNAMIC COMBINATORIAL CHEMISTRY TRULY COMBINATORIAL ? 

 

4.1. Theoretical limitations 

 

The conceptual simplicity of dynamic combinatorial chemistry gave it a jumpstart in terms of 

research groups involved. Having mastered the skill to use noncovalent and dynamic covalent bonds at 

will, DCC seemed the obvious area for the application of supramolecular systems. In fact, the examples 

shown in the previous section are evidence of this potential. However, an evaluation of the literature 

over the past 15 years leads to some observations. First, the number of DCLs that have displayed 

spectacular amplifications are rather limited. Second, apart from some exceptions (see later) nearly all 

DCLs are rather small (<25 components), especially in comparison to the huge covalent libraries 

prepared in conventional manner. These are indicators that the application of DCC may not be as 

straightforward and general as it appears. In this section we discuss some of these critical issues. 

Already back in 2000, a critical theoretical report by Moore and Zimmerman appeared in which 

they argued that an infinitely large DCL had only limited capability of changing its mean binding 

constant.26 They considered a DCL where each species can interconvert into another and all have an 

identical concentration in the absence of template. Library members in the model have different 

affinities for the template, the binding constants being assigned from a continuous distribution function. 

Comparison of the mean binding constants before and after the addition of ligand showed that the mean 

binding constant shifts by only slightly more than 2 orders of magnitude, which resulted in the 

conclusion that the template effect in DCC is of rather limited use for large libraries (Figure 7a). This 



conclusion was criticized by Otto, Sanders et al. who argued that a DCL cannot be represented as a 

continuum with a single equation, but rather as a collection of discrete species.27 The same kind of DCL 

was simulated, but this time containing a finite 10000 membered library and to each host a binding 

constant from a log K distribution was randomly assigned. Analysis of the result before and after the 

addition of ligand revealed that the bulk indeed behaved as the Moore/Zimmerman set (Figure 7b). 

However, the best binder (with log K = 4 !) was amplified 794 times from a tiny concentration in the 

original mixture to become 8% of the final library mixture. 

Fig.7. Simulation of the changes in the mean binding constant of the members of a DCL upon the 

addition of a ligand. Images reproduced from refs 26 (a) and 27 (b) 

 

Fig.8. Simulated amplifications in a DCL in which affinities were assigned to the individual members.28 
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The models used in these initial simulations are not very realistic since it is assumed that all library 

members can interconvert on a 1:1 basis and that the initial concentrations are all the same. Severin et 

al. described a series of more realistic simulations that illustrated that DCC has some intrinsic problems 

that may hamper its successful application.28 A small library of 10 trimers composed of building blocks 

A, B, and C was simulated and to each of the trimers a certain affinity for a guest T was assigned 

(Figure 8). Depending on the relative stabilization some counterintuitive results were obtained. For 

instance, stabilization of the two trimers ABC and AAA by a factor 1000 (all other library members 

without affinity for T) resulted in the amplification of heterotrimer ABC only (entry 5 in Figure 8). In 

fact, compared to the concentration in the absence of T, the actual concentration of AAA went down. In 

other cases, the concentration of trimers went up despite the fact that these had no affinity at all for the 

guest. This behaviour was also observed experimentally in a dynamic mixture of metallamacrocycles. In 

this library energy differences between the members are caused by the presence or absence of sterically 

demanding groups. Nonetheless, the most amplified compound in the dynamic library was never the 

thermodynamically most stable homomeric metallamacrocycle, but always an heteromeric component. 

What is the origin of these remarkable observations ? It should be remembered that the dynamic 

combinatorial library will adapt in such a way to reduce its overall free energy. From this point of view, 

it is preferable to produce many complexes of moderate stability compared to a single complex of high 

stability. From a statistical point of view, heterotrimers are intrinsically preferred over homotrimers, so 

amplification of a homomeric species comes along with an energetic penalty. Likewise, in a library of 

macrocycles of various dimensions, it is entropically more favourable to form many small macrocycles 

rather than one large macrocycle. Severin et al. described a series of remedies against such undesired 

amplification effects, such as the separation of bound and unbound library members, the use of a 

limiting building block, and the use of small concentrations of template.29  

Critical observations such as those by Severin (and others) touch the heart of the DCC concept. But 

are these limitations really important or just casual effects observable in small minimal systems. 

Sanders, Otto et al. performed an extensive series of computer simulations to address this issue for large 

combinatorial libraries, composed of 28 dimers, 84 trimers, and 210 tetramers with randomly assigned 

binding constants.30 The composition of the libraries was analyzed and the amplification for each 

component was plotted against its free energy of binding (Figure 9). It was observed that the observed 

correlation strongly depended on the distribution of the binding affinities over the library members. In 

case a few strong binding dimers (entropically favored) were present (Figure 9a) a much worse 

correlation was observed compared to DCLs that did not have such species (Figure 9b). Additionally, 

these simulations confirmed the importance of the relative concentrations of guest and building blocks. 

However, an overall evaluation led to two main conclusions: (i) unless excessive amounts of template 



are added, good binders have a high probability of being significantly amplified, and (ii) any compound 

that is significantly amplified is essentially guaranteed to be a good binder. Importantly, although this 

implies that it may not necessarily be the best receptor present that is amplified most, as a general rule 

DCC will produce positive results. 

 

Fig.9. Correlation between the observed amplification and the assigned affinities in simulated DCLs.5 

 

4.2. Large dynamic combinatorial libraries 

 
The possibility to indeed obtain binders from large combinatorial libraries was demonstrated by 

Otto et al. and Miller et al. The first prepared a DCL containing theoretically at least 9000 unique 

macrocycles by mixing a series of disulfides.31 The DCL was screened for binding to ephedrine, which 

is protonated under the experimental conditions. The obvious difficulty in using DCLs of this size lies in 

retrieving information about the library composition. For instance, HPLC does not have the potential to 

resolve all signals. Nonetheless, the chromatograms of the mixtures in the presence or absence of 

ephedrine showed the clear amplification of some components, traced back to the isomers of 132142 and 



131143 by LC-MS-MS analysis (Figure 10). The fact that these compounds were only detected when the 

guest was present indicated that their amplification was very high. Next, a focused DCL was prepared 

using only building blocks 13 and 14 which confirmed the amplification of the tetramers. Both 

compounds were present as isomers, but no specific amplification of either of those was observed and 

no attempts for separation were made; both receptors were isolated as mixture of isomers by HPLC. The 

thermodynamics of binding of ephedrine to the host was determined by isothermal titration calorimetry, 

revealing binding constants of 1.3 x104 M-1 and 1.5x104 M-1 for 132142 and 131143, respectively. 

Fig.10. Changes in a large DCL (>9000 members) upon the addition of ephedrine. Ref. 31. 

 

In an elegant approach Miller et al. tackled the analytical problem by attaching the dynamic 

combinatorial library on resin.32 In this approach, library building blocks are covalently attached to a 

solid support and allowed to equilibrate in the presence of solution-phase building blocks and the target. 

Labelling of the target allows a simple detection of binding by isolating and analyzing fluorescent 

beads. Upon mixing 150 building blocks (oligopeptides) a DCL was prepared containing a theoretical 

maximum of 11325 components. This DCL was screened for its ability to bind to the HIV-1 frameshift-

inducing stem-loop, which is a vital regulator of the HIV-1 life cycle. The three beads exhibiting the 
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highest fluorescence were isolated and subjected to photolytic cleavage. MS analysis showed that only 3 

building blocks were present and a focused library composed of these units was made containing 9 

components only. Two sets of dimers were found to have a high affinity for the RNA stem-loop with 

dissociation constants down to 4 µM. 

Together these examples effectively show that also DCLs of large size are amendable for screening 

and actually improve the chances of finding high affinity binders. 

 

5. DCC FOR DETECTING WEAK INTERACTIONS: DYNAMIC COVALENT CAPTURE 

 

The preceding sections seems to suggest that DCC is mainly suitable for detecting high affinity 

binders. By itself, this is obviously important, but many processes are subtly guided by weak differences 

in energy. Consider for instance the interactions of a catalyst with the transition state of a chemical 

reaction. Here, a few kJ of energy can make the difference. This section deals with the application of 

DCC for detecting weak, rather than strong, interactions, using a methodology referred to as dynamic 

covalent capture.33 The essential point of dynamic covalent capture is that a molecular recognition event 

is followed by the formation of a reversible covalent bond between the two molecules (Figure 11). A 

major advantage is that the molecular recognition event has become intramolecular in the captured 

product. This allows the detection and quantification of weak noncovalent interactions between 

molecules, which would go unnoticed using conventional methods. This will be illustrated in this 

section by discussing a series of examples in which weak noncovalent interactions play a dominant role. 

 

Fig.11. Conceptual representation of dynamic covalent capture. Molecular recognition is followed by 

the formation of a reversible covalent bond. 

5.1. Structural stability of peptides 

Knowledge of the forces that drive the folding of peptide strands into proteins are of crucial 

importance for understanding the mechanisms behind diseases related to protein misfolding and for the 

engineering of artificial peptide constructs. Protein folding processes are generally measured by 
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monitoring changes in a spectroscopic indicator of the higher order structure, such as a CD signal,  upon 

imposing conditions that induce denaturing of the protein (concentration, temperature, ionic strength). 

Driven by the concern that the intrinsic stabilities of the limiting conformational states, native and 

denatured, are affected by the experimental conditions, Gellman et al. developed a new strategy for 

measuring higher order stability in polypeptides.34 The so-called backbone thioester exchange (BTE) 

approach relies on the replacement of a backbone amide bond in the polypeptide with a thioester, which 

can undergo thioester/thiol exchange in aqueous solution at neutral pH (Figure 12). 

The validity of this model was initially tested on bovine pancreatic polypeptide (bPP), a 36-residue 

protein that adopts a well-defined tertiary structure in which the N-terminal polyproline II segment 16 is 

folded back onto the C-terminal α-helix segment 15.34 The amide bond between residues 9 and 10 was 

selected for replacement with the thioester, as this bond is located in the loop and does not participate in 

intramolecular hydrogen bonding. Addition of small thiol 17 (thioglycoyltyrosine N-methyl amide) 

results in the instalment of an equilibrium in which this reference thiol competes with the C-terminal 

segment for thioester formation with the N-terminal segment. Assuming that the reference thiol has no 

tertiary interaction with the N-terminal segment and assuming that the two thioester bonds are 

isoenergetic, any shift in the equilibrium in favour of t-bPP can be directly correlated to a favourable 

tertiary interaction between the N- and C-terminal segments. The elegancy of this approach is that it 

allows for a rapid study of the effect of single mutations in the peptide chains on the stability of the 

folded structure. For bPP such an analysis was performed by examining the KBTE values upon an Ala-

substitution of the Tyr20 and Tyr27 residues, which are known to play a critical role in tertiary structure 

formation from NMR studies. In fact, the positive ∆Gfold/BTE values suggest that removal of these Tyr-

residues causes a loss of favourable contacts. 

 

Fig.12. The backbone thioester exchange (BTE) approach. Image reproduced from ref 34 
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5.2. Drug discovery 

Wells, Braisted and Erlanson and co-workers at Sunesis Pharmaceuticals have laid the conceptual 

foundation for a combinatorial screening by reporting on a tethering strategy for ligand discovery 

(Figure 13).35 Their approach consists of using disulfide exchange between a Cys-residue located near 

the target site and a small library of potential disulfide-containing ligands. Most of the library members 

will show no intrinsic affinity for the protein and the disulfide bond between ligand and protein will be 

easily reduced. However, binding interactions between a ligand and the target site of a protein stabilize 

the disulfide bond and shift the thermodynamic equilibrium towards the modified protein. 

Determination of the composition at thermodynamic equilibrium then reveals the library member with 

highest affinity for the target. The validity of the tethering concept was first tested on thymidylate 

synthase (TS), which has a Cys-residue located in the active site.36 This enzyme is involved in the 

synthesis of thymidine monophosphate (dTMP), and therefore a prominent anticancer drug target. 

Potential ligands were screened in sets of 10 with sufficient mass differences to allow identification of 

captured components by mass spectrometry. Tethering experiments were performed in the presence of 

an excess of 2-mercaptoethanol in order to impose reducing conditions and thus reversibility. Screening 

of a total of 1200 disulfide-containing fragments resulted in a strong selection of N-

arylsulfonamideproline derivatives, represented by N-tosyl-D-proline. Importantly, as before, it is the 

noncovalent interaction between the ligand and the protein that determines the thermodynamic stability. 

This is evidenced by the fact that the observed distribution of kinetic products (in the absence of the 

reducing agent) is entirely different from the composition at thermodynamic equilibrium, showing only 

a moderate selection of N-tosyl-D-proline. The sensitivity of the tethering strategy in detecting weak 

interactions is illustrated by the low value obtained for the dissociation constant of 1.1 mM, which is a 

level that would be hard to detect with conventional high-throughput screening. 

 

 

Fig. 13. The tethering approach for the selection of weak affinity binders. From ref 33. 
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Fig.14. Dynamic covalent capture applied for catalyst discovery. Image reproduced from ref 33. 

 

5.3. Catalyst Discovery 

 

Recently, we have started a project that aims at the development of catalysts by means of dynamic 

covalent capture.37 The concept is to use as trigger a compound which is a stable analogue of the 

transition state (TSA) of a reaction (Figure 14a). The dynamic library will respond by increasing the 

concentration of the library member that most strongly interacts with the TSA. Added to the reaction 

under scrutiny, the isolated member will act as a catalyst by lowering the energy of the transition state. 

As a proof-of-principle we have focused on the self-selection of functional groups that can assist 

intramolecularly in the cleavage of a flanking ester bond.38 Evidently this does not yield a true catalyst, 

but our choice to start from here was driven by the knowledge that intramolecular recognition events are 
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much easier to detect.38 So, our target molecule is 2-ethylphosphonoxybenzaldehyde 18 containing the 

phosphonate group as TSA for the basic cleavage of an ester moiety and an aldehyde for reversible 

hydrazone formation (Figure 14b). Exposure of this target to a library of functional hydrazides yields a 

mixture of the corresponding hydrazones some of which stabilized through intramolecular interactions 

between the phosphonate and the functional group of the hydrazide unit. The occurrence of 

intramolecular interactions emerges immediately from a comparison of the library distribution with the 

distribution of a reference library in which the target is absent (using 2-methoxybenzaldehyde). We 

have developed new analytical tools based on fast 1H-13C HSQC NMR spectroscopy (with Damien 

Jeannerat from the University of Geneva)39 and UV/Vis-spectroscopy40 to rapidly determine the mixture 

composition. Comparison of the relative hydrazone concentrations in both libraries revealed the 

strongest amplification for hydrazone 19 equipped with an ammonium group. Positioning of that 

ammonium close to the ester moiety in functionalized phenylacetate 20 indeed resulted in an enhanced 

cleavage rate, although being modest.41 A series of control experiments supported the hypothesis that 

this was indeed due to transition state stabilization. 

 

6. SYSTEMS CHEMISTRY 

 

Amplification in a DCL has also been described as Darwinian evolution on the molecular level: 

survival of the fittest. In that regard, DCC is an essential component in the quest for artificial forms of 

life and as such is currently being integrated in the much larger context of systems chemistry. Systems 

chemistry actively pursues emerging properties of whatever kind in mixtures of synthetic molecules.42 

Traditionally, organic chemists consider a mixture of molecules as a half-done job; separation, isolation 

and the individual analysis of each components is a must. This is in sharp contrast with Nature, which 

achieves its tasks through complex networks of molecules regulated by feedback loops and control 

mechanisms. These networks are highly dynamic in nature, which generates adaptability to changes in 

the environment. The most intriguing aspect is that these ensembles of molecules have properties that 

cannot be traced back to a single component. Systems chemistry is about making libraries of synthetic 

molecules that can do the same. Within the context of dynamic catalyst discovery, it can be envisioned 

that systems chemistry may ultimately lead to the development of ‘smart mixtures’ able to catalyse (a 

cascade of) chemical transformations induced by a trigger event, which is the addition of reagents. 

Systems chemistry has not yet reached the level of sophistication to propose networks of this type, but 

the following example sheds some light on this potential. 

Philp and Sadownik recently reported a small four component dynamic library of 2 imines and 2 

nitrones able to interconvert (Figure 15a).43 At thermodynamic equilibrium a 1.0 : 1.4 : 1.7 : 1.0 



composition was observed for compounds 21, 22, 23, and 24, respectively. These components were 

chosen because of two characteristics. Two components of the library (21 and 23) contain an amido 

pyridine unit that can complex a carboxylic acid through the formation of two hydrogen bonds.44 Two 

components (22 and, importantly, again 23) are nitrones able to undergo a 1,3-dipolar cycloaddition 

with maleimides.45 The addition of maleimide 25, containing a carboxylic acid, to this dynamic misture 

gives a spectacular result. The maleimide reacts with both nitrones 21 and 23 and causes an irreversible 

transfer of material to a product pool forming two pairs of diastereomeric cycloadducts: cis- and trans-

26 and cis- and trans-27, respectively. The special effect is caused by trans-27 which is able to catalyse 

its own formation through the ternary complex [23•25•trans-27]. So, whereas trans-27 is initially 

formed through the bimolecular reaction between 23 and 25, the autocatalytic pathway takes over 

progressively. As a consequence, nitrone 23 is depleted from the library at a much higher rate compared 

to 21. Being dynamic, the library responds by shifting its composition towards the formation of more 

nitrone 22. Both the process of self-replication and evolution work in the same direction and highly 

efficiently drive the system towards the formation of trans-27. After 16 hours and an overall conversion 

of 48%, trans-27 constitutes almost 80% of the product pool (Figure 15b). In contrast, for a reference 

maleimide lacking the carboxylic acid recognition module a conversion of only 21 % was obtained in 

the same time interval with a rather uniform distribution of the four diastereomeric products. 

 

Fig.15. Combination of amplification and self-replication. 
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7. CONCLUSIONS 
 
 

This scope of this chapter was to explain the concept of dynamic combinatorial chemistry and 

to illustrate in which areas DCC has been applied and to which extend success has been achieved. In 

15 years it has proven its conceptual validity on many occasions. The next step is to implement DCC 

on a large scale, using large libraries for real targets. Is DCC an alternative to covalent combinatorial 

chemistry ? Probably not, as it turns out that DCC has limitations by itself in terms of the restrictions 

imposed by the reversible bond formation on the medium. Also the possibility to employ large DCCs 

needs more convincing examples, although initial steps have been made in that regard. It turns out, 

though, that DCC has an element of surprise or unpredictability that is not present in other systems, 

which is its main strength. As illustrated by the commercial application of tethering, DCC has to be 

looked at as an attractive tool to rapidly gain access to rudimentary knowledge about the recognition 

process between target and receptor. For the discovery of lead compounds this is highly valuable 

information. Finally, DCC is now being integrated in the larger domain of system chemistry. This is 

a just emerging research area which has the potential to revolutionize the way chemistry is done, 

shifting the paradigm from single compound studies towards the application of mixtures.  
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