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1. Introduction

Dynamic combinatorial chemistry is defined as combina-
torial chemistry under thermodynamic control; that is, in a
dynamic combinatorial library (DCL), all constituents are
in equilibrium. This requires the interconversion of library
members into one another through a reversible chemical
process, which can involve covalent bonds or noncovalent
interactions including metaligand coordination (see section
2).

Dynamic combinatorial chemistry is unique in that the
composition of the library is determined by the thermody-
namic stability of each of the library members under the
particular conditions of the experiment. This makes DCLs
powerful tools in identifying thermodynamic minima, which
is useful in a number of different contexts.

One application is the identification of the most stable
structure in mixtures of structures with different conforma-
tional properties (foldamers) (Figure 1a). Those structures
that have the most favorable internal noncovalent interactions
will be stabilized and formed in preference over those library
members that lack such stabilization (see section 4.5).

Stabilization of specific library members can also take
place throughintermolecular noncovalent interactions be-
tween library members, the library composition being biased
toward those members that form stable assemblies or
aggregates (Figure 1b). Although this approach has received
little attention (see section 4.4), it has real potential for the
discovery of self-assembling molecules including interlocked
architectures and new soft materials.

Thermodynamic control in DCLs implies that changing
the conditions of the experiment can induce changes in the
library composition; that is, dynamic combinatorial libraries
will respond to external influences. In principle, this respon-
siveness can be exploited in numerous fashions: for instance,
for the discovery of compounds with strongly temperature-
or pressure-dependent properties or compounds that respond
to light or electric or magnetic fields. Giuseppone and Lehn
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Templating can be used to select for species that act as hosts
professor.

or receptors (Figure 1c), as well as for the discovery of new
guests or ligands (Figure 1d). These applications are reviewed
reported one of the first demonstrations that dynamic libraries in detail in sections 4.1, 4.2, and 4.3.
can respond to selection pressures other than molecular Ideally, amplification will be selective for the compound
recognition, as illustrated by the adaptive behavior of a that binds the template most strongly. Or, more generally,
library of imines to external stimuli in the form of a change the compound that is most stabilized through noncovalent
in pH and temperatureln practice, the response of the interactions (either with the template, within itself, or with
library to an added template has so far proven most valuableother library members) tends to be produced in preference
(sections 4.14.3). over other library members. However, since DCLs strive for
In the context of this review, a template influences the the lowestoverall Gibbs energy, special cases can occur
overall geometry or structure of the product rather than the where the final equilibrium distribution favors library
intrinsic chemistry. In general, after a template has directed members other than the one that is, in isolation, the most
the formation of the product(s), it can be removatthen a stable species. This behavior reflects the fact that DCLs are
template binds to a specific library member, this species is complex molecular networksin which library members are
stabilized and the equilibrium will shift, normally resulting connected through a set of equilibrium reactions. Any change
in an increase in the concentration of the selected library to the stability of one member will be “felt” by all others.
member (thermodynamic templati§). This increase inthe  The final equilibrium distribution is determined by the sum
concentration of selected species in response to the introductotal of the thermodynamic stabilities of all species in the
tion of a template is commonly referred to as “amplification”. mixture. Fortunately, it is in most cases possible to choose
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experimental conditions such that the individually “fittest”
species are indeed the ones that are preferentially produced
(see section 5). Figure 1. Different ways of selecting specific members of a
dynamic combinatorial library on the basis of noncovalent interac-
1.1. History tions: (a) selection of foldamers driven by internal noncovalent
interactions; (b) selection of self-assembling molecules on the basis
This brief section attempts to capture the history of of noncovalent interactions between different library members; (c)

dynamic combinatorial chemistry. Much of the work men- selection of a host by a separately introduced guest; (d) selection
tioned here is described in detail in the following sections. ©f @ guest by a separately introduced host.

Dynamic combinatorial chemistry relies on the selection of

the thermodynamically most stable product from an equili- templating: Watson and Crick discovered the DNA double
brating mixture. This principle can arguably be traced back helix in 1953 and realized immediately that its replication
to the 19th century: the studies of Emil Fischer on involved a templated synthesis. Their work inspired Todd
carbohydrates and of Werner on coordination complexesin Cambridge to suggest soon afterward that organic
made extensive use of this approach. A cornerstone in someaemplates might one day be used to control synthetic
of the applications of dynamic combinatorial chemistry is reactions in the laboratory, and he challenged organic
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chemists to explore this idédn retrospect, it is clear that metal helicates (section 4.1.2.2, Scheme 29), observing that
metal-ion-templated syntheses of phthalocyanines had beerthe major product in a dynamic mixture of helicates was
observed as early as 193%ut it is only through the determined by the nature of the counterion that binds in the
pioneering work of Busch in the 1960s that templated center of the helicat&;he has reviewed his entry to the field
synthesis became recognized. Busch’s macrocycle synthesisn more detail elsewhef@ Huc and Lehn then extended their
shown in Scheme 1 is probably the first published example work to include templating of a ligand by a protein,

Scheme 1. Synthesis of a Macrocycle Using describing the inhibition of carbonic anhydrase by a library
Thermodynamically Controlled Templating by Ni(ll) 10 of imines created in sité? This work was preceded by a
S\ publication by Venton and co-workers who used nonspecific
no R0 i R N 8 t t dd d t of peptid ibl
metal \ Ni(ll) N, proteases to prepare and degrade a set of peptides reversibly,
low yields <—— + HN SH —— ;[\ N with a view to amplifying the sequences that bound most
R0 R N 8 strongly to fibrinoger?3 In 1997, Miller described the first

dynamic combinatorial approach to DNA-binding com-
pounds? In the same year, Sasaki published an elegant “self-
adjusting” metal-centered ligand for lectiff£éand Eliseev
used light-induced alkene isomerization as a reaction to drive

Subsequently, templated syntheses developed along paralle?he.m.Ical evolution in an equilibrating mixture of simple
and largely noncommunicating organic, inorganic, and arginine receptors’

biochemical tracks. A notable contribution by Goodwin and ~ The first disulfide exchange work to articulate a version
Lynn features reversible imine-mediated synthesis on a DNA of the dynamic combinatorial idea was probably that of Hioki
template'? Prior attempts to exploit template-directed syn- and Still in 199&2 although the reversibility of thiet
thesis in polymerization reactions sought kinetic differentia- disulfide exchange has been known and exploited for many
tion of product distribution. DNA and RNA polymerases Yyears?® 33

employ reaction reversibility and sophisticated proof-reading

mechanisms to ensure high fidelity in template translations. 1.2. Scope and Outline of the Review

In Goodwin and Lynn’s approach, the role of the template

is to shift the equilibrium position. By controlling this We now present a comprehensive review of all aspects of
equilibrium, they both demonstrated unique chemistry on a dynamic combinatorial chemistry and some related ap-
DNA template and realized the first chain-length- and proaches. Earlier reviews on particular aspects of dynamic
sequence-specific template-directed polymerizations. combinatorial chemistry can be found in refs 7, 21, an¢ 34

Another important contribution came from Rideout who 50. Not included in the present review is the closely related
reported the covalent assembly of a cytotoxic drug at its approach of thermodynamically controlled templated syn-
target using hydrazone chemistd#* In 1995, Hamilton thesis, where the aim is to prepare specific predesigned
described one of the first examples of a combinatorial molecules (an elegant example and leading references can
approach to synthetic receptors using reversible coordinationbe found in ref 51), which can sometimes be formidably
around a metal io®® In the same year, Harding described complext?
the guest-induced amplification of a metallo-macrocycle from
a mixture'® Soon after, several laboratories independently
evolved very similar general approaches to what is now
known as dynamic combinatorial chemistry.

The Cambridge version was conceived in Dublin on 17
September 1992 and stemmed from the notion that in order
to become more efficient at developing synthetic receptors,
we needed a new and general approach that captured th
combinatorial, selection, and amplification elements exhibited . N .
by the mammalian immune systéfiThe key idea was that 4 deals.wnh applications of DCLs for the dlscove(y of new
guests should be able to shift an equilibrium mixture of SYNthetic receptors and catalysts, as well as the discovery of
(macrocyclic) hosts in the direction of the best binder. The NeW ligands for proteins and nucleic acids. This is followed
first experiments were carried out by Richard Bonar-Law DY @ brief description of dynamic combinatorial approaches
and involved base-catalyzed reversible transesterification.t0 @ggregation. The final part in this section is devoted to
Max Gunter, on sabbatical from Australia, carried out a few the use of dynamic combinatorial chemistry to address the
experiments, but our first serious work aimed at achieving folding of biomolecules as well as synthetic polymers. While
thermodynamically controlled templating was started by Paul the present studies on aggregation and folding feature
Brady, in October 1993. Progress was slow at first, but the Mixtures of only a few compounds and are therefore perhaps
first paper clearly articulating the concept of dynamic hot truly combinatorial, we have nevertheless chosen to
combinatorial chemistry appeared in early-199and the include this work because we feel it forms the foundation
first modest templating results with this system soon dfter. of important future work in this area. The theoretical work
As explained in section 2.1.1.1, base-catalyzed transesteri-on DCLs is reviewed in section 5. Finally, in section 6, we
fication has severe limitations as an exchange reaction, anddiscuss some approaches that resemble dynamic combina-
it was soon supplanted in our work by hydrazone and, with torial chemistry, including systems in which reversible
the arrival in Cambridge of Sijbren Otto, disulfide exchange chemistry is separated from screening for affinity. We
reactions. conclude the review by highlighting some exciting new

During the mid-1990s, Lehn independently conceived a approaches that combine reversible chemistry with irrevers-
dynamic combinatorial approach as a result of his work on ible reactions.

to articulate clearly the role of a template {Niin stabilizing

a desired product from a complex equilibrating mixttfte.
In related work, Nelson et al. stressed the role of transami-
nation in metal-templated formation of imine macrocydfes.

This review is organized as follows: In section 2, the
various types of reversible chemistries will be discussed in
considerable detail, focusing on the conditions and practical
issues such as functional group tolerance. This overview is
followed by section 3, in which we discuss some issues
related to the experimental setup of a DCL, including tests
éor equilibration and the influence of building block con-
centrations and design on the composition of DCLs. Section
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Scheme 2. Reversible Reactions Used for Dynamic Combinatorial Chemistry to Ddte

acyl transfer and related C=N exchange
Q 0 Q Q H H id H H
a) basg R, | N . acl .
R oR2 RyORe = RioR4  RyoRe | ) RiONR2  RyONRe — ROnRe gConRe
e}
Bl 2 0 Pd©) @ H H H H - HH HH
HAa~eRo o K LRy == A ~_Ry p Aa~eRol K . i acid 3 )
RO Ry 0 R4 RO Ry O ) RiONNR, RyCNNR, RyONNRRsONNR,
o] lo) protease O [} i
0 K (Re KGRy Ri pANRz| g, g, acd  H H.
RN R&N + ormetalRi™ N R&™ N ) RrONOR, Ry“NOR, R “NORRyENOR,
OHgy ©OH ;
R2 R! 0 > 1 other reversible covalent bonds
d aldolase R o~
) THQIA2 oH Me cooNa o %\C COONa H H
Ha C:nR . r, Oubbs H g B R
m| ReUct2 RyYC™M — RUC™ RyvCT2
o) )(2 R s base )Q‘\ R s H H catalyst H H
Ry 82 Ry®H = R 8% Ry°H . ) Mo based }
R n) RyC=CRz R3C:CRy =—= Ry C:CRsy R3C:CR,
3g o catalyst
D R’CH;:CER ReSH o= poHo AR SR SgRy RS | SR
TR "2 3 1 Hy 2 0) RS sRe RySsRs —= RSghs st sRa
R
R 3
acetal exchange and related 0) Ry R /C-:‘:C/ Rs Ry R,
9 ROOR ROOR  acid ROOR ~ ROOR . Rz ™ % R, R2
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h) RS SR R'S SR' acid RS.SR R'S SR’ non-covalent bonds
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a (a) Transesterification; (b) transallylesterification; (c) transamidation; (d) aldol exchange; (e) transthioesterification; (f) Michddittetel reactions;
(g) acetal exchange; (h) thioacetal exchange; (i) pyrazolotriazone metathesis; (j) transimination; (k) hydrazone exchange; (I) oxime exchbenpe; (
metathesis; (n) alkyne metathesis; (0) disulfide exchange; (p) Bidter/retro-Diels-Alder reactions; (q) metalligand exchange; (r) hydrogen-bond
exchange.

Table 1. A Comparison of the Thermodynamic Stability and the

2. The EXChange Reactions Kinetic Lability for Different Bonds

The key feature of dynamic combinatorial chemistry is interactions energy (kJ/mol) lability
the reversible reaction that mediates exchange of the building covalent bonds 150800* low
blocks between the different library members. This reaction coordinative bonds ~ 1st réw 80-350 high
needs to meet a number of requirements: (i) it needs to be %Péirrc?v\\l)\f gg:ggg lrg\‘,avd'“m
reversible on a reasonable time scale; (ii) because equilibra- hydrogen bonds 920 high

tion and selection ideally occur simultaneously, the reversible _ ) o

reaction needs to be compatible with the experimental _°Typical range for single and double bondés.ocalization of the
conditions of the selection process, including the functional metal in the d block of the periodic table (38d series).

groups on the building blocks and template, the solvent, and

the pH (physiological for the use of biomolecules); (iii) Usually, weak and labile noncovalent bonds allow equi-
reaction conditions need to be mild (e.g., temperature, librium to be reached rapidly. However, the ensuing ther-
pressure, concentration), so as not to interfere with the modynamic products are not very stable, in particular in
delicate noncovalent interactions involved in molecular solution, and are consequently difficult to analyze by
recognition; (iv) it needs to guarantee the solubility of all chromatography and difficult to isolate and use in further
the library members at equilibrium because any not suf- €xperiments. ] ) )
ficiently soluble material could act as a thermodynamic or,  In contrast, covalent bond formation and breaking typically
at slow dissolution rates, kinetic trap; (v) it should be possible €xhibit slow kinetics, which can sometimes be accelerated
to turn off the reaction so as to kinetica"y “freeze” the with the addition of a Catalyst to allow equilibration on a
selected library member(s) enabling their isolation and Practical time scale. This implies that by removing this
handling; and finally (vi) ideally all library members should ~catalyst it is possible to stop the exchange process, whereafter
be isoenergetic in order to prevent the production of reaction selected compounds can be isolated and handled without risk
mixtures that are strongly biased toward certain products, of re-equilibration. o

which may make it energetically costly to shift the equilib- ~ We have compiled a comprehensive list of the covalent
rium in any other direction. In practice, the latter requirement @nd noncovalent exchange reactions used to date to generate
is rarely met; for instance, nearly all DCLs in which DCLs, and we have examined their conditions, yields,
macrocyclic products are formed will, for entropic reasons, kinetics, and limitations (see Scheme 2 and Table 2).

be biased toward smaller oligomers.

Three main types of bonds have been used to date in2'1' Reactions Involving Covalent Bonds
reversible reactions: noncovalent (hydrogen bonds), coor- A systematic classification of reversible covalent reactions
dinative, and covalent bonds. Table 1 gives an overview of used in dynamic combinatorial chemistry is difficult to
their thermodynamic stability and their kinetic lability. establish. We have chosen to review the different types of
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Table 2. References to Reversible Chemistries Used in DCLs to Scheme 3. Different Types of Unsymmetrical Covalent

metathesis
(j) transimination

(k) hydrazone exchange

() oxime exchange

(m) alkene metathesis
(n) alkyne metathesis
(o) disulfide exchange

(p) Diels—Alder/
retro-Diels-Alder
(9) metat-ligand exchange

(r) hydrogen-bond exchange

1,10,12,22,24,112,113,11H18,
128,136-140,142-145,238,278,
281-283,331,339,369,380,386
13,14,15167,169,170,
277,285,335
147149
197,199,202,203,296,379,387
207

28,32,33,186,194,202,203,252,

253,272,273,294,295,311,327,
328,333,334,338,366,367,378
181

15,16,20,226,213-239,
316,370,375,376
167,24245,247,248,250,
251,253

Date Exchange Reactions Involving Carbonyl Group3
reversible chemistry refs \G§- -
(a) transesterification 18,19,657,269,270 /
(b) transallylesterification 78 ﬁ
(c) transamidation 23,86,382,383 o
(d) aldol exchange 88,89 \é — Q = XX
(e) transthioesterification 99,100,252,381 iy L N
(f) Michael/retro-Michael 104,105
reactions a Acyl transfer (X= NHR, OR, SR, CHR), C=N exchange and acetal-
(g) acetal exchange 17376 type exchange (¥= OR, SR, NHR).
(h) thioacetal exchange 177
(i) pyrazolotriazone 178 negative fragment (O, S, or N). The mechanism of exchange

usually involves a tetrahedral intermediate resulting from
attack of the carbonyl group by a nucleophile X in the rate-
determining step (Figure 3, insé®The activation energy
(E4(1) or E41")) reflects the thermal accessibility of the
equilibrium and can be approximated by considering the
energy gap between the frontier orbitals of the reaction
partners. In the case of acyl transfer, the HOMO holds the
np lone pair of the nucleophile X. The LUMO of the RG&X
electrophile corresponds to the co of a R—CO fragment
perturbed by the interaction with the doubly occupied p
orbital of the electron-donating substituert# (this atomic
orbital corresponds to the HOMO of the attacking nucleo-
phile X)5657 The difference in electronegativity of X is
mainly responsible for the difference in the LUMO and
HOMO levels, so that transamidation X N) and trans-

] ] ] ] ] . esterification (X= O) reactions have to surmount appreciable
labile bonds involved in DCLs following a classical organic  activation barriers. In practice, in transesterification, the
chemistry classification and, in qddmon, focus on the reactivity of the oxygen nucleophile is enhanced by depro-
symmetry of the bond, because this factor determines thetonation (where the counterion can act as a Lewis-acid
design of the building blocks as well as the degree of catalyst, coordinating to the carbonyl oxygen atom, thereby
diversity accessible within a dynamic mixture. The symmetry increasing its electrophilicity) rendering transesterification
or directionality of a labile bond dictates whether individual more accessible than transamidation.

building blocks can self-oligomerize or can only be involved |5 principle, aldol reactions (nucleophilic attack of the
in alternate sequences. For instance, when targeting macrog.-carbon of an enolate on the carbonyl group of an aldehyde)
cyclic species, in the case of an unsymmetrical bond, two are much more energetically accessible because the reactive
categories of building blocks can be designed carrying eitherspecies is a highly nucleophilic carbanion. Under physi-
two copies o_f the same function and_therefqre being self- ological conditions, reversible aldol condensations have thus
inert or carrying complementary functions (Figure 2a). No far only been achieved in the presence of a biological
catalyst.

Sulfur is less electronegative than nitrogen and oxygen
and is much more nucleophilic and softer. Overlap of the
orbitals on sulfur with ther-system of the carbonyl fragment
is poor and gives a slight increase in the energy level of the
TT* cox Orbital. Transthioesterification involves a deprotonated
thiolate anion as the nucleophile (which can be generated
around neutral pH due to the increased acidity of thiols as
compared to alcohols), which has a higher electron density
than the corresponding neutral species. The gap between both
frontier orbitals is thus dramatically reduced, and thioester

] ) o ) exchange can be performed at room temperature under
such differences occur with symmetrical linkages (Figure 2b). neutral conditions.

The symmetrical covalent bonds are discussed in sections  2.1.1.1. Ester ExchangeTransesterification and macro-

2.1.5-2.1.7 and the unsymmetrical linkages in sections |actonization under thermodynamic control have been ex-
2.1.1-2.1.4. Nearly all reversible unsymmetrical covalent tensively studied in polymer chemistry, focusing in particular
bonds used in dynamic combinatorial chemistry involve on the conversion of macrocycles into linear polymers (see
carbonyl compounds and derivatives thereof (Scheme 3).section 3.2).
Important classes of reactions are acyl exchange reactions, pisplacing the esterification/hydrolysis equilibrium toward
exchange reactions involving imines and derivatives thereof condensation traditionally requires introducing an excess of
and reversible acetal chemistry (Scheme 2). carboxylic acid or alcohol or the removal of the condensation
byproduct, that is, water. The latter is usually achieved by
2.1.1. Acyl Exchange azeotropic distillation with a suitable cosolvent, absorption
C(O)—X bonds are relatively fragile and, as a conse- on molecular sieves, or both. If the starting material is a
quence, potentially broken reversibly when X is an electro- methyl ester, the byproduct is methanol, which can be

a - —|;|:>_

b -'|-|u:'>|

Figure 2. (a) Unsymmetrical and (b) symmetrical reversible bonds
(in gray) influence the design of building blocks (right) and their
possible association (left).
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Figure 3. Orbital classification of activation energies for acyl transfer reactions.

Scheme 4. Reversible Transesterification To Effect Acyl Migratioa
OH
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aUse of a boronic acid “template” induces a shift in product distributfgii.

removed azeotropically using toluenedad A molecular 4). Unsurprisingly, aromatic acyl groups appear to be more
sievest®1958 However, achieving efficient exchange when reactive (and presumably more sensitive to water) than
none of the components is present in excess is more difficultaliphatic ones, with the exchange taking place at room
and requires a catalyst in order to give equilibration within temperature. The optimum conditions involve the use of a
a reasonable time scale. While acid catalysts such aspasic catalyst (DBU, 70 equiv with respect to building
p-toluenesulfonic, triflic, or camphorsulfonic acid have been pjocks) in anhydrous acetonitrile; increasing the amount of
used extensively for transesterifications in organic synthesis, water accelerates benzoyl migration but also promotes ester
these catalysts can cause substantial decomposition Ohyqrolysis. After 1.5 h at a concentration of 0.1 mM, 12
building blocks®® Milder alternatives such as titanium  oesiple regioisomers were observed by LC-MS aHd
tetralkyl derivative®® or tin tributyl alkoxides do not nvR. A significant shift in product distribution was induced
accelerate the reactions sufficiently to be useful for dynamic upon binding of the hydroxyl groups to a boronic acid (16
combinatorial chemistry. Base catalysis appears to be theequiv with respect to building block). Due to their binding
most efficient exchange method. We have used 5 mol 9% of preferences for 1,2- and 1,3-cis diolé, boronic acids selec-

the complex of potassium methoxide and dicyclohexyl-18- tively associate with some of the regioisomers of the

crown-6 in refluxing toluene, which allows the formation b lated inositols. F le. th o .
of alkoxide intermediates that remain soluble in the anhy- enzoylated Inositols. -or example, the regioisomer carrying
benzoyl groups on the positions 2, 4, and 6 is the major

drous solvent mixture at millimolar concentrations and yields , .
the desired thermodynamic mixture of oligoester products Productin the presence of B(Ois a result of preferential
within 10 min%2-65 While this reaction proved useful in the Pinding of this template to the axial hydroxyl groups.
early days of dynamic combinatorial chemistry to establish Thermodynamic control is demonstrated by the convergent
proof-of-principle, the conditions are harsh: naked methoxide results obtained with pre-equilibrated libraries without
is both a strong base and a strong reducing agent, limitingtemplate followed by the addition of the boronic acid
the functional groups that can be present, while the high compared with mixing all ingredients at the start of the
temperature reduces the effect of templating interactions. experiment. The exchange reaction can be stopped by

Nevertheless Chang and Ai§” used transesterification  acidifying the reaction mixture, which also results in cleavage
to effect acyl migration omyacinositol tribenzoates (Scheme  of the boronic ester moiety.
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In the examples described above, the exchange takes placemploying less polar nonaqueous cosolvents and a large
in conditions in which the ester bond is thermodynamically excess of starting material. However, water is essential for
unstable when some water is present. In the presence ofproteases; mixed aqueous media usually reduce enzyme
water, the equilibrium is on the side of the starting materials. activity considerably, and insufficiently hydrated catalyst can
This situation can have certain advantages in special casegven be completely inactiv&:8
when different library members are competing for the same  The major limitations of enzyme-mediated transamidation
building blocks (see section 5). are the high substrate selectivity of the catalyst that may bias

The tolerance to water can be improved by operating in the reaction and the fact that the equilibrium typically lies
neutral conditions (in which the ester bond is much more on the side of the starting materials (acids and amines). This
stable to the presence of water) and activating the exchangdatter drawback can be eliminated by using an organic
by using biological catalysts such as esterases. Lipases (serineosolvent in the presence of a hydrophilic solid phase.
hydrolases that catalyze the hydrolysis of lipids at the water Gardossi and co-workers have used proteases (5 mg)
lipid interface) appear particularly effective in minimizing immobilized on Celite R-640 (200 mg) in the presence of a
hydrolysis. Lipase-catalyzed reactions have been widely controlled amount of water (70L) coabsorbed on the solid
applied to synthesis in biphasic media (food and oil process- phase, which is dispersed in a nonwater miscible organic
ing as well as preparation of chiral intermediates), including solvent (1 mL of toluene) at room temperatéfeSuch a
transesterification reactiof%,”* in particular the lactoniza-  biphasic system allows retaining enzyme activity in organic
tion of different families of hydroxyacid&. 7® medium by tuning the water activity. Under these conditions,

While lipases appear promising for use in dynamic thermolysin andx-chymotrypsin catalyze the amide coupling
combinatorial chemistry, the extent to which they allow and esterification of protected amino acids, respectively,
equilibration of the product mixture remains unclear. It giving more than 95% yield within several days. In com-
appears that the product distribution differs from that parison, homogeneous wateacetonitrile systems involving
obtained by conventional synthesis under kinetic control and the same components gave only 11% of coupled products
is affected by the geometry of the substrate, the solvent, theat equilibrium?®
concentration, the temperature, and the type of lipase. This The Ulijn group has recently reported the use of thermol-
last observation emphasizes a recurrent problem linked toysin for the reversible formation of peptides in a system in
the use of enzymes, which still remains to be solved, the which formation of a hydrogel results in the stabilization of
kinetic specificity of the catalyst for particular substrates. a particular peptidés
Ideally, the enzyme should process the different members The use of synthetic catalysts for amide exchange has
of the libraries at the same rate to avoid a reactivity-based focused on the reaction between carboxamides (165 mM)
(as opposed to stability-based) bias of the library composi- and amines (1 equiv). These reactions were studied in organic

tion. solvent at relatively high temperature (9020 °C) in the
2.1.1.2. Allyl Ester Exchange.z-Allyl ester palladium presence of organometallic cataly&t$he potential catalysts
complexes generally undergo reversible reactiérfsWe were selected from a large range of candidates (Lewis acidic

have demonstrated that equilibrium can be reached within metal complexes, nucleophilic alkali-metal amides, transition-
hours in the presence of mild base (40 equiv), the palladium and main-group amides). Aliphatic and aromatic amines and
catalyst (Pd(PPju, 0.1 equiv), and moderate heating (55 amides have been studied separately in the presence of the
°C).”® While such conditions are compatible with some preselected catalysts (isoenergetic exchange). In the presence
molecular recognition processes, they also promote theof catalyst, the reactions require around 16 h, while they
hydrolysis of the ester bond as soon as traces of water arenormally take more than a month in the absence of catalyst.
present in the medium. A different preference is observed between aliphatic and

2.1.1.3. Amide ExchangeThe prominence of amide- aromatic amines in terms of solvent and catalyst:- Al
based molecules in living systems and the widespread use(NMez)g/toluene is the optimum system for aliphatic amines,
of synthetic polyamides are in part due to the stability of Whereas Ti(NMg)./xylene is more appropriate for anilines.
the amide group. Thus, achieving amide bond exchangeThe reaction is believed to proceed through a bifunctional
under mild conditions is a considerable but worthwhile Mechanism involving both substrate activation by a Lewis
challenge. Work in the fields of biochemistry and polymer acidic metal center and nucleophilic attack by a coordinated
chemistry has led to two distinct approaches to achieve amide ligand. It may be possible to apply these catalysts for
thermodynamically controlled amide exchange, which are the dynamic combinatorial development of amide-based
based on biocatalysts and synthetic catalysts, respectivelymolecules and materials, although the relatively harsh

One of the most economical strategies for obtaining the cOnditions will limit the number of applications.
Synthetic dipeptide aspartame (the most used low-calorie 2.1.1.4 Aldol ExchangeAIthough a classical reversible
sweetener in the world) involves a thermodynamically reaction in organic chemistry, the aldol condensation has so
controlled condensation betwe&mprotected aspartic acid far only been applied to dynamic combinatorial chemistry
and phenylalanine methyl ester catalyzed by the enzymein a single casé& 8 Aldolases are enzymes that catalyze the
thermo|ysin_ Removal of an insoluble salt is used as driving interconversion of hexoses and their three-carbon subunits
force to shift the equilibrium in the synthetic directi&tThe and can be applied to a wide range of substrates. They offer
same enzyme was used in the first (and thus far only) an interesting water-compatible alternative to conventional
transamidation-based approach to dynamic combinatorial@ldol synthesis, which is often carried out at low temperature
Chemistry by Venton and co-workers who used small in organic Solvents, requiring the protection of most polar
peptides (two or three amino acid units) at 50 mM concen- groups.
trations and physiological pH in aqueous medium (phosphate N-Acetylneuraminic acid aldolase (NANA aldolase) cata-
buffer, pH= 7.4)23 The equilibrium is reached within several lyzes the addition of pyruvate td-acetylmannosamine to
days and can be shifted toward peptide formation by form N-acetylneuraminic acid (Scheme 5). Since the equi-
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Scheme 5. Enzyme-Mediated Reversible Aldol Reactién softness, polarizability, and nucleophilicity even in mild
R, R o NANA OHgy  OH aqueous conditions. The kinetics and thermodynamics of
H OM? o Pe aldolase Rz)ﬁ\o%coo,\,a Michael/retro-Michael reactions involving thiolatét'°?and
HO OH Me™ 'COONa —— R~z g oxygenatet’® species have been explored recently from an
Ry = a-NHAC Ry = CH,0H : organic synthesis perspective. Inspired by those studies, Shi
R;=a-OH R,=CH,OH and Greaney have incorporated this labile bond into a
21:::8: Ezng o dynamic combinatorial library involving ethacrinic acid
o T derivatives as the Michael acceptors (100 mM) and glu-
2a- and e- denote axial and equatorial substituents, respectfly. tathione (10 mM) as the sulfur nucleoph}Ré-.m The

o . o ) exchange between five different adducts and their respective
librium for this reaction is close to unity, an excess of gthacrinic acid reactants takes place in close to neutral
pyruvate is usually required to drive the reaction toward qonditions (pH= 8) in aqueous solution (1:1 water/DMSO,

completion. While the specificity of the enzyme is absolute 4 special precautions being taken to prevent glutathione
for pyruvate (the donor), it is more flexible with respect to  gimerization). In the absence of template, the library was

the acceptor, and a wide range of mannosamine derivatives;omposed of an approximately even distribution of Michael
have been used to synthesize the corresponding aldol adductgqqucts and corresponding enones.

under thermodynamic contr&i. %
Flitsch and Turner have used NANA aldolase to create a 2.1.2. C=N Exchange
dynamic combinatorial library of sialic acid analogues that

interconvert through stereoselective aldol and retro-aldol 1he most common method for preparing imines and
reaction$®89 They used 2 equiv of pyruvate @ra 5 mM related G=N compounds is the acid-catalyzed reaction of
concentration of aldol acceptor building block at pH 7.5 aldehydes or ketones with amine derivatives. This reaction

(phosphate buffer) in the presence of 0.25 equiv of aldolaseWas discovered by Schiff® and imines are therefore often
per building block. The equilibrium distribution was reached "eferred to as Schiff bases and the €N bond as the
within 24 h. azomethine linkage.

The prospects for use of nonenzymatic aldol exchange Because imine form_ation is reversible, synthesis is gener-
appear limited by complications arising from dehydration ally carried out by driving €N bond formation to comple-
of aldol products and other side reactions. tion through the removal of water using azeotropic distillation

2.1.1.5. Thioester ExchangeThioester bonds were iden-  ©f 4 A molecular sieve¥’1% The substitution pattern or
tified as reversible within the (bio)chemical community the stereoelectronic characteristics of the reaction partners
several decades aj@nd applied to the reversible activation Play a crucial role in the thermodynamic stability of the
of peptide termini for subsequent coupli¥fgThioesters have ~ condensation product&**°In particular, when the reaction
been used only relatively recently as the reversible bond in is carried out with an amine that has an electronegative atom
the formation of DCLs. The exchange reaction is usually containing at least one lone pair of electrons adjacent to the
performed by mixing stoichiometric amounts of thiols and aftacking nitrogen atom, such as a hydroxylamine, a semi-
thioesters in aqueous solution without the need for any carbazide, or a hydrazine, the equilibrium lies far on the side
activation procedure. of the adduct even in the presence of water. To avoid
Ramstion and co-workers have studied the Cata'ytic Unbalanced prOdUCt diStributionS, |ibrarieS relying orIC
screening of dynamic combinatorial libraries of thioester €xchange have thus far only been based on homologous
substrates differing in their acyl group (section 82yheir ~ H2N—X families where X is the same molecular fragment
system of aliphatic sulfur nucleophiles reaches equilibrium (CRiRzRs (imines), NRR; (hydrazones), or OR (oximes)).
within 2 h at 5 mMconcentration. The presence of an  2.1.2.1. Imine ExchangeThe substitution pattern of the
enzymatic template (acetylcholinesterase) in the mixture imine, and in particular the carbonyl-derived part, dramati-
affected both the kinetics and the thermodynamics of the cally affects the thermodynamic stability of the=®
exchange, the binding (or more likely, the unbinding) to the adducts. During the imine formation, water removal is
biomacromolecule being much slower than the scrambling. necessary with diaryl or arylalkyl ketones, but aldehydes and
Woll and Gellman used peptide folding for the selection dialkyl ketones can usually be condensed with amines
and amplification of two sequences assembled by aliphatic without removing the water from the reaction mixture.
thioester linkage$2 The authors used 2 mM tris-carboxy- Aromatic aldehydes give the most stable adddttnd are
ethylphosphine (TCEP) as a reducing agent to avoid disulfide therefore used extensively to generate imine-based libraries.
formation. Interestingly, the equilibrium is reached within In contrast, to date, there is only one example of imine-based
roughly the same time scale as in the Raimstaystem, even libraries generated from keton&3.
though the building block concentration that was used was The imine condensation reaction is acid catalyzed, but only
50 times lower. aldehydes and ketones which do not aldolize easily in acidic
We have reported an example in which disulfide exchange media can be condensed efficiently with amines in the
and thioester exchange were combined to form DCLs basedpresence of strong acid catalysts. In dynamic combinatorial
on aromatic thiol and thioester building blocks (see section chemistry, imine-based libraries are often generated at mildly
2.3). acidic and even basic pH (aqueous buffers between 5.0 and
2.1.1.6. Michael Addition. Michael additions are mecha- 8.5 or weak acids in organic media such as oxalic acid or
nistically closely related to acyl transfers, involving a 1,4- NH4PF?) and at room temperature, preventing aldol side
addition of a nucleophile to an enone, proceeding through reactions.
essentially the same reaction steps as the 1,2-addition to a Some easily accessible carbonyl derivatives may condense
carbonyl group described in the previous sections. In the with amines even more readily than the parent carbonyl
context of dynamic combinatorial chemistry, thiol-based compoundg!* Acetals and ketals react with amino groups
Michael donors are ideal reaction partners due to their either on refluxing in a solvent or on removal of the alcohol
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formed in the reaction by distillation. So far, orggmdiols Macrocyclization can even take place under conditions
have been used as a masked carbonyl functionality for iminewhere not only the imine bond but also the metal ion template
exchangé?® itself is labile. This has been elegantly demonstrated by

In aqueous solution, aliphatic amines are usually fully Nitschke etal. using copper(l) (70 mM), which is kept from
protonated in the pH domain where the reaction takes placedisproportionating in the complé%>***No polymerization
rapidly (pH < 8.0) pulling the equilibrium toward hydrolysis. ~ Of the building blocks was reported despite relatively high
Lehn and co-workers have recently reported a systematicbuilding block concentrations (250 mM building blocks, 140

analysis of the equilibrium constants of formatidg) (of mM sodium bicarbonate).

imines in water from a structurally diverse pool of aldehydes Lehn and co-workers have recently reported the use of
and amines!® As expected, the values &fwere higher for lanthanide cations as transimination (imine and amine, 20
basic amines, but the correlation between Kgnd the K, mM each) catalysts in organic medidii.This study has

of amines was rather poor. The authors were able to obtainprovided insight into the thermodynamic and kinetic features
much improved correlations using a three-parameter equationof imines and more generally G+#N bond exchange. Sc-
that includes the difference between the LUMO energies of (OTf)s is a powerful and general Lewis-acid catalyst in

the aldehydes and the HOMO energies of amines: organic medium providing accelerations up t6-idid, which
is more effective than Brgnsted acids at the same concentra-
l0a(K) = 6.668— 1.1E2dehyde, o5 qg-amine tion (4 mol % in chI'oroform). In 'part|cu_lar in the case of
9(k) LUMO HOMO i the most basic amines, catalysis by kit less efficient
0.641K, because protonation decreases the reactivity of the amine

while at the same time preventing activation of the imines.

Due to the relative thermodynamic instability in the presence Scandium-mediated catalysis is most effective in solvents
of water, libraries based on imine exchange tend to give poor Of low dielectric constant, while coordinating solvents greatly
yield of adducts and are unstable toward analysis by decrease the catalytic effect (the latter influence the proton-
chromatographic methods that use water. A solution to this catalyzed process much less). Several lanthanides have been
problem is to work in water-free conditiogor in biphasic ~ tested as well, and catalytic efficiency seems to decrease
systemg18 The rate of hydrolysis of the azomethine linkage linearly with the ionic radii of the trivalent cations. The most
is increased by electron-withdrawing substituents, while reactive (i.e., most nucleophilic) amine leads to the thermo-
electron donating ones decrease the reactiftylhe ex- dynamically most stable imine, while the exchange rates are
change reaction can be expected to follow a similar trend highest for amines with comparable nucleophilicities, regard-
because the rate-determining steps of hydrolysis and transless of the direction of the reaction. Catalysis is compatible
imination are similar. with the presence of electron-rich and chelating groups and
Reversible imine chemistry has been used to form cyclic @1 Pe extended to oxime- and hydrazone-based exchange.

ligands for transition metals for several decades. The The mechanism of lanthanide catalysis involves the
complexation of the metal ion directs the synthesis away from formation of a termolecular amirémine—metal ion com-
insoluble polymers to soluble cyclic adducts and shifts the Plex followed by nucleophilic attack of the amine in the rate-
condensation equilibrium toward completion even in pure determining step. Note that the most strongly coordinated
waterl0120-131 For example, the self-condensatioroedmino amine will react most efﬂqentl_y, stressing th.e advantage of
benzaldehyde results in a linear trimer in the absence ofisoenergetic (or isobasic in this case) libraries.
template (thus to an incomplete condensation reactf8fj! Moore has studied imine metathesis as a reversible reaction
whereas closed tri- or tetradentate macrocylic ligands arefor folding driven synthesis of oligomers in organic medium
formed exclusively in the presence of metal ions such as (see also section 4.5.8F140In this case, the exchange takes
Ni(ll), Zn(ll), and Co(ll) (Scheme 6)? The building blocks place directly from imine building blocks in the absence of
water (5 mM in dry organic solvents such as 0N and

Scheme 6. One of the Earliest Examples of CHClp).**t In the presence of 10 mol % oxalic acid,
Thermodynamically Templated Imine Synthesi$20.121.128 equilibrium is reached within several days at room temper-
ature. A very strong influence of the solvent on the size of
the oligomers is observed, indicative of the solvent sensitivity
N of the folding proces$® %% The noncovalent interactions
9

OHC appear to accelerate the equilibration process and to strongly
stabilize the adducts.

The analysis of imine libraries is hampered by the inherent
K@ lability of the imine linkage, making chromatography dif-

/ O\/N\Hz N that are responsible for the folding of the oligomers also
C[CHO
N

ficult. Analysis usually relies on NMR analysis of the

ﬁ complete mixture.
_NO@ Alternatively, kinetic trapping of the imine-based libraries
can be achieved through reduction to amines using selective
@A reducing agents such as sodium or tetrabutylammotfum
cyanoborohydride. The reducing agent is usually used in a
10-fold excess compared to the building blocks (between
that are successfully cyclized under the influence of metal 0.05 and 25 mM), and the procedure is compatible with
ions can usually bind the metal by chelation (i.e., pyridine organid* as well as aqueoif environments. Imine reduc-
and pyrimidine o-carboxaldehydes, salicylaldehytfé, '35 tion has two advantages: it produces derivatives of the library
o-aminophenols). members that are stable to HPLC analysis and also increases,
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Scheme 7. Mechanistic Pathways of Exchange Involvin@-Alkyl and O-Aryl Oximes in Water 147

HN-OAIK; |

i Alk,ONH, Ar—\
Ar—\ — - Ar\©® - A — N-OAIlk
M N-OAIk, i HN-OAIkq HN-OAIK1 |.Alk,ONH, 2
OH HN-OAr; H,0 OH H,0
i H,O : 2 2
@ A O A AON = A< Ar—\
N-OAr, HN-OAryi  H0 HN-OAr;y -Ar,ONH, HN-OAr, N-OAr,

N

OH H0 H
Ar — Ar_<\
_<OH 0

by equilibrium displacement, the amount of condensation aryloxime is the rate limiting step (which can also lead to
adducts, which in aqueous environments would otherwise minor amounts of hydrolysis products). The rates of equili-
remain very low. Providing the different library members bration of the studied reactions are negligible under physi-
display the same reactivity toward reduction, the amine ological conditions (i.e., ambient temperature in neutral
product distribution will reflect the imine distributic®. aqueous media) but increase by increasing the temperature,
However, care has to be taken to ensure that reduction ofpH, or both. Oxime chemistry was also tested successfully
aldehydes to alcohols does not influence the outcome of thefor the generation of diversity in acidified methanol (1%
selection experiment. When proteins or peptides are used, itTFA, 7.5 mM)148.149
is important to avoid unwanted imine condensation on the 2.1.2.3. Hydrazone ExchangeWhile imines condense
amine groups of these biomolecules by using an excess ofand hydrolyze quickly at neutral to acidic pH but are unstable
the amine building block%. to the presence of water, hydrazones can be thermodynami-
After reduction, the isolated molecule (i.e., an amine) is cally stable even at low pH, while they tend to be kinetically
no longer the binder selected by the template (i.e., an imine).inert under neutral conditions. The mesomeric effect de-
In a study of glycosidase inhibitors, the Vogel laboratory creases the electrophilicity of the hydrazone, slowing down
has observed that “imines can model the inhibitory activities hydrolysis and exchand&’ Only under acidic conditions (pH
of the corresponding amine$* In a study of stabilization 4 or below) or at high temperatures do hydrolysis and
of oligonucleotide complexes, Rayner and co-work@edso exchange become significant. Most of the applications of
reported a correlation between the amplification of a library hydrazones in dynamic combinatorial chemistry feature acyl
member and the noncovalent interactions exhibited by its hydrazones in which the acyl group moderates the stabilizing
reduced analogue. Nevertheless, one cannot generally expeghfluence of the amine subunit in<eN—NRR. Without an
that the binding behavior of the isolated amine is necessarily acyl or similar electron withdrawing group hydrazones tend
correlated to the corresponding behavior of the imine that to be too stable for use in dynamic libraries.

was selected. o _ The hydrazone exchange reaction is chemoselective and
2.1.2.2. Oxime ExchangeThe equilibrium for oxime  thys compatible with a wide range of solvents and functional

formation lies more on the side of the adduct than in the groups. DCLs based on hydrazone exchange have been

case of imines. The pH of the reaction medium has a large reported using metal ions, carbohydratésyucleic acids,

influence on the position of the equilibrium, while the rate  or peptides as building blocks or templates without observing

of oxime formation tends to be maximal close to neutral pH. any interferencés2

Although this condensation reaction is acid-catalyzed, itis  \y/a have explored libraries based on pseudo-mono- and

rarely carried out in the presence of strong acid. Only a few yinentides carrying aromatic acetal-protected aldehyde and

reactions Of_ hydroxylamines with carbonyl compounds _in aliphatic acyl hydrazide functionalities (Chart 1). Dissolution
strongly basic media are reported, mostly for the preparation

of sterlcally hlndered OXImegL'G Un“ke IMINES, OXIMES Can ¢ 1. Pseudopeptide Building Blocks for DCLs of Acyl
be isolated in syn and anti configurations, the latter being \yqrazonegss-16t
thermodynamically most stable. MEQ

In the context of dynamic combinatorial chemistry, oxime >_: i H R
exchange has thus far only been studied by Eliseev’'s MeQ F Nj\
laboratory*4” Oximes obtained from aromatic aldehydes were o)
found to be quite stable to hydrolysis in aqueous solutions, o
whereas oximes from aliphatic aldehydes form only incom- /j%

N

NHNH,

pletely upon mixing the components. The reactivity of

O-alkyl or O-aryl oximes toward oxime exchange (reaction ®_<\

between oxime and oxyamine) in water was found to be MoQr. e o/l I |1

radically different. The exchange between alkoxylamines and OMe R

their oximes is first order in both reagents, the rate decreasing

with increasing pH, suggesting that the rate limiting step is

the formation of the tetrahedral intermediate from the pre- %

protonated oxime (Scheme 7). Exchange reactions of aro- NHNH,
. . . S MeQ ‘\ /

matic analogues are first order in oxime only and are Y o O

unaffected by the pH, suggesting that attack of water on the OMe
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of these building blocks in organic solvent (5 mM building several times higher with an aromatic aldehyde such as
block in chloroform containing small amounts of methanol 4-carboxybenzaldehyde than with an aliphatic one such as
or DMSO) containing excess TFA (5 to 25 mM) gives an isobutyraldehyde.

equilibrium mixture within day$31%4or weeks!>® Addition

of crown ether to these equilibrating solutions leads to the 2.1.3. Acetal Exchange

trapping of linear hydrazides capped by the crown ether,  The well-known acid-catalyzed formation of cyclic acetals
indicative of the presence of linear species in the mixtures from diols and aldehydes provides a good illustration of a
and indicating their likely intermediacy in the exchange thermodynamically controlled reactidf: A classical ex-

process? These pseudopeptides have resulted in receptorsample is the condensation, under acidic conditions, of
for cationic templates such as quaternary ammoniGmis, glycerol with isobutyraldehyde (Scheme 193.

and alkali cation'$%1¢1(see section 4.1.2.6). _ _ _
Poulsen and co-workers recently reported a carbohydrateScheme 9. Thermodynamic Control in the Formation of

analogue of these amino acid building bloéks. Five- and Six-Membered Cyclic Acetals’
The Lehn group has used hydrazone exchange to generateo™™" o CH,OH OH
DCLs in water with the aim of using biomolecules as OH o ((o H\

templates®2-164 Because the conditions for exchange (pH - R — O\é o
4) are not compatible with most biomolecules, the equilibra- e Me
tion reaction had to be carried out in the absence of the target, Me™ "Me ¢
which was only introduced into the mixture after it was H0 H0
adjusted to physiological pH. . . . .
'Jl'he samepg)rloup r?ave glso used hydrazone exchange in The five-membered ring adducts (dioxolane, cis and trans
organic solvents using TFA as a catalyst to give dynamic isomers) are fo_rmed fas'ger. However, the six-membered ring
covalent polymers and foldamef§: 167 Although the forma- ~ cOmMpounds (dioxane, cis and trans isomers) are thermody-
tion reaction takes place at room temperature within days, "amically more stable and, as the reaction is reversible, they
the exchange of monomer units usually requires heating (90 become the major products n the course of time. The acid-
120°C for several minutes). For hydrazones that are highly catalyzed equ_lllbratlon of the dloxolane/glloxane mixture d_oes
stable even at elevated temperature or in the presence of acig©t Necessarily need water because it can proceed via an

e.g., hydrazones prepared from pyridine-derived difunc- ©Xycarbenium ion. .
Eior?alizgd hydrazin% gnd carbaldg%/yde buiding blocks), The Mandolini group have shown that the transacetalation

exchange can be catalyzed using Lewis acids in GEel between formaldehyde acetals (Scheme 10) proceeds within

Recent studies on hydrazone-based DCLs aimed at de-scheme 10. Transacetalation between Formaldehyde
veloping new extraction agents for metal iiiand studies Acetalgl3
on nucleic acid replication under dilute conditions (0.01
mM)17° demonstrate that the exchange can take place in(j\/0 O\/@ + \©\/0 o\/©/
aqueous medium close to neutrality in a reasonable time ~ ~
scale. However, the presence of an appropriate template is K ©y ﬁ
partly responsible for the relatively fast rate of equilibration. 2 0. 0

In a recent fundamental study, Nguyen and Huc have . ) .
demonstrated that hydrazine derivatives bearing electron-& féw days at millimolar concentrations after addition of a
withdrawing substituents can form hydrazones that are Brensted audggtalyst (triflic acid) in organic solvents (D
sufficiently activated to be hydrolyzed and exchanged even €N or CDCE).*"*The authors have used a simple but clever
at neutral pH52 The rate-determining step in the hydrolysis proced_ure to demons’grate_that the process is under_ thermo-
reaction is the acid-catalyzed attack of water on the hydra- dynamic control. Two libraries were prepared at two different
zone, while for the reverse reaction (hydrazone formation), concentrations, leading to two different library compositions.
the dehydration step is rate limiting (Scheme 8). In agreementAﬂer equilibration, the most con_centrated library was diluted,

so as to reach the concentration of the least concentrated

Scheme 8. Reversible Hydrazone Formatich library. At the end of this procedure, analyses'syNMR

E revealed two identical library compositions.
N-NH E - E The Fuchs lab used the transacetalation between a
/ 2 rate limiting

0.
thermodynamic control E/

N

Me Me

E — - N-NH =——— NN threitol derivative and a diacetal to generate a very complex
Q. E RAPH=6-8 F LR mixture of linear and cyclic compounds (Scheme ¥1).
R HO The same authors have used diaminobutanediols instead
2E represents an electron-withdrawing gréé. of threitol to generate equilibrium mixtures of tautomeric

macrocycles in DMSO (Scheme 1Y5.176
with the above mechanism, the rate increases with the The reversible formation of dithioacetals, well-known in
electron-withdrawing strength of nitrogen substituents E, synthetic chemistry as carbonyl protecting groups, has been
presumably because of enhanced electrophilicity of the exploited by Hirsch and co-workers to generate equilibrium
hydrazone. In the presence of strongly electron-withdrawing mixtures of tris(thioacetals)’ They demonstrated that
substituents equilibrium can be reached within minutes at condensation of a benzene hexathiol unit vettolualdehyde
pH 6—8 (building block concentrations 0:3.0 mM). Above in refluxing CHCE in the presence of a Lewis acid (Zn-
pH 8, the exchange becomes base catalyzed and also herOTf),, 10 mol %) went to completion in 2472 h (Scheme
strongly electron-withdrawing groups on the hydrazine 13).'H NMR and mass spectrometry analyses showed that
accelerate the process. The authors have varied the naturesomerica,o,o anda,a,j tris(thioacetals) had been produced
of the aldehyde and have observed that the equilibrium in a statistical ratio (1:3 respectively). The products could
constant of hydrazone formation of a given hydrazine is be isolated, confirming the inertness of the compounds in
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Scheme 11. Thermodynamic Control over the Formation of Oligomeric Acetal$*
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Scheme 12. A Thermodynamically Controlled Tautomeric Mixture of Macrocycle’>176
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the absence of catalyst. The Lewis-acid catalyst induced
reversibility in pathway A, leading to the bis(thioacetals),
but not in pathway B, giving the tris(thioacetals).

Wipf et al. recently reported a new reversible cyclocon-

material). Exchange could be stopped by raising the pH to
7, allowing for the isolation of selected library members.

2.1.4. Reversible Diels—Alder Chemistry

densation reaction between a pyrazolotriazone and one or It is well established that some Dielélder reactions can

more aldehydes (Scheme ¥4J.The exchange reaction

Scheme 14. Metathesis of Pyrazolotriazones under
Thermodynamic Control178

o) 0
HJ\/\Ph
\N \N |
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T Ta

proceeds in water at pH 4, and equilibrium was reached in
3 days at 40°C (1 mM concentration for each starting

be reversiblé’®18The [4+ 2] process is exothermic since
two z-bonds are converted into twebonds. Therefore the
cycloreversion is anticipated to involve a relatively high
enthalpy of activation, which would make it less suitable
for use in dynamic combinatorial chemistry. However,
cycloadditions are facilitated if one of the reactants is
electron-rich (normally the diene) and the other is electron-
poor (normally the dienophile), the result being a relatively
small energy gap between the reaction orbitals (HQM©
and LUMQﬂienophilQ-

Following this principle, the Lehn group have recently
described a DielsAlder reaction that is designed to be
reversible under particularly mild conditio®8.For example,
mixing functionalized fulvenes with diethyl dicyanofumarate
in chloroform (100 mM) leads to an equilibrium mixture of
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starting material and cycloadduct within a minute at°5 catalytic amount of reducing agent such as dithiothréftol
(Scheme 15). The equilibrium position depends on the nature(DTT; Scheme 17b) or “free thiol” (Scheme 17c).

We have described the first example of large dynamic
libraries of macrocyclic disulfides formed from a range of
aliphatic dithiol building blocks, including carbohydrate and

Ry 2 a-amino acid derivatives, in waté¥ When four different
R NC._ CO,Et 25 0¢ N dithiols (10 mM overall) were submitted to (irreversible) air
E>_<R2 I ; COEt oxidation and simultaneous (reversible) disulfide exchange
EtO,C” "CN cDCl3 CN (in water under atmospheric oxygen at pH 7.5 for 24 h), a
COzE mixture of macrocyclic disulfides was obtained. To ascertain
) ) that the mixture was under thermodynamic control, two
of the substituents on the reactants and shifts toward thejfterent pre-equilibrated libraries were made that contained

adduct when the temperature is reduced. _only two of the four building blocks. After oxidation of these
Diene exchange experiments confirmed that the reactiong,jjibraries was complete, they were mixed, and the

is indeed under thermodynamic control. For instance, addi- exchange reaction was reactivated by addition of a sub-
tion of an excess (5 equiv) of a different fulvene to an gigichiometric amount of DTT (15 mol %). The final com-
equilibrated mixture leads to the displacement of the equi- hnsition obtained after equilibration of this mixture was
librium toward the adduct incorporating the new fulvene. jgentical to the one obtained from the library in which all
Reversible Diels-Alder chemistry is an attractive new tool g building blocks were mixed together from the start.
in dynamic combinatorial chemistry that may well lead to \jnder acidic conditions (pHs 2.5), no exchange was
practical applications since, for instance, cycloadducts of jetected.
polycyanoalkenes are well-known for their biological activity. Disulfide exchange is one of the few reversible covalent
However, the questions of the scope of the substrates ablgeactions that are compatible with biomolecules (as long as
to give such behavior in mild conditions and of finding a surface-exposed thiol or disulfide groups are not pre&&ntj?
way to freeze the exchange process still need to be addresseqyner highly dilute conditions (usually as a result of limited
P availability or solubility of the biomolecule template),
2.1.5. Disulfide Exchange equilibration through disulfide exchange is inevitably slow.

The disulfide exchange reaction plays an important role The labs of Kuma#®and Balasubramani&i 192 have tried
in biology because it is involved in the folding of prote#s,  to solve this problem by performing the experiments in the
in the maintenance of the redox state of célland in, for presence of excess glutathione. The glutathione (GSH)/
instance, the cleavage of DNA by calicheamicin and espe- oxidized glutathione (GSSG) pair acts as a redox buffer and
ramicin!® The mechanism involves nucleophilic displace- allows the use of relatively low concentrations of building
ment of a thiolate anion from the disulfide through attack blocks (40-200uM at pH = 7.40-7.50 in the presence of
by another thiolate anion (Scheme 18)Exchange requires  GSH/GSSG: 50@M/125 M), while reaching equilibrium
within 12—48 h at room temperature. Equilibration was
confirmed by starting from dimeric species generated under
kinetic conditions (for instance, with&e(CN)] as oxidant)
and re-equilibrating in the presence of glutathione redox
buffer to give identical distributions compared to the libraries
deprotonated thiol and is therefore highly pH-dependent, set up from the thiol building blocks. Because the GSH/
allowing the exchange process to be halted by lowering the GSSG pair is used in large excess compared to the building
pH. Near neutral conditions (pH-®) are usually adequate blocks, a distinct disadvantage of this approach is the
to generate a sufficient amount of thiolate anion to mediate resulting bias toward the formation of adducts between
disulfide exchange. glutathione and the building blocks.

Two starting positions are possible for generating DCLs  Disulfide exchange can also take place in organic solvents.
of disulfides: (i) from thiols, which can be submitted to For instance, when a solution of two aromatic disulfides in
irreversible air oxidation and simultaneous disulfide exchange chloroform (8.6 mM) was treated with a catalytic amount
mediated by residual thiolate (Scheme 17a), or (i) from of a monomeric thiol and triethylamine{2.0 mol % each)

a nearly statistical distribution of the three expected disulfides

was obtained in the absence of template after 36 h at room
Ry—=SH temperaturé® We have used aliphatic bisthiols as building

R,—SH R,—SH R~ R,~S Re—S blocks to generate DCLs of macrocyclic disulfides in

chloroform; the less acidic aliphatic thiols required use of a
(@) \02, base © '//lb ':s‘eSH

Scheme 15. DielsAlder Chemistry under Thermodynamic
Control 18t

Scheme 16. Disulfide Exchange

B /_\ R, S-R, -
RS R ’ Rs—S

R{—S

Scheme 17. Different Approaches to DCLs of Disulfides

compatible with all types of building blocks, catalysis of the

stronger base (DBU) to give oxidation and equilibration in
3—4 days!® Because the use of a strong base may not be
ISame library composition|
o n HOﬁSH
HO SH

“preoxidized” disulfides, reactivated by the addition of a

exchange process by rhodium salts in acetone is an attractive
and milder alternative. This procedure has been used
successfully to perform disulfide exchange on peptides

without any trace of racemizati&t and might well become

a useful tool in dynamic combinatorial chemistry.

2.1.6. Alkene Metathesis

Alkene metathesis has emerged as an indispensable tool
for chemists for the formation of €€C bonds through an
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essentially reversible process using organometallic catalystsand tetrameric macrocycles in the presence of the second-
under mild conditions. The reaction proceeds through a seriesgeneration catalyst in Gi€l, under reflux for 11 ¥
of [2 + 2] cycloaddition/cycloreversion steps, which involve Alkene cross-metathesis can also be used with internal
alkenes, metallacyclobutanes, and carbene complexes (Schenmakenes as starting materials. Ward andrigitaperformed
18) 1% Since all individual steps are in principle reversible, pairwise reactions from a pool of different internal alkenes
) ) ! (ca. 2 mM in CHCI, with 0.01 equiv of first-generation

Scheme 18. Basic Catalytic Cycle for Cross-Metathesis Grubbs' catalyst, 36 h stirring under argdf).Statistical

R mixtures of all 10 expected alkenes, 20 includiri)/(2)
R1\= R2= —_— = isomers, were observed. To prove that the reaction is under

Ry thermodynamic control, the authors introduced a third alkene

y M=CH to an equilibrated mixture of two compounds. After 48 h,
- 2

analyses revealed the anticipated statistical distribution of
products.
Alkene metathesis can also be performed in water.
Nicolaou et aP%22%3have made libraries using up to eight
M] R M] alkene building blocks (1160M each), which were dissolved
2 in degassed water in the presence of a phase-transfer agent

(Ci2H2sNMesBr, 2.75 mM) and Grubbs’ catalyst (first
R /{ generation, 176uM) in CH,Cl,. The solvent was then
1
K[M]

R4 R4

removed until only a trace remained%%), and after 24 h
Ry of stirring at room temperature, the mixtures were analyzed.
CH, = The libraries consisted of a statistical mixture of the various
CH, adducts in the absence of target, whereas exposure to a
agince all steps are in principle reversible, the overall transformation template introduced some bias in the library distribution,
should proceed under thermodynamic control. probably as the result of a kinetic template effect.
—_ . , Attempts to generate a water-soluble metathesis catalyst
an equilibrium mixture should be obtained. =~ have thus far met with only moderate succ®ésut further
Grubbs’ catalyst [(PGY.Ru(CHPh)C]] (Chart 2) is prob-  geyelopments in this direction are eagerly awaited.

Chart 2. First- (Left) and Second-Generation (Right) One .practica! diffic_ulty in th(_e use of alkene metathesis in

Grubbs’ Catalysts (Mes = 2,4,6-trimethylphenyl) dynamic combinatorial chemistry is the separation of the
— catalyst to stop the _e_xchange process. A poss_lble solution

PCys Mes—N_ _N-Mes would be to immobilize the catalyst on a solid support,

e T\CI allowing removal through a simple filtration. However, thus

c|’R|uj\Ph C|’R|ﬁ—_\Ph far, immobilized versions of Grubbs’ catalyst are at least 2

orders of magnitude less active than their solution-phase
analogueg®

ably the most used transition-metal complex for cross- Equilibration usually requires a large number of individual
metathesis reactions due to its reasonable stability towardexchange reactions, and in our experience, the current
oxygen, water, and minor impurities that can be present in 9enerations of metathesis catalysts tend not to survive a
solvents. It is, in addition, largely compatible with a wide Sufficient number of turnovers to achieve complete equilibra-
range of aliphatic and aromatic reactants, for instance, tion.
alkenes carrying epoxide, ester, sulfone, or aromatic aldehyde .
functions, as demonstrated in the preparation of large 2.1.7. Alkyne Metathesis
equilibrium libraries in the presence of Grubbs’ catalyst (2  So far, alkyne metathesis has remained in the shadow of
mol %) in CH.CI, at 45-50 °C for 16 h1°” However, the alkene metathesis. But the recent development of new
catalyst may be deactivated by functional groups that can alkylidyne complexes that allow alkyne metathesis of highly
coordinate to the catalyst (e,phosphines, amines, phenols, functionalized substrates under mild conditions should
nitriles). stimulate a more widespread use of this reaction. The
The functional group tolerance of the first generation accepted mechanism of the process is outlined in Scheme
Grubbs’ catalyst, as well as its activity, can be enhanced by 1926
the substitution of one of the phosphine ligands by a In an elegant study, Zhang and Moore have used a
N-heterocyclic carbene to produce the second-generationmolybdenum-based metathesis catalyst to generate an equi-
Grubbs’ catalyst (Chart 2f8 This catalyst has been shown librium mixture of arylene ethynylene macrocycles (condi-
to be compatible with a pyridine-based template in a library tions, 22 h at 30C in CCL) (Scheme 203°” Analysis of
prepared from alkene functionalized building bloé®s.  the reaction mixture during the early stages of the reaction
Another example involves,S-unsaturated esters, which are revealed the presence of linear oligomers and larger mac-
“metathesis-inactive” substrates when the first generation rocycles. As the reaction progressed, these were transformed
catalyst is used yet produce a mixture of dimeric, trimeric, into the thermodynamically more stable hexameric product.

PCy3 PCY3

Scheme 19. Mechanism of Alkyne Metathesis
M=—R?

R2
+ —_— M= -~ Tﬂ[ —— |
R! R!
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Scheme 20. Alkyne Metathesis under Thermodynamic Control Leading to the Preferential Formation of Cyclic Hexamé}”
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The same product was formed when starting from kinetically be fast. The rates of these reactions depend on a large number
synthesized phenylene ethynylene polymer. The authorsof factors such as the nature of the metal, charge, steric and
observed that alkyl-substituted alkynes can be problematicelectronic effects of the ligands, and additives. The kinetic
in cross-metathesis experiments involving arylene ethynylenelability of a metal-ligand bond depends mainly on crystal-
chemistry. Alkyl alkynes are more reactive than aryl alkynes, field effects, such as ligand-field stabilization energy (LFSE)
so the catalyst spends most of its time turning over the alkyl- and Jahr-Teller distortion, and the characteristics of the
substituted species with the result that the cross-metathesisigands. For instance, the LFSE may constitute a barrier to

of arylene ethynylenes is severely impeded. the geometrical change required in the transition state of both
. ) dissociative and associative ligand exchange mechanisms
2.2. Reactions Involving Noncovalent Bonds leading to high Gibbs energies of activation (e.g3"Gind

Kinetically labile hydrogen and coordinative bonds have CO°_ions tend to form kinetically inert complexes). In
been exploited with success by chemists for the self-assemblycontrast, JahaTeller distortion usually leads to a complex
of various supramolecular architectu?@s2!1 The relatively ~ With o elongated metalligand bonds and rap|d+llgand
predictable directionality offered by both metdigand and ~ €xchange (e.g complexes based on €uand CF" are
hydrogen bonds has traditionally been exploited to direct self- Kinétically very labile).
assembly processes to well-defined target structures. More A rough idea of the influence of the nature of the metal
recently, efforts are being made to combine different building ion on ligand exchange rates can be obtained from the rate
blocks to form dynamic combinatorial libraries of nonco- of substitution of water on metal ions (Figure?4j.

valent assemblies. So far, complexes based on Co(@§;2> Cu(l)2®
. . . CU 1 ,217—219 Fe(ll ,20,25,26,215,229222 Ga 1l ,223 In(lll ,224 Ir-
2.2.1. Metal-Ligand Coordination ( |),(22)5 Ni(Il), 226 F()d)(||),216,227—230 Rh(l |),2(31,232Ru(|(|)’1?16,225,232

The use of metatligand interactions in dynamic combi-  Ti(IV), 224233235 and Zn(11)}6:24231.23623%gns have been used
natorial chemistry requires ligand substitution reactions to to generate DCLs via metaligand exchange. The exact

T H0
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| | | | 1 | ! ] |
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Figure 4. Water exchange rate constaniy énd mean lifetimex) in the first coordination sphere of metal ions at 2%
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Scheme 21. Freezing the Composition of a Dynamic Library Based on Metaligand Interactions by Covalent Capture
through Alkene Metathesig3°
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experimental conditions required for efficient exchange vary positions have been used to generate a DCL of macrocyclic
considerably depending on the metal and the type of ligand structures through nitrogerzinc exchangé After equili-
used. bration, addition of Grubbs’ catalyst covalently linked the
Not only the metal ion but also the ligand has a large building blocks together (Scheme 21). A final but less general
influence on the exchange kinetics of coordination com- solution is the selective crystallization of specific library
plexes. Where most Ru(Hbipyridine complexes are kineti- members as reported by Duan, Meng, and co-workérs.
cally inert, we have generated equilibrium mixtures of Ru(ll) )
porphyrin-phosphine complexes by mixing a bis-diphen- 2-2.2. Hydrogen Bonding

ylphosphine (2.5 mM) with a stoichiometric amount of a
Ru(ll) porphyrin in chloroform at ambient temperatdfe?3?
Metal—ligand exchange can be compatible with biomol-

Hydrogen bonds between neutral partners in solution
typically have energies between 0 and 20 kJMiaind have
a preference for a linear arrangement of the three atoms

ecules (e.g., peptides, oligonucleotides) as templates, buildingnvolved (X—H---A angle ~18C°). The orientation of the

blocks, or both. For example, libraries of bis(salicylaldimi-
nato)zinc(I)2* mono- and bis(salicylamide)copper@¥and

bis(pyridine)iron(11¥526221complexes have been generated

successfully in physiological buffers within 6:82 h at room
temperature.
The Achilles’ heel of using metalligand interactions is

donor with respect to the acceptor is usually determined by
the position of the lone pair of electrons on this atom.
Allen et al. have conducted a statistical analysis of the
hydrogen-bond arrangements that occur in thE60 000
crystal structures in the Cambridge Structural Database
(CSD), revealing that motifa andb (Chart 3), which have

the fact that they are usually labile, which severely hampers
the isolation and handling of individual library members. Chart 3. Prevalent Hydrogen-Bond Motifs
Exceptions are cases where the number of noncovalent

connections within the complex is very large such as in \N—H“”O H“\\O\W/
Lehn’s Fe(Il}-bipyridine helicates, which are held together % >— N7 N }
by 30-36 coordinative bond¥.In most other cases, a means ) NvtH=N } )\ WHTS
of “freezing” the exchange process is desirable. “<N_H ‘‘‘‘‘ % M

Since a number of metal ions have comparable geometries /
yet vastly different exchange kinetics, synthesis of stable a b

analogues of labile complexes identified in dynamic com-
binatorial experiments is possible. For instance, McLendon strong analogies with nucleotide recognition in DNA, have
and co-workers have used kinetically labile Fetlpyridine the highest probability of formation (these H-bonding ar-
complexes in screening and subsequently synthesized kinetirangements formed in 97% and 91% of CSD entries that
cally inert Ru(ll)—bipyridine analogues of library members contained both subunits, respectivei{p.
of interest for further studie®! Inspired by these complementary hydrogen motifs from
For some complexes, the exchange can be stopped in sittnature, Reinhoudt, Crego Calama, Timmerman, and co-
by changing the oxidation state of the metal center. For workers described the first example of a DCL based on
example, the oxidation of cobalt(ll) to cobalt(lll) in self- hydrogen-bonded assemblies in 1948Jsing combinations
assembled superstructures results in kinetically inert com- of donors and acceptors (Chart 4), they have built highly
plexes?'3214Another method for freezing the library involves complex superstructures held together by an impressive
covalent capture of the library members. For example, number of up to 36 hydrogen bon#§.The libraries were
trisporphyrins carrying allyl ether substituents at the@se generated by mixing the building blocks (5 mM each) in
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Chart 4. H-Bonding Motifs Exploited to Build DCLs by the
Groups (from Top to Bottom) of Reinhoudt, Crego Calama,
and Timmerman,242-244.250.251Dgyis 245 and Rebek?48

the authors have demonstrated that the association takes place
preferentially between the established heagiest pairs.

Thus, while the structural information encoded within the
H-bond linkage tends to dictate the size and the shape of
hydrogen-bonded assemblies to give a unique final structure,
diversity can be achieved through the use of different
substituents on the skeleton of the building blocks. Rebek
and co-workers have used this strategy to form a dynamic
library of capsules through the self-assembly of a cyclic
sulfamide donor and a glycoluril acceptor carrying different
substituents on the spacer (Chart 4, monomer concentration
of 0.1-1 mM in CH,Cl).248

A major limitation of H-bonded assemblies is that the
resulting aggregates usually do not survive in polar solvents
and do not tolerate the presence of water. Wu et al. have
recently reported that the combined userefr interactions
and hydrogen bonds provides an improvement in the stability
of aggregates, which remain stable in solvents ranging from
CeDsg tO D20.249

2.3. Dynamic Combinatorial Libraries Involving
Multiple Exchange Processes

Having more than one exchange reaction in a DCL has
some intriguing benefits but also brings with it additional
complications in addressing the chemistries independently.
When multiple exchange processes are used that are or-
thogonal, the possibility arises for an evolutionary ap-
proach: each reversible chemistry can carry its own dimen-
sion in structural space, and these dimensions can be explored
alternatingly, keeping one dimension constant (exchange
switched off) while exploring the other (exchange switched
on) and vice versa.

Another advantage of such “multilevel” libraries is the
extension of the diversity within the libraries since the
building blocks are held together by a variety of linkages.
Thus far, only a few examples of libraries involving more
than one exchange process have been reported.
€ Eliseev, Lehn, and co-workers have described the only

example to date of anrthogonallibrary, where the two
exchange reactions can be addressed independéhilge
first process is the formation of cobalt complexes with

apolar solvents at €C in order to maximize the strength of
the hydrogen bonds. To initiate the exchange process, th
temperature had to be raised to°’15 reflecting the relatively
high stability of the linkages in apolar solvent. Equilibration
occurs within seconds in more polar solvent, such as GDCI
in which the library is kinetically inert only below 50 °C.

To “freeze” the exchange process permanently, covalent
linkages between the building blocks have been introdéféed.
The authors used modified building blocks carrying oct-7-

enyl side chains that can undergo ring-closing metathesis7 0and 2

under standard conditions in toluene, without affecting the
hydrogen-bonding network.

Hydrogen-bonding patterns inspired by natural products
have also been studied by the Davis #&Jpon dissolution
of guanosine or isoguanosine in organic solvents Qp

terpyridine-based ligands, and the second is imine formation
with aldehyde substituents on the terpyridine moieties
(Scheme 22). When they started from cobalt(ll) complexes
(3 x 10*to 3 x 107 M in 30% acetonitrile/water at pH
5C), 'H NMR and ESI-MS analysis indicated a
rapid exchange with a second competing ligand (Scheme 22,
LZ,). Metatligand exchange can be stopped by oxidation
of the metal center to form kinetically inert cobalt(lll)
complexes. The second exchange process (imine exchange)
is activated by lowering the pH to values below 3.0 and

5.5 mM) at room temperature in the presence of a cation heating to 60C in the presence of various amines (Scheme
template, homotetrameric (for guanosine) and homopenta-22, Z’NH,).

meric (for isoguanosine) macrocycles were obtained. Each An example where two exchange reactions (thioester
of these arrangements display their own unique hydrogen-exchange and disulfide exchange) can be performed simul-
bonding pattern as shown in Chart 4. When guanosine andtaneously and communicate with each other, has been
isoguanosine were mixed in the same library, the result wasrecently described by #82When a building block carrying

the self-association of each isomer. This phenomenon of self-a thiol and a thioester functionality was dissolved (5 mM)
sorting has been extensively investigated in hydrogen-bondedin the absence of oxygen in 10% methanol/water at pH 6.9
assemblies by Wu, Isaacs, and co-workers using a large rangand 25°C, only thioester exchange took place (Scheme 23a).
of classical building blocks, including the molecules reported Exposing the mixture to atmospheric oxygen causes disulfide
in the previous paragraph, which, among them, can form a oxidation and subsequently disulfide exchange. (Scheme
potentially very large number of partnershi¥s?*’"However, 23b). Thus, the two exchange processes can be activated
from analysis of a mixture of nine building blocks in CRCI  consecutively but then proceed simultaneously. The exchange
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Scheme 22. First Example of Orthogonal Exchange Processes in Dynamic Combinatorial Chemist/
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processes communicate with each other because they shar&
the same functional groups to generate a dynamic library of
linear and cyclic oligomers from a single building block.

hart 5. Double Dynamic Polymers Based on Reversible
Hydrazone and Hydrogen-Bond Linkages®¢’

Two examples of libraries involving covalent and hydro-
gen bonds have been reported. Kolomiets and Lehn used > @@ <
reversible acylhydrazone bonds and hydrogen bonds to n
generate polymeric materials from bis-functionalized building
blocks (5 mM in [Dtetrachloroethane; see Chart'8). 0>\—c H
The double dynamic nature of the process has been 7NN T
demonstrated by covalent and noncovalent end-capping o] =N H
experiments with mono-functionalized species (e.g., hexanal), N H 0O
which led to a shortening of the polymers. |Z<] =3 "l,,o_ N N
Sijbesma, Meijer, and co-workers have used simultaneous HoOW _<
disulfide and hydrogen-bond exchange (Cha®&%tarting N H o
from preoxidized disulfides in CDglin the presence of o] ) N H
triethylamine (1 equiv) and DTT (0.05 equiv), an equilibrium _\ N
mixture of cyclic and linear oligomers was obtained after 0>_C9H19
20 or 50 days depending on the concentration (150 or 53
mM respectively). number of general experimental considerations that need to
, , . be addressed before the DCLs can be used for screening for
3. Experimental Considerations molecular recognition. We will discuss three important issues

Apart from the chemistry related to the specific reversible below. Section 3.1 reviews some methods that can be used
reactions that can be used to generate a DCL, there are @ check that experiments are run under thermodynamic
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Chart 6. Dynamic Polymers Based on Reversible Disulfide in equilibrium polymerizatioff to produce a large range of
Exchange and Hydrogen-Bonding Interactiond> different types of organit? inorganic?>*2%5and noncovalent
>, polymers?®6-25° The physics behind this process was de-
§ scribed in a pioneering theoretical study by Jacobsen and
S Stockmayer (referred to as the JS thedf))One of the
&cozm predictions of the JS theory is the existence of a critical
/°""“‘N>_O concentration below which the equilibrium composition of
C13H274/_<N..... H-N H the system consists entirely of small macrocycles. This is a
N N result of the fact that chain extension is a second-order
R ”:J Cralzr reaction whereas cyclization is a first-order process, so that
N—-HO at low concentrations cyclization is faster than chain exten-
Meozc“g sion. This difference in reactivity is captured in the effective
I molarity, which is defined as the ratio of the first-order rate
/\s constant fointramolecularring closure and the second-order
S rate constant of théntramolecular chain extension reac-

) ) tion.261 Above the critical concentration, the concentration
control; sections 3.2 and 3.3 address issues related to theyf smaller macrocycles is constant, and all additional material
interplay between building block concentration and polym- s incorporated into the polymer.
erization and between building block design and self-sorting,  nore recently, this theoretical description has been
respectively, that can arise when building blocks carry two yeyisited in theoretical and experimental studies by Mandolini

reversible linkages. and othergé:263 The occurrence of a critical monomer
. I concentration has been confirmed for covalexf* and

3.1. Methods for Confirming That Equilibrium Has noncovalerfe8253264eversible linkages. The transition from

Been Reached macrocycles to polymers can be detected by different

Molecular recognition induced shifts in product distribution  techniques including size exclusion chromatography, NRR,
are the key to the identification of hits in dynamic libraries. Mass spectrometfy?2%* and specific viscosity measure-
These shifts rely on the library being under thermodynamic Mentsz*®2¢7
control, and it is therefore important to check that the For reactions carried out below the critical monomer
experimental conditions used allow the reaction mixture to concentration, the distribution of cyclic oligomers depends
indeed reach equilibrium. The most common method is to on the building block concentration modulated by ring strain,
demonstrate that the same product distribution is obtainedwhich may destabilize individual macrocycRS,and in-
from two (or more) different starting points. For example, tramolecular recognition, which may stabilize selected mac-
the product distribution in a library made by mixing a series rocycles>?
of building blocks together at the start of the experiment Interesting possibilities for the development of responsive
should be the same as that obtained upon mixing two “smart” materials arise when linear chains coexist with cyclic
sublibraries that contain a subset of the building blocks (seestructures. Such systems will respond to external stimuli such
section 2.1.5). as light®® or heat® by a dramatic change in physical

Alternatively, it is possible to monitor a change in the properties.
library composition in response to a change in an experi- Building blocks can be designed to be predisposed for
mental variable such as temperature, concentration, pressurenacrocyclization or polymerization. For instance, using rigid
or solvent composition and ascertain that the library com- building blocks in which the number of available conforma-
position returns to the starting composition after reverting tions is reduced can decrease the entropic penalty for
to the original experimental conditions (see section 2.1.3 andcyclization. On the other hand, steric constraints may prevent
ref 173 for an example). It is also possible to add a template cyclization and therefore drive the assembly toward linear
to shift the equilibrium in one direction and then to remove or helical species (cf. section 4.5.3).
the template by complexation to a further component, thereby
reverting to the original compositiofi® 3.3. Building Block Design and Library Diversity

Finally, one can isolate one member from a library and
demonstrate that upon subjecting it to the exchange condi-
tions, it produces a product mixture identical to that from
which it was isolated. This method is only applicable when
the isolated species and the original library have the same
building block composition.

Our early work on DCLs generated through transesteri-
fication revealed an interesting relationship between the
structure of the building blocks and the diversity of the
resulting library. Starting from building block&and4 (Chart
7; derived from cinchona alkaloids), all four possible trimeric
compounds5 were obtained in a statistical 1:3:3:1 ratio,

T ; together accounting for 95% of the small DELUnder
%%gB—%lr?laTr? EB(l]Cl)J(llel(bﬁg ncentrations and thermodynamic control, hardly any dimers or tetramers or
higher oligomers were formed, whereas cyclizations under

The building block concentration in a dynamic combina- kinetic control produced a mixture of trimers, tetramers, and
torial library is a key parameter because it influences the higher oligomers. The pronounced preference for trimer
rates of the exchange reactions and, in the case of buildingproduction under thermodynamic conditions was believed
blocks having multiple connections, dramatically influences to be linked to the rigidity of the backbone. In a later stéfy,
the oligomer-to-polymer ratio. Separate concentration rangesone of the building blocks was replaced by the extended
exist in which such building blocks form predominantly building block 6. The extra flexibility provided by this
macrocycles and where the major products are polymeric. species now allowed the formation of cyclic dimers, trimers,
In fact, macrocycles are commonly used as starting materialsand tetramers, giving a total of 11 detectable species as a
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Chart 7. Building Blocks and Trimers in DCLs of Alkaloid a guest (section 4.1). In the latter case, catalytically active
Derivatives hosts can be obtained by using guests that resemble the
transition state of a chemical reaction (section 4.2).

4.1. Synthetic Receptors

Supramolecular chemists have spent decades developing
synthetic receptors for a wide variety of guests. Many
elegantly designed molecules have been prepared and
studied, and our understanding of noncovalent interactions
has undeniably improved as a result. Nevertheless, develop-
ing new synthetic receptors remains hard work and all too
often involves a lengthy process of design, synthesis,
evaluation, and improving the initial design followed by re-
O@o evaluation. Even then comparing the final product with the

hosts produced by nature is often a humbling exerise.

\ So it is worthwhile pursuing alternatives to the design
approach, and dynamic combinatorial chemistry is a par-
ticularly attractive one. Instead of having to design and
synthesize complete receptors, one simply designs and
N synthesizes potential fragments of receptors and lets the

molecules decide which of these to assemble and in which
mixture of hetero-oligomers and homo-oligom&Biversity way. Considerable progress has been made over the past
was further increased by incorporating additional building decade, and several synthetic receptors with impressive
blocks in which the configuration of the asymmetric centers submicromolar affinity have been discovered from DCLs.
or the length of the group carrying the ester functionality  In the next sections, we review the various receptors
was varied.’° grouped by the architecture of the building blocks starting

Some new units differing radically from the parent with linear receptors made from monofunctionalized (or
cinchonidine backbone were also investigated for their mixtures of mono- and bisfunctionalized) building blocks,
increased flexibility, reduced dimensions, or b&th?’°The followed by macrocyclic receptors, which are accessed
main conclusion from these studies is that rigid concave through the assembly of bisfunctionalized building blocks,
building blocks have a tendency to self-sort when they differ and finally capsule-like receptors in which individual building
from each other in terms of size and “bite angle” (Figure 5). blocks carry more than two groups that participate in the
formation of exchangeable bonds. Where applicable, subdivi-

@) i i i i
:: :': :: =:= sions are made according to the reversible chemistry used.
4.1.1. Linear Receptors

H A
OMe X =H, OMe N/

(b) ?l.« One of the first “linear” receptors based on dimerization
of monofunctionalized building blocks was reported by Hioki
and Still in 1998. The building blocks used were a thiol-

ﬁ: functionalized macrocycle and a noncyclic analogue or
benzenethiol as a bystander. The disulfide-linked bis-

Figure 5. (a) Rigid building blocks have a tendency to self-sort; macrocycle was previously identified as an artificial receptor
(b) introduction of a small or flexible building block allows access  fgor the tripeptidep-Pro+-Val-p-Val in chloroform? The

to mixed specie27 library is made from two building blocks: macrocycle-SH

Any mixed species are destabilized through ring strain and @d open B-SH (or benzenethiol, Chart 8). In presence of
therefore represent only minor species within the mixture. the tripeptide template, immobilized on a resin, the essentially
Diversity can be increased by the use of small and flexible Statistical mixture shifted away from the mixed dimers and

units, which can bridge between rigid and disparate building toward the ho_modimers, as aresult of_the p_referential bir_lding
blocks. of the homodimer A-S—S—A to the tripeptide. The cyclic

peptide dimer was obtained in high purity by a two-stage
ot washing procedure: first the nonbinding library members
4. Applications were removed from the template-functionalized beads by
The unique advantage of dynamic combinatorial chemistry washing with chloroform; subsequent washing with DMF
over traditional combinatorial chemistry is the fact that library liberated the receptor AS—S—A.
members that engage in noncovalent interactions are favored In collaboration with Kubik, we have reported a receptor
(present in higher concentration) over their less strongly for inorganic anions that is constituted of a linear array of
interacting counterparts. This makes DCLs attractive tools three building block$??273Dynamic combinatorial chemistry
to screen for compounds that play a role in molecular was used here to optimize the spacer between two cyclic
recognition of some kind. At present, the main applications peptide rings. Kubik and co-workers had previously observed
are in (i) selection of foldamers on the basis of internal that the cyclic peptid& (Chart 9) is an efficient receptor
noncovalent interactions (see section 4.5), (ii) selection of for anions such as sulfate and iodide even in competitive
aggregates on the basis of noncovalent interactions betweemixed aqueous organic solveité.Anions were found to
separate library members (section 4.4), (iii) selection of a be sandwiched between two peptide rings forming a 2:1
guest by a host (section 4.3), and (iv) selection of a host by complex. We reasoned that linking the two peptide rings
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Chart 8. Building Blocks for a Small DCL Targeting the described to date, with micromolar binding affinities in 2:1
Tripeptide p-Pro-L-Val-p-Val in Chloroform Solution 28 acetonitrile-water.

Another system contemporary with the earliest dynamic
OO Q combinatorial chemistry experiments was developed by

o Eliseev and Neled’ A receptor was designed and synthe-
NH HN sized to incorporate two key features: a pair of photoisomer-
0=8=0 izable double bonds, and a pair of carboxylate residues for
HN(CH2)6O SH guanidinium recognition (Scheme 24). The-etss isomer
H HN
- o) Scheme 24. A Small DCL of Photoisomerizable Guanidine
Receptorg”
A-SH
/ 0
BocHN  HN
SH
BocHN. HN
3 5
B-SH

covalently would make the binding process entropically more
favorable, and two parallel approaches to the problem of
finding the best linker were explored. One was based on
computer modeling and analysis of the X-ray crystal structure was predicted by molecular modeling to be well-suited for
of the 2:1 complex of7 with iodide, while the other was  guanidinium recognition, whereas the other isomers were
based on dynamic combinatorial chemistry. The modeling expected to show a lower affinity. Binding studies with
approach suggested adipic acid as the optimum spacer tanethylguanidinium chloride confirmed this.

give the oyster-like receptd, which did indeed show an Because the conditions for photoisomerization were found
improved affinity for anions as compared to the original to be incompatible with those of molecular recognition, a
cyclic peptide7.27® In the dynamic combinatorial approach, circulation setup was constructed (Figure 6). In one chamber,
we prepared a small DCL by mixing disulfide dim@and the building block solution was irradiated to cause photo-
dithiol building blocksa—f. Exposure of the library to K isomerization. The solution was then pumped into the second
SOy induced the amplification of receptd®d and9c, which chamber, an affinity column bearing immobilized arginine.
exhibited anion affinities that were an order of magnitude Most of the cis-cis isomer was retained on the column,
larger than those of the designed rece@éf>?"*The new whereas the rest of the isomer mixture was pumped back
disulfides are the best neutral synthetic anion receptorsinto the irradiation chamber to repeat the cycle. After 30

Chart 9. Development of Synthetic Receptors for Inorganic Anions Based on Cyclic Peptides Using Disulfide-Based DCLs To
Identify the Optimum Spacer between Two Peptide Ring§72273
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VARIATION hv amount of linear hydrazone dimer complexed to [18]crown-
6 was also detected.

The Lehn group has used a hydrazone DCL to produce a
linear barbiturate receptor that binds with inducedfitThey
used 5,5-dimethyl-1,3-cyclohexanediob@and 2-hydrazi-
nopyridinellin chloroform to produce a dynamic mixture
of conformational and configurational isomers of mono- and
bis-condensed products (Scheme 26). On addition of the

)
binding of Scheme 26. Amplification of a Linear Barbiturate Receptor
effective components from a DCL Based on Hydrazone Exchang&”
' N

SELECTION . L\/L
Figure 6. Schematic of the apparatus used for separating selection uo U n NN
and equilibration of DCLs while still benefiting from template- NN \ \

equilibrating pool

induced equilibrium displacemerits H ooy Yo 4, | RELZS
EN;\l/N\NHz BU Bu /NU,H‘NJ\N'H\\\N Z
—
cycles, the mixture of isomers on the column was found to © o 7 ;Yg
g 07y o
be 85:13:2 ciscis/cis-trans/trans-trans, whereas the pho- 10 gl 8 By 13

tostationary distribution in the absence of guanidinium
template was 52:31:17. A mathematical model of the barbiturate guest?, the ¢/Z) dihydrazone isomer is strongly
procesg/% as described in more detail in section 5, demon- favored because it binds th2 to produce the resultant
strated that the outcome of the technique was equivalent tocomplex13 as the major library component.
direct equilibration in the presence of the template. Folded, linear receptors that bind to rod-like guests have
In our work on DCLs of predominantly macrocyclic been developed by the Moore lab using DCLs based on imine
hydrazones, we have observed the amplification of a linear metathesig’8 In this approach, the imine building blocks are
hydrazone by addition of [18]crown<6% When this crown based oimm-phenylene ethyne oligomers that can fold to form
ether is added to a DCL of theFm building block, the a tubular cavity. To allow variation in the length of the
normally observed cyclic dimer, trimer, and higher species foldamers produced, three building blocks were usgd;
are consumed, and the library becomes dominated by awhich has twaN-terminal imines, and5aand15b, which
previously undetectable species, which was identified by ESI have one C-terminal imine but are of different chain length
mass spectrometry as the deprotected aldelfFeta, pro- (Chart 10). When equilibrated in an apolar solvent (chloro-
tonated and complexed to [18]crown-6 (Scheme 25). A small form), the resulting oligomers do not fold, and all six possible

Scheme 25. The Amplification of a Linear Species from a Hydrazone DCL Using [18]Crown8°

+ Larger
macrocycles

H
0 N~NH,
H )N
© H (0]
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Chart 10. Imine Building Blocks 14 and 15 That Are Used
To Form a Small DCL of Linear Oligomers, One of Which
Is Capable of Folding around Guest 1678

R= COz(CHchzo);;CHa

S vsecveivs]

products are formed in roughly the same proportion. How-
ever, when equilibrated in acetonitrile, folding is favorable

Chemical Reviews, 2006, Vol. 106, No. 9 3675

fragile, and hence few examples of noncovalent macrocycles
generated from DCLs exist. However, DCLs that use
hydrogen bonds or metaligand interactions as the linkages
that hold the macrocycles together have met with consider-
able success.

Lehn and co-workers developed a system where macro-
cycle formation is responsive to the addition of a transition-
metal ion such as Cu(l) or Pd(/#® In this study, 2,2
bipyridines were functionalized at the 4-positions with a
H-bond donot-acceptor-donor (DAD) pattern (Scheme 27).
This ligand and bipyridines without H-bond functionalization
were mixed with complementary ADA bisimides of varying
flexibility. Addition of a transition metal ion template directs
two bipyridines into a planar [in the case of Pd(ll)] or
tetrahedral [for Cu(l)] geometry, thus aligning the ligands
and DAD arrays either parallel or at a 9@ngle. In the
absence of a bisimide molecule, ions are complexed indis-
criminately by the bipyridines. On addition of a suitable
bisimide, the complexes are sorted into those with and
without functionalized bipyridine ligands in order to form
macrocycles with bridging bisimides. Depending on the
dihedral angle at the metal center, a particular bisimide will
“fit” into the array best, bridging the ligands to complete
the hydrogen-bonded macrocycle.

Davis and co-workers have used lipophilic nucleosides that

and becomes a driving force to generate the oligomersspontaneously form macrocycles that act as receptors for
capable of folding; thus the three oligomers corresponding alkali and B&" cations in organic solventé® In this study,

to 14(15) were amplified in a statistical distribution. On
addition of the rod-like guesi6, one of these oligomers,
the best binded4(15a)(15b) was strongly favored. Other
work by the same group to investigate folding in closely
related systems is discussed in section 4.5.3.

4.1.2. Macrocyclic Receptors
Since the discovery of crown ethers by PedefZ&#P

two nucleotidesG andisoG, were used as building blocks
(Scheme 28). In the absence of an alkali cation, the two
nucleotides cross-associate to form a base pair dimer. Upon
addition of a suitable cation, the nucleotides self-sort into
cyclic G tetramers andsoG pentamers. Some selectivity
toward specific alkali cations was observed, Géetramer
being moderately selective for binding Kver Na and Rb,
while theisoG pentamer was strongly selective for binding

macrocycles have become the most widely studied topologyCs". In addition to existing as distinct macrocycles, the
of synthetic receptors. Dynamic combinatorial chemistry has species generated were also shown to stack into sandwich
proven to be no exception, and most of the examples of complexes. For example, on addition of barium picrate to a

receptors generated from DCLs have been macrocycles.
4.1.2.1. Macrocyclic Receptors Using Hydrogen Bonds.

mixture of the two nucleosides, discrete complexes of four
G tetramers stacking around two Baions, G)is-2Ba™,

Due to the labile nature of noncovalent forces, macrocycles and a sandwich complex of twisoG pentamers around a
held together by these interactions tend to be relatively Ba&" ion, (is0G)1o-B&2", were formed.

Scheme 27. A Small DCL Based on MetatLigand Interactions in
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Scheme 28. DCLs of Macrocycles Using Hydrogen-Bonding and Metaligand Interactions?4®

isoGs-Pentamer

: : : Scheme 29. Chloride Anion Bound by a Cyclic Helicate
4.1.2.2. Macrocyclic Receptors’ Using MetatLigand Formed under Thermodynamic Control20220
Interactions. Lehn and co-workers’ first foray into dynamic
combinatorial chemistry came from their work on transition - .

. . . LT - AN a
metal helicates, using chains of bipyridine and terpyridine NS B N N N
ligands. Normally, each bipyridine moiety in the molecule +5FeCl

would chelate a transition metal ion, allowing two or three

ligand molecules to join together to form a double or triple

helix. When iron(ll) chloride was used to generate helices, Ethylene Glycol,
a cyclic double helicate, consisting of five ligand chains and 170°C

five metal ions, was forme#° An X-ray crystal structure

of the complex revealed the presence of a tightly bound
chloride ion in the center (Scheme 29). The structure
generated was found to be dependent on the nature of the
transition metal salt used: Nigtesulted in the production

of a linear triple helicate, whereas Fe(fgave rise to a
hexameric species. A later study revealed that hexamers were
also formed using other counterions and that a tetramer could
be formed using a more flexible ligand ch&mh.

In a pioneering study, Harding showed that the bis-
bipyridyl ligand in Scheme 30, which contains an electron-
poor naphthodiimide spacer, forms a complex mixture of
cyclic and linear species with 2 equiv of Zrions. Addition
of an electron-rich aromatic guest suchcagimethoxyben-
zene rapidly leads to selection and amplification of a single
chiral metallomacrocycle, templated by heguest donor
acceptor interaction$:2%6 Replacement of the guest by the
electron-rich macrocycle illustrated leads to virtually quan-
titative synthesis of the corresponding caten&he.

Our use of metatligand coordination in dynamic com-
binatorial chemistry has focused on metallo-porphyrins to
generate cage-like macrocycles templated bydigyridines cycles is established when the building blocks are mixed
and other related compoun#3.An initial study used Rh- (Scheme 31). In the absence of template, multiple resonances
(1) and bisphosphine-substituted Zn(ll) porphyrin units as for the various species in solution were observedHband
building blocks. Because phosphines coordinate reversibly 3P NMR. Addition of 0.5 equiv of 4,4bipyridine amplifies
to Rh(lll), an equilibrium mixture of oligomers and macro- the cyclic porphyrin tetramer to essentially 100% abundance
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Scheme 30. Template-Directed Amplification of a Macrocycle and a Catenane from a Small DCL of Zn Complexég36.237
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Scheme 31. A DCL Formed by Rh(lll) and Bisphosphine-Substituted Zn(ll) Porphyrin Units Is Templated by Bipyridine To
Give a Single Macrocyclic Product3!
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Scheme 32. A Small Dynamic Library of Trinuclear
Organometallic Macrocycle$?>

because it coordinates to the two Zn(Il) porphyrins, stabiliz-
ing the cyclic structure. The template could be removed from
the macrocycle by adding an excess of competing Zn(ll) ©\<
porphyrin, leading to the disassembly of much of the tetramer \N \N | \
and the reappearance of other species in the re-equilibrated O\R“ 7 07”\N =\ N~
library. Ny W v

The system was expanded by adding sterically demandmg& R \ 0\ be

templates and acceptor Rh(lll) and Ru(ll) porphyrins. Highly Ru /lr\‘o PLN
sterically hindered porphyrins were found to be unable to ﬂ 0 \\;‘
accommodate a 4 bipyridine template. More moderately

hindered porphyrins showed limited selectivity for the less N—
hindered templates, but it was found that the cyclic cage

structure could be significantly distorted to accommodate a AAA
guest?®?

Saur and Severin have made small DCLs of trinuclear (&) A A
metallamacrocyclic complexésAA andBBB (Scheme 32) + _— () + *
and observed that at high template concentrations the most 9.9 D& 9.9
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Scheme 33. The Formation of the pbtz [Nf®" Pentagon and Anion-Mediated Interconversion to Tetrameric Square®®
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amplified species in this DCL is not the most effective porphyrin dimer designed to recognize polypyridine tem-
template bindef?> The macrocycles are similar in structure, plates (Scheme 35%5.In kinetic conditions, the same mo-
both being trimers of the pyridone ligand and a transition lecular ingredients fail to produce the desired receptor. The
metal carrying an aromatic ligand. Both of these macrocycles porphyrin building block (10 mM) was mixed with the
are receptors for Liin water, butAAA has a significantly ~ potential linker (8 equiv) in the presence of base (40 equiv)
higher affinity thanBBB (Kaaa = 4.4 x 10° M™%, Kggg = and the palladium catalyst [Pd(P#h 0.1 equiv] with or
1.1 x 1071 M~1). When mixed, the macrocycles interconvert without the dipyridine template in chloroform at 36. After
to form mixed specie®AAB and ABB. In the absence of 6 h, the product mixture was analyzed. In the absence of
Li*, the product distribution is a statistical 1:3:3:1 mixture. template, less than 2% of product could be detected, whereas
Upon addition of a small amount (0.2 equiv) of *Li the dipyridine guest induced a 6-fold amplification, resulting
macrocycleAAA is amplified to become the major library in a still modest 10% yield regardless of the nature of the
member. However, as the concentration of Is increased linkers selected. Low yields in this system are attributed to
to excess concentrations, the library composition shifts backdecomposition of the building blocks rather than failure of
to favor the formation ofAAB. In section 5, we will treat  the exchange chemistry.
these and similar effects in greater detail. 4.1.2.5. Macrocyclic Receptors Using Imine Exchange.
The Dunbar group have produced anion-templated met- Storm and Lming have used imine exchange to produce
allacyclophane DCLs where the size of the metallacyclo- DCLs containing a variety of macrocyclic receptors for
phane amplified can be dictated by the size of the anion metal-ion template¥*?328! Pyridinedicarboxaldehydel7
template??® In their system, a bis-bipyridine ligand was used (Scheme 36) was mixed with diamines of varying chain
with first row transition metal ions M(Il) (particularly Rif) length in methanol{8a—c) to produce a DCL containing
to produce the metallacyclophanes in acetonitrile. Thé'{Ni]  an assortment of macrocyclic and other species in equilib-
pentagon was prepared using the relatively bulky EpbF  rium. Libraries had to be frozen by addition of excess sodium
as the counterion for Ri. This complex was found to be  borohydride, reducing the imines to amines before analysis
significantly less stable than the [Rii]tetrameric square and by 'H NMR spectroscopy.
could be easily converted to the tetramer by adding an excess |n untemplated libraries containing7 and all three

of [BF4]~ or [CIO.]~ (Scheme 33). Transformation back to  diamines, the only macrocycle that was detectable from the
the pentagon is more difficult and requires a large excess ofeduced library wag9b (in 9% yield). Addition of template
[SbFRg]~ and refluxing for 2 days. ions to the system generates more interesting results. For
4.1.2.3. Macrocyclic Receptors Using Ester Exchange. example, addition of the small Mg ion to a DCL of17
The first macrocycles generated using dynamic combinatorial and 18a results in the diimine macrocycld9a being
chemistry were prepared using transesterification. Initial amplified and its reduced amine counterg20tis detected
studies used building blocks based upon cholates function-in an 86% yield. When larger template ions such ad"Ca
alized by a methyl ester and a hydroxyl group (Schemé®4). and S#* are used in a DCL made from the same components,
Transesterification was catalyzed by potassium methoxide/the yields of20a are poorer (60% and 45% respectively).
dicyclohexyl[18]crown-6 in refluxing toluene. Linear cholate However, a larger [2+ 2] macrocycle22a, which is not
oligomers are produced as kinetic products (not shown) butdetected in Mg"-templated libraries, is now generated in
rapidly give way, forming an equilibrium mixture of cyclo-  229% and 34% yields. As might be expected?G&r*, and
cholate macrocycles. Several cyclic products were observedBa?* ions selectively amplify [1+ 1] macrocycles with
including trimers, tetramers, and pentamers. Dimers were |onger diamined8band18c In a DCL containingl7, 18a—
only observed when the building blocks lacked bulky C7 ¢, and three ions, Mg, C&*, and B&", good yields for
substituents. Proof of the thermodynamic nature of the systemeach [1+ 1] macrocycle20a—c were obtained.
was obtained by purifying the trimers and tetramers and  Gotor and co-workers have used imine exchange to
allowing them to re-equilibrate, regenerating the original nproduce macrocycles fronR(R)-cyclohexane-1,2-diamine
product distribution. 23 and pyridine-1,2-dicarboxaldehyde?.282 Macrocycles
Adding alkali metal iodide salts as templates induced containing between two and six of each subunit (Scheme
modest changes in product distributiSnThe most signifi- 37) were observed by ESI-MS afid NMR. From this DCL,
cant shift in library composition was induced by sodium members were amplified upon the addition of metal ions.
iodide, which changed the trimer/tetramer/pentamer ratio Addition of B&* led to the amplification of the [2+ 2]
from 83:12:5 to 61:24:14. macrocycle24 to almost quantitative levels, while addition
4.1.2.4. Macrocyclic Receptors Using Allyl Ester Ex- of CcP* resulted in the essentially quantitative formation of
change.We have explored reversible allyl ester chemistry the [3+ 3] macrocycle25. Interconversion between these
to select the appropriate spacer for the closure of a zinc macrocycles was shown to be possible by adding an excess
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Scheme 34. DCL of Cholate Ester$
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of Cc?* salt to the equilibrated Ba [2 + 2] macrocycle for the metal ions than their parent imines, underlining an
complex. Upon reduction, the resulting [B 3] amine inherent drawback associated with postsynthetic reduction
macrocycle was the only product observed. Other cations of imine DCLs.
were also used as templates, but these resulted in more 44126 Macrocyclic Receptors Using Hydrazone Ex-
complex mixtures with modest amplification of individual change.To date, one of the most successful reactions used
components. in the formation of macrocyclic receptors from DCLs has
Following this initial study on macrocyclic imines the been hydrazone exchange. We have developed a series of
Gotor lab recently reported the highly diastereoselective pseudo-peptide building blocks containing proline units
amplification induced by cadmium(ll) of the heterochiral (frequently found in proteir-turns) in order to predispose
form of macrocycle?5 starting from a mixture ofRR) and  the pseudo-peptide to macrocyclization. Each monomer is
(S9 transcyclohexane-1,2-diamin23.2% equipped with a hydrazide and an aldehyde functionality (the
Note that in the examples of Schemes 36 and 37, thelatter protected as an acid-labile dimethoxy acetal) allowing
reduced diamine macrocycles are significantly worse ligands macrocycles of any size to be formed.

2
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Scheme 36. The Reversible Formation of [# 1] and [2 + 2] Imine Macrocycles and Subsequent Reduction to Static Amine
Products!43.281
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Scheme 37. Formation of a DCL of Cyclic Oligoimines Followed by Templating by Metal lons and Subsequent Reduction to
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The first macrocyclic hydrazone receptor that we discov- mPro equilibrated to form predominantly cyclic dimer (88%)
ered from these libraries was amplified by ammonium together with a small amount of trimer (11%). Addition of
cations!®” The hydrazide building blocknPro (Chart 11) 2 equiv of 27 to the library dramatically changed this
was used. This particular building block resembles the distribution, and trimer26 became the favored library
repeating unit in Kubik’'s cyclic peptid@9, which binds member. The amount of dimer falls to 41%, and the amount
ammonium cations such &methylquinuclidinium iodide  of trimer rises to 56%. Templa23 has an even greater effect
27 and acetylcholine iodid28.284In the absence of template, resulting in 86% trimer and 13% dimer under the same
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Chart 11. Mixing a Proline-Based Building Block with
Ammonium lon Templates Results in the Amplification of a
Trimeric Receptor 26, Which Resembles the Cyclic Peptide
Receptor 29 Previously Described by Kubik57.284
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conditions. Tributyl- or triethylammonium salts produced
weak nonspecific amplification of higher oligomé?&Bind-

Chemical Reviews, 2006, Vol. 106, No. 9 3681

taneously select, amplify, and isolate receptors froomBno
DCL.'® The resin turned out to amplify the formation of
mPro cyclic trimer in much the same way as trimethylam-
monium salts in solution. After equilibration, the resin was
filtered from the library and washed with chloroform to
remove dimer and other species that were nonspecifically
absorbed to the resin. Subsequent washing of the resin with
methanol, which breaks up the noncovalent interactions
between template and receptor, yielded essentially pure trimer
in 40% yield. This approach is particularly attractive because
it allows the selection, amplification, and isolation of
receptors to be carried out in a single step.

We have also investigated DCLs based on the pseudo-
dipeptide building blockpPFm, containing a phenylalanine
unit in addition to the usual proline residue (Scheme'88).
Untemplated DCLs of this building block contained a series
of macrocycles of different ring sizes (in 98:2 CH®MeOH
as the solvent). Addition of lithium and, to a lesser extent,
sodium salts induced the amplification of the cyclic trimer.
Indeed, the trimer was found to be a good receptor for Li
with a binding constant of 4« 10* M~ (in 98:2 CHC}/
MeOH as estimated byH NMR titration).*H NMR revealed
significant shifts in every resonance of the receptor indicating

ing constants between the cyclic trimer and the two templatesthat the trimer is not pre-organized but that there is a

were estimated to be relatively small: 150 and 230 Kbr
27 and 28, respectively*>® In comparison, Kubik’s cyclic
peptides bind27 and 28 with binding constants of 4.2
10*M~tand 1.10x 10* M1 in pure chloroforn?® 'H NMR
spectroscopy showed th26 exists as multiple exchanging

conformers but that acetylcholine selected a single con- catio

former1s7.158

significant conformational change upontLUbinding. Very
similar results were obtained using an analogous building
block in which the phenyl ring of the phenylalanine unit was
replaced by a cyclohexyl ring, which indicates that the phenyl
rings are not directly involved in interactions with the
n161

Perhaps the single most impressive yet surprising result

Notably, using trimethylammonium salts attached to a solid to have come out of pseudopeptide-based hydrazone DCLs

support (Amberlyst-27 resin, which contains benzyltri-

is the generation of a [2]-catenane that strongly binds to

methylammonium chloride groups) we were able to simul- acetylcholine:>® The same pseudo-dipeptide building block

Scheme 38. A Dynamic Combinatorial Library Based on the Pseudo-Dipeptide Building BlockPFm?

i M
P
0%o0 NHNH; v
MeO. 6o\|/\l
OMe — TFA Al ™~
. g
Rﬂd
Lil o |
or Nal )\
)’LO/\/ ~
e’

o

-1

@ - &

a Addition of Lil or Nal induces the amplification of the cyclic trim&i-161whereas addition of acetylcholine chloride leads to an entirely unexpected

catenane receptér®



3682 Chemical Reviews, 2006, Vol. 106, No. 9 Corbett et al.
pPFm that produced the receptors forland Na responded 4.1.2.7. Macrocyclic Receptors Using Disulfide Ex-
dramatically to the addition of acetylcholine chloride (Scheme change.After we had established that disulfide exchange
38). Initially, the cyclic dimer became the major component can be used to make diverse DCLs of macrocyclic disulfides
of the library. However, this proved to be a kinetic product, (see section 2.1.5¥¢ the next challenge was to prove that
and within an hour, a new product isomeric to the cyclic molecular-recognition-induced changes in library composi-
hexamer appeared. Analysis by LC-MS indicated that, while tion can be large enough to allow identification of new
the new library member had a different retention time from receptors from larger libraries. At the time, the only
the cyclic hexamer by HPLC, itavz is identical to the theoretical study was rather skeptical about this pros§éct,
hexamer. When the two library members were compared bywhile all experimental work at the time was confined to
their MS/MS behavior, the distinction between the two model libraries that contained only a few species. We
isomers was revealed. The simple hexamer fragmented intoapproached the problem using a set of building blocks that
a pentamer and successively smaller oligomers, while thewere inspired by the family of cyclophane receptors of
new product fragmented directly to the trimer before being general architecturg0 (Scheme 40), which were developed
fragmented further. This behavior is typical of a [2]-catenane by the Dougherty 1aB8-2% We prepared dithiol building
and indicates that the new component generated in theblocks 31-33 and analyzed how DCLs made from these
acetylcholine-templated DCL consisted of two interlocked building blocks responded to the addition of a variety of
cyclic trimers. NMR confirmed that the topology of the ammonium guest8¢—36).2942%0ur naive expectation was
product is indeed that of a catenane and that only one ofthat we should obtain direct disulfide analogues of the

two possible diastereomers is found.

The catenane is an exceptionally good receptor for
acetylcholine K = 1.4 x 10/ M1 in 95:5 CHC}DMSO
determined by ITC) with binding being strongly enthalpy-

Dougherty cyclophane by introducing guests into the library
that have a high affinity (on the order of M~ in water)
for this receptor. Surprisingly, guest4, which is the
preferred guest for the original cyclophane host, induced the

driven. Control experiments confirmed that acetylcholine amplification of a different host, heterotrim&. Binding
binds the catenane much more strongly than any of the otherstudies revealed that the affinity for this host is of the same
macrocycles present in the library. The DCL takes an order as the Dougherty host. Remarkably, exposure of the
unusually long time to equilibrate, and only after 44 days library to guests that are either larger (quaternized morphine
does the catenane reach its maximum concentration, ac-35)?°4 or smaller (tetramethylammonium iodic6)%°® in-
counting for 70% of the total library material. We speculate duced the amplification of new receptdd8 and 39 with,

that the reason behind the prolonged equilibration time is particularly in the case @9, unexpected architectures. The
that the catenane formation pathway is inherently improb- resulting receptors were found to bind their guest with
ableé®® but that acetylcholine effectively captures and stabi- impressive affinities (2.5« 10° M~ for 34-37, 7.1 x 1(P
lizes the catenane as it is formed. M~ for 3538, and 4 x 10° M for 36-39).

Meng and co-workers have also used metal-ion-templated  The discovery of recept@®9, containing four units of the
hydrazone DCLs to produce a macrocyclic receptor for Co- chjral building block 31 (prepared as a racemate), was
(In.?%In their case, Co(ll) acts as both the guest and catalyst particularly intriguing because amplification was selective
for hydrazone exchange. As a building block'ddiacetyl-  for one out of four possible diastereomé¥slt turned out
ferrocene dihydrazone was used (Scheme 39). The buildingthat the selected receptor, in which the four building blocks
have alternating chiralitiefRR SS RR S3, is the only one
that is able to fold into a conformation in which it can
completely surround the small gu&& Capturing this level
of subtlety in the design of a new synthetic receptor would
have been a huge challenge, yet dynamic combinatorial
chemistry leads directly to the optimum structure. Use of a
single enantiomer 081 would have led to failure; racemic
mixtures add to the structural diversity in a DCL and improve
the chance of success.

Receptor87—39were all isolated from biased DCLs that
contained only those building blocks that are part of the
receptors. For instance, while recep8t constituted only

Scheme 39. A Hydrazine-Derived Hydrazone Macrocyclic
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block design is fundamentally different from the hydrazide . : ) g
monomersgdescribed above,ybecause both Iinking ends ar —10% .Of the library maten_al_at the screening stage, in a
hydrazones as opposed to a single hydrazide and aldehyde?1ased library made from building _bIocm;)anq:%Z ina2l
The hydrazones can, in effect, act as either aldehydes (byr7at"_)|_’h.the tdetswed hol.:,t ('js formgdttm ?65/" yletle%(ﬂggge
losing hydrazine upon attack) or hydrazides (by attacking ). This strategy worked even etter for recepbsnd: .
another hydrazone) when condensing to form oligomers. In (not shown). These rgsults established dynamic comb!natorlal
the absence of an acid catalyst, the monomer does rmtchemlstry as a practical r_nethod, not only for screening but
cyclize. However, in the presence of Ba Mo?', or also for receptor synf[h(_ass. _
hydrochloric acid, the hydrazone building block dimerizes ~ DCLs based on building block&l—33 were also used in
to form a cyclic diazone. If the reaction is carried out in the Studies aimed at the discovery of receptors with catalytic
presence of Co(Bfj, in an ethanol/acetonitrile mixture, a  activity (described in more detail in section 4.2) and to
cyclic trimer is produced. This cyclic trimer acts as a ligand investigate the effects of competition between different
for Co(ll), and an X-ray crystal structure showed the Co(ll) receptors for the same building blocks (see section 5).
in the center of the macrocyclic ligand. No experiments were  While the above examples were performed using water
performed to demonstrate the reversibility of the hydrazone as the solvent, we have also developed macrocyclic receptors
chemistry used here. using disulfide exchange in organic solvent. We have
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Scheme 40. Dithiol Building Blocks Inspired by the Cyclophane Receptor Family Developed by Dougherty and Co-Workérs
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apDCLs made from these building blocks produce different receptors when exposed to differenfifésts.

controlled cyclizations.

a 4.1.2.8. Macrocyclic Receptors Using Alkene Metath-
esis. Recently Nolte, Rowan, and co-workers reported a
porphyrin tetramer very similar to that in Scheme 41 that is
amplified from a dynamic mixture using tetrapyridylpor-

: : . phyrin as a template and alkene metathesis as the reversible
chemistry!®® In the same year, Langford and co-workers

b published an essentially identical approach to a very similar
porphyrin tetrame??6
4.1.2.9. Macrocyclic Receptors Using Acetal Exchange.
Stoddart, Fuchs, and co-workers used acetal exchange to
produce chiral crown ethers based on tetraoxadecalin cores,
which can form pseudo-rotaxanes upon complexation with

c dialkylammonium iong74 The diacetonide ob-threitol 43
underwent transacetalation with diacetdlin the presence
of a triflic acid catalyst in CDGlto form a DCL of cyclic
and linear products of which the [2 2] macrocycle45was
a member (Scheme 42). When dibenzylammonium hexafluo-

0 10 20 30 min rophosphatel6 was added to the DCL, the formation of [2

Figure 7. HPLC analysis showing the amplification of receptor + 2] macrocycles was strongly favored. The majority of these
. 0 i iX-
37induced by guesd4in a library made from (a) building blocks macrocycles (64%) contained two fused six-membered

31-33 (3.33 mM each) in the absence of the guest, (b) the same diacetal rings (“6/6”) forming the pseudo-rotaxane complex
library in the presence of guest, and (c) a library made from 47, although diacetals of two linked five membered rings

only building blocks31 (6.67 mM) and32 (3.33 mM) in the (“5/5") and fused five and seven membered rings (“5/7")
presence of guest4.2%4 were also observed (see section 2.1.3). When the template
was changed to CsBFt was found that the “6/6” diacetal
produced a DCL starting from dithioporphyr#0 in chlo- was strongly favored=<95% in CDCH).
roform solution using DBU as a base (Scheme 41). Acetal exchange has also been used by the Mandolini lab
Exposing this library to DABCOA41) led to the amplification to produce cyclophane receptors for Agpns!’® In their
of the cyclic dimer, whereas tripyridyl triazin&2 induced study, a series of cyclophane oligomers and polymers was
the formation of cyclic trimer. Similarly, tetrapyridyl por-  produced under kinetic control, starting from 1,4-benzene-
phyrin amplified the cyclic tetramer. In all cases, amplifica- dimethanol and bromochloromethane in the presence of NaH
tion was essentially quantitative, making templated macro- in boiling THF. Isolated cyclic oligomers were then equili-
cyclization under thermodynamic control a better synthetic brated fo 5 h under acidic conditions (0.5 mM TfOH) in
method than our previous template-directed kinetically chloroform at 25°C to give a series of cyclophane oligomers




3684 Chemical Reviews, 2006, Vol. 106, No. 9 Corbett et al.

Scheme 41. Small DCL of Porphyrin Macrocycles Made from a Porphyrin Dithiol Building Block, Showing How Three
Different Amine Guests Induce the Amplification of Three Different Porphyrin Hosts%4
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Scheme 42. The Dynamic Formation of Crown Ether Acetals and Complexation to Dibenzylammoniu%ﬁ4
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(Scheme 43). While the equilibrium mixture was independent ing guest molecules inside two hemispherical cavitands
of the nature of the starting oligomer, it was found to be covalently joined at their upper rifi72%8 Inspired by this
dependent on the concentration of cyclophane; unsurpris-early work, many others have put considerable efforts into
ingly, lower concentrations favored lower molecular weight devising new molecular capsules and related three-dimen-
oligomers, while higher concentrations (up to 82 mM sional receptor cages. Most strategies to this end rely on using
monomer units) favored the larger oligomers. Addition of either irreversible covalent borf%3% or noncovalent
Ag* to the DCL amplified the formation of cyclophads, interactiond3% to facilitate the formation of a capsule
and it was shown byH NMR that Ag" and48form a stable  structure from smaller components.
complex. Using TfOAg in chloroform caused the yield of g jnherent stability of the covalent bond allows covalent
48 to be increased from 2.2% to 11%, while using the MOT€ capsules to be exceptionally robust and stable, capable of
soluble silver salt (C#50,)-2NAg increased the yield to 60%.  ghje|ding their contents from the outer environment. Capsules
4.1.3. Molecular Capsules and Related Structures that are entirely covalent in connectivity have been used to
permanently imprison their “guests” resulting in so-called
Synthetic molecular capsules were pioneered by Cram in carceplexesThe remarkable stability of such systems has
the 1980s, when he and co-workers succeeded in encapsulatieen demonstrated in cases where guests are retained at high
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Scheme 44. A Small DCL of Capsular Structures Is Formed through Hydrogen-Bonding Interactions between Calix[4]arene
Bismelamines and Barbiturate Building Block$42
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temperatures; even transient reactive intermediates can be The same research group modified this system to produce
isolated at near ambient temperatut€sThis approach to  a capsule DCL responsive to a templ&teA DCL was
capsule formation does, however, have one key drawback:produced containing a 1:1 mixture of unmodified and zinc-
because several covalent bonds must be made in theporphyrin-tethered calix[4]arene bismelamine uri8gand
formation of a capsule, there are many opportunities for 50b, respectively, in Scheme 45) and the complementary
“incorrect” side products to be formed, which cannot be barbiturate unit49a (Scheme 45). In the absence of a

corrected under kinetic control. template, a statistical mixture of capsules was obtained, but
This predisposition toward forming unwanted oligomeric upon introduction of a 1,3,5-benzenetripyridine tempfte
side products has led to the rise in popularity slf- the library self-sorts into homomeric capsules that contain

assembling capsuleshiefly through noncovalent interactions either only unmodified or only modified calixarene units.
such as hydrogen-bonding and metligjand interactions. Self-sorting arises from the strong mettigand interactions
Self-assembly offers the possibility of proof-reading during between the porphyrin-tethered homomeric capsule and the
capsule formation, allowing the unwanted side products to trispyridine template. The remaining unmodified calixarenes
be recycled to form capsules. This approach is, however, have no choice but to form the other homomeric capsule.
limited by the relative instability of the resulting capsule A templated hydrogen-bonded capsule DCL with greater
complexes. Labile capsule assemblies held together bydiversity has been reported by Hof, Nuckolls, and Relj&k.
noncovalent interactions are constantly exchanging in solu- The building blocks were based on glycoluril and sulfamide
tion, a serious problem if the intention is to shield guests units that were connected to either end of an aromatic spacer
from the outer environment. Despite this restriction, many and designed to self-assemble into tetrameric capsules by
impressive examples of self-assembling capsules have beemead-to-tail hydrogen bonds (Chart 12). Five different
recordecf01-306 variations of aromatic substituents provided the diversity in
The vast majority of molecular capsule DCLs feature the library. In the absence of a template, no capsular
noncovalent interactions. It is perhaps surprising that dynamic structures were formed, but on addition of ammonium cation
covalent chemistry has not made a greater impact ontemplates (ethyltrimethylammonium and methylquinuclid-
molecular encapsulation in the same way it has impactedinium tetrafluoroborate), tetrameric capsules containing the
macrocyclic and linear receptors. In principle, dynamic ammonium guest were formed and identified by ESI-MS.
covalent chemistry allows the self-assembly of capsules while The distribution of capsule masses did not match the
retaining the benefits in stability that the covalent connectiv- statistically predicted distribution and was significantly
ity offers. Yet, there have been very few examples in the different for each template, indicating that the template
literature that employ dynamic covalent chemistry for capsule selects its favored capsule host.
formation3°8-311 and only one of these introduces diversity A rather different approach to dynamic combinatorial
in such a manner as to be considered dynamic combinatorialchemistry using hydrogen-bonded capsules was used by Wu
chemistry31? and Isaacd’ The authors tested the preference of nine well-
4.1.3.1. DCLs of Molecular Capsules Using Hydrogen  known hydrogen-bonded aggregates including three capsules
Bonds.One of the earliest examples of a molecular capsule (Reinhoudt’s calixarene bis(rosette) discussed effiet?
DCL was by Crego Calama, Timmerman, Reinhoudt, and Rebek’s tennis bafil® and calixarene tetraurea capstiés
co-workers?*? Previous work from the same group had to either self-sort or form hetero-aggregates. This was
already demonstrated that calix[4]arene bismelamines andachieved by simply mixing the aggregates in CR@&llowing
barbiturate building blocks could self-assemble into capsular the system to equilibrate, and looking for the appearance of
structures in apolar solvent&2?Some degree of diversity new resonances in tH&l NMR not seen in the spectra of
was introduced by variation of the substituents on the the individual aggregates. Reassuringly, diversity was se-
barbiturate building blocks4@a and 49b in Scheme 44). lected against; heteromeric assemblies were scarcely detect-
Building block exchange was found to be temperature able, and the components self-sorted into the homomeric
dependent. Mixing two homocapsules in deuterated tolueneassemblies that they were designed to form.
at 0 °C in a 2:1 ratio gave no exchange. However at 4.1.3.2. DCLs of Molecular Capsules Using Metat
temperatures above 2&, equilibration was achieved after Ligand Interactions. Metal—ligand interactions have been
2.5 h. It was found that equilibration times could be reduced used by Albrecht and co-workers to create a DCL of
to seconds by using the more polar solvent CPDRUividual ethylene-bridged di(8-hydroxyquinoline) liganbi®a—c and
library members were also identified by Agssisted Ga(lll) ions, which self-assemble into metalla-cryptands and
MALDI-TOF MS. other capsule-like polycyclic structures (Scheme®&Jhe
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Scheme 45. Template-Induced Amplification of a Capsular Structure Carrying Six Zn Porphyrin Units from a Model DCL?5!

50a

Chart 12. (a) Self-Complementary Building Blocks Carrying
a Variety of Substituents; (b) Hydrogen-Bonding Pattern
Directing the Self-Assembly Proceg48

Scheme 46. Self-Assembly of Di(8-hydroxyquinoline)
Ligands and Ga(lll) lons into a Small DCL of
Metalla-cryptands and Other Capsule-Like Polycyclic
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formation of the metalla-cryptands was amplified by addition
of suitable cations (N K*, NH;*, Rb") that bind to the
oxygen donors of the dihydroxyquinoline ligand, forming
the cryptand as the thermodynamic product. Cryptand gogiym or potassium ion templates or both. In the absence
forr_T_latlon can be templated l?y cations with differing Ionic - of sych templates, oxygen and nitrogen lone pairs repel one
radii because the galliurgallium distance can be varied  5nther leading to a conformation where the imine points
by twisting _the cryptand_. The cation-dependent shortening away from the nearby catechol oxygen. This more open
or lengthening was confirmed by X-ray crystallography and ¢onformation promotes the formation of the tetrameric
'H NMR. capsule [54)4(Ti)4]. Upon addition of KCO; or NgCO;s to

The same group has also usggsymmetric tris-catechol  a DCL of54 and [TiO(acag) the conformation of the imine
imines complexed to titanium(IV) to produce tetrameric changes to point toward the nearby catechol oxygen atom
(TisL4) capsules with large internal cavities (Scheme 47) and in order to complex the metal ion through nitrogen and
other metalla-cryptand complex&8:23> While the tris- oxygen coordination. When a sodium ion is complexed, a
catechol ligand3was found to strongly favor the formation mononuclear metalla-cryptate complex is formed, whereas
of a tetrameric capsule, the more flexible lig&s®was able in the presence of a potassium ion, a dinuclear complex is
to produce three different complexes with libraries containing obtained (Scheme 47). Of all the species formed in DCLs
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Scheme 47. Tris-catechol Imine Building Blocks and Their Templated Capsule Structuré®-235
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of 54, the mononuclear complex was found to be the most of 63. Upon addition of a globular guest such as CBr&l
thermodynamically stable. CBry, the equilibrium is shifted to favor the formation of

Raymond and co-workers have used meligand interac- 6_3, Wh_erea§ on addition pf a flat.ter guest such as xylene or
tions to produce diverse DCLs of tetrahedral capsule trimesic acid, the formation &2 is favored.
structures from biscatecholate ligands (Chart 13a) and Ga- This system was further diversified in a later study where
(Il ions.??* Previously, the same group had prepared an another, more flexible tripyridyl ligan64 was added?8 In
Myl tetrahedral capsule based on Ga(lll) ab@ that this case, four Pd(ll)-linked capsules were generated by
encapsulated tetraalkylammonium ions, in particular tetra- mixing the two ligands and Pd(ll) (Scheme 49). Due to the
ethylammonium chloride in water (Chart 138)When the  greater diversity of capsules available to the guests, tem-
synthesis of this capsule was repeated using two biscatechoplating effects were more noteworthy; guests such as, CCl
late ligands 6 and57), a small DCL of 12 different capsule  and CBrC were found to selectively amplify the formation
stereoisomers was formed, each of which encapsulated af the heteroligand capsuls, while other bulkier guests
tetraethylammonium guest. The different isomers could be such as adamantane-1-carboxylic acid and adamantane-1-ol
distinguished because each capsule causes a slightly differengelectively amplified the homoligand capsuBs The flat
upfield shift in the 'H NMR resonances of the guest. trimesic acid guest also selectively amplified the homoligand
Capsules were also identified by ESI-FTICR-MS. DCLs with capsules, but in this case it was owing to a strong affinity

further biscatecholate ligand$5-59 produced greater  for the homoligand capsulé2 rather thargs.

diversity in the capsules formed, although some capsules . .
were found to be disfavored. For example, tetrahedral . The most diverse DCLs prepared by Fujita and co-workers

: e nvolve the use of two tripyridyl ligands6f and 64) and
capsules formed from ligandst and 59 were kinetically ; R . o .
inert at room temperature but thermodynamically unstable. three dipyridyl ligands §8—70) to generate Pd(ll)-linked

When heated, the heteromeric capsules self-sorted intof:(f’j;tlgrsfgrngiggg?g;ggfag%éirﬁénm;hgo)"txz;yi’ dgn?i?igvd
i 11— 11— _
Qﬁgg,me”c [GaBE(NEL)I™ and [Ga(S9s(NEG)I™ cap using difference NMR.

Fuijita and co-workers have used-Rayridyl interactions Kobayashi and co-workers have recently used tetracyano
to pr(J)duce some of the most elegar:?néjxan):ples of moleculardnd tetrae%/rldyl cawt_ands to produce I_Dd(II)- and Pt(ll)-linked
capsules based on metdigand interactions. DCLs contain-  caPsules:® Depending on the steric demands and the
ing tri- and dipyridy! ligands complexed to Pd(Il) were used coordinative stability of the cavitand ligands, small thermo-
to produce capsules responsive to their guests. Their firstdynamically cont.rolled.llbrarles where cavitands selectively
example of such an approach used an asymmetric tripyridyl self-assembled into either homo- or heterocapsules were
ligand 60, which, when linked by three bridging Pd(ll) made.
centers 61, dimerized into a molecular capsu’fé. An 4.1.3.3. DCLs of Molecular Capsules Using Reversible
equilibrium mixture consisting of two isomers of this capsule Covalent Chemistry. We have begun to explore DCLs of
(62 and 63, Scheme 48) was formed. The isont has a molecular cages or capsules using disulfide exchérigdis
relatively flat cavity compared to the more spherical cavity approach is much the same as that used with the water-
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Chart 13. (a) Biscatecholate Ligands Used by Raymond and 4.2. Cata|ysts from Dynamic Combinatorial

Co-Workers To Form (b) Self-Assembling Capsules around Libraries
a Tetraethylammonium lon Guesg?4:315
a The remarkable efficiency and selectivity of enzymes has
HO filled many scientists with envy. Designing synthetic equiva-
HO HO H oj? lents that share at least some of the characteristics of Nature’s
catalysts remains a huge challenge, largely because we do
Hoj? HO]? HN" "0 not yet fully understand what makes enzymes as efficient
HN"YO HN"YO “ as they are. While this situation persists, rather than designing

catalysts from scratch, several approaches to the discovery
OO OO of new catalytic systems are being developed that rely on
selection of active species from a large collection of potential
Og-NH O NH o catalysts’18320 For in vitro evolutionary screening of ri-
OH OH OH bozymes, selection is based on catalytic acti¥ity??
Alternatively, selection can be based on affinity for the
transition state of a given reaction. Transition-state binding
55 56 57 should be accompanied by stabilization and, provided that

this effect exceeds any initial-state stabilization, lead to a
reduced Gibbs energy of activation. Since it is extremely

HO HO S . " A
difficult to directly screen for transition-state affinity, in
HO HO practice screening is based on affinity for a stable transition-
HN" SO HN" YO state analogue (TSA). This strategy has been used with some

success in molecular imprinting and in catalytic antibodies.
O ‘] The former approach involves forming a polymer around a
‘ TSA that is subsequently removed to generate catalytically
active molecular-sized caviti€s® The latter mobilizes the
O O mammalian immune system to produce antibodies against a

ONH O NH TSA 27320
OH OH Dynamic combinatorial chemistry has considerable po-
tential to develop into an attractive alternative to the
OH OH imprinting and antibody approaches. We have reported two
58 59 systems in which screening a DCL for affinity for a TSA

has resulted in the discovery of new catalysts.

In the first example, a library made from building blocks
31-33(Scheme 40, section 4.1.2.7) was screened for a TSA
for the Diels-Alder reaction shown in Scheme 5%aGiven
that the transition state of this reaction closely resembles the
product75, the latter was used as the TSA. In the presence
of this compound, macrocycl&¥ and38 (Scheme 40) were
amplified simultaneously. Analysis of the affinities of both
macrocycles for starting materid3 and product/TSA75
revealed some interesting differences: the larger macrocycle
38 was found to bind product5 more strongly than the
starting material73, whereas the smaller macrocycdy
showed exactly the opposite behavior. These results sug-
gested that only the larger macrocycle is big enough to
simultaneously bind both starting materiaf8 and 74;
therefore 38 but not37 should be catalytically active. Kinetic
experiments confirmed this predictioB8 was able to induce
an approximately 10-fold increase in the rate of the reaction,
whereas37 exhibited no catalytic activity.

Note that when the product of a reaction is used as a TSA,
any catalyst that is identified will be product-inhibited.
Control experiments revealed that this was indeed the case,
but because the affinities of starting material and product

soluble dithiols in macrocycle-producing DCLs (section
4.1.2.7), except that a trithiol building block is introduced
to allow the formation of macrobicyclic structures. Our initial
experiments used trithiol building block based on three
cysteine residues coupled to a trimesoyl scaffold (Chart 14).
When 72 is oxidized by itself, a dimeric macrobicyclic
structure is produced essentially quantitatively. However,
when72is allowed to oxidize in the presence of dithi@2

and 33, a variety of mixed cage structures is generated as
gwdent from LC'M.S analys_ls._ In some cases, ".’ll.l possible were comparable, turnover was still possible.

isomers for a particular building block composition were ) )
detected: for example, three different species corresponding, ' the second example, a library was screened against a

; P transition state analogue for an acetal hydrolysis reaction
72 DCL (9[04 . ;
{0 (72)2(33); were detected in a DCL containing and33 (Scheme 51b¥® Acetal hydrolysis proceeds through a

While we have so far not observed encarceration of guestsprotonation pre-equilibrium followed by a rate-determining
by these capsules, such structures would have great potentialinimolecular dissociation of the acylium cation intermediate
in drug delivery, allowing release of the capsules’ contents to give the hydrolysis products. Quaternary ammonium ion
by disulfide reduction under physiologically relevant condi- 76 was used as the TSA. Exposing a DCL made from a set
tions3t7 of dithiol building blocks to76 induced the amplification
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Scheme 48. The Formation of Two Dynamic Pd-Linked Capsule Isomers Where Isomer 62 Has a Cavity Significantly Flatter

than 63*
6+
472 :
7 &\
(\NHQ N= » =N

| / N
N T HaN-Pd-ONO, ——= Pdfen) éd(en) Pd
ONO, N

N= [ —N
60 61 \ | W
B6(NO2)

e
Pd(en) = HoN-Pd—
|

.6(NOy)
aThe equilibrium can be biased to favor either capsule by the addition of suitable “flat” or “globular’%gtest.

Scheme 49. A Small DCL Containing Four Pd-Linked Capsules from Two Tripyridyl Ligands?28
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of, once again, macrocyc®8 (Scheme 40). This pluripotent However, there are some intrinsic advantages using dynamic
catalyst was found to induce a modest 2-fold acceleration combinatorial chemistry compared with the more established
of the acetal hydrolysis reaction. methods of catalyst discovery. The dynamic combinatorial

While these systems provide proof-of-principle, the cata- method is more controllable and experimentally less de-
lytic activity leaves much to be desired, and clearly more manding than the catalytic antibody approach and generates
work is required to establish the practicality of the method. better-defined systems than imprinted polymers.
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Chart 14. Some of the Isomeric Macrobicyclic Structures Produced in a DCL Made from 72 and 38!
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4.3. Ligands for Biomolecules this context87.188.196192.202,203,329.330A|s0 imine exchange

Dynamic combinatorial chemistry has considerable po- (section 2.1.2.1) is extensively used in the presence of

i 2,22,24,112,142,144,145,238,33,

tential as a tool for the discovery of new ligands for blomol_eculeé,_ . lthough nor_mally a
biomolecules in general and for drug discovery in particular. reducuqn stepis required to convert_th_e hydrolytically labile
The ability of a DCL to shift its product distribution toward MiNes into amines. In contrast to imines, hydrazones are
library members that are stabilized through noncovalent Stable at physiological pH, but their formation and exchange
interactions can be extremely useful with systems such astyPically require acidic conditions (for an exception, see ref
proteins or nucleic acids, where the exact three-dimensional152), which are incompatible with most biological targets.
structure is often unknown, difficult to model, or even Some special approaches that nevertheless combine hydra-
strongly dependent on the ligand bound. zone chemistry and biological targets will be discussed in

Of the range of exchange reactions available to date section 6. Finally, thioester excharfy&* and enzymatic
(section 2), only relatively few are suited for use with reactions such as the exchange of peptidic brai=d aldol
biomolecules. At present, disulfide exchange (section 2.1.5) reaction&8® are also compatible with biological targets,
is one of the reactions that have been used most widely inalthough thus far only two enzymes have actually been used
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4.3.1.2. Proofs-of-Principle.One of the first studies that
X ‘ ‘ i X aimed to use a protein as a template to drive an equilibrium
mixture toward the strongest binding members was published
“ SIS ol in 1996. Venton and co-workers have prepared a DCL of
peptides using the proteins fibrinogen and the monoclonal
Figure 8. Schematic representation of a tethering DEL. antibody 3E7 as targe@é.‘!’he exchan.ge Process was based
on cleavage and formation of peptide bonds mediated by
for generating DCLs. the peptidase thermolysin. The system was divided in two
In the following sections, we review successful examples compartments separated by a dialysis membrane permeable
where biomolecules act as templates for the selection andto library members but not to the protease or to the protein
formation of their own ligands from DCLs (Figure 1d). In templates. In one compartment, peptide fragments were
these examples, the association between ligand and biomolequilibrated with each other, and the DCL was formed. In
ecule is strictly noncovalent. Recently a related tethering the second compartment, the “frozen” library members were
approach has been developed in which a reversible covalen@llowed to interact with the template protein. The presence
linkage is used that tethers the ligand to the biomolecule. of the targets induced some weak but detectable changes in
Because this approach has been reviewed in detail byproduct distribution.

Erlanson and Hanséfwe only give a brief description of Another early study used a DCL obtained from diastere-
this elegant concept here. The tethering technique is used tayisomeric Fe(ll) complexes in the presenceVidia villosa
develop new ligands for specific binding locations on B, |ectin, a protein that specifically binds t&-acetylo-

proteins. In general, a cysteine residue (either wild-type or galactosamine (Chart 16)26A single ligand, an asymmetric
introduced by mutation) near the region that is screened is

used as a covalent anchor for the ligand. In the presence ofchart 16. A DCL of Bipyridine —Iron Complexes, Which
various small thiol molecules a variety of different disulfides upon Screening against a Lectin, Gave Predominantly the
can be formed under thermodynamic control. Those adductsA-mer Isomer?.26

where the thiol building block interacts most favorably with \’\ oH
A Al s O

the protein will be formed preferentially (Figure 8). The main
advantage of tethering is that it facilitates the binding of the

ligands so that also low-affinity binders can be detected that MH"O\_CH}
would otherwise not bind efficiently enough to the protein. o il A

4.3.1. Targeting Peptides and Proteins

The very subtle mechanisms of protein folding and L |
flexibility, the difficulty in predicting the strength of interac- e
tions between ligands and proteins, and the fact that the ~ I \
structure of many proteins is not known precisely makes the >

development of good ligands a tedious and often unrewarding
task. Dynamic combinatorial chemistry is one possible e
answer to the question of how to speed up and optimize drug
discovery processes. DCLs are able to respond to very subtle
interactions, the precise understanding of which is not

indispensable. l"T"I % I'l' i _H
4.3.1.1. Untemplated Libraries.Because both peptides o g “Ee™ ;Fe‘"‘
- \ "

and glycosides offer high potential for recognition of proteins, > d Fe\ ’/,I

glycopeptide DCLs are of considerable interest. Sando et al. >

recently published a DCL made from peptide and glycoside

building blocks using disulfide chemist#® The peptides Afac Afac A-mer

78and80, each containing two cysteine residues, were mixed

with thiosugars77 and 79 resulting in libraries of cyclic  pipyridine functionalized with ai-acetylo-galactosamine
peptides, thiosugar dimers, and mixed linear species (Chartmoiety, yielded a DCL of four isomeric tris-bipyridine Fe-
15). While the authors intended to use these libraries to (|1) complexes. Due to the different binding affinities of the

- . different diastereomers to the lectin, the composition of the
188 !
Chart 13' Building Blocks for a Glycopeptide DCL DCL was shifted from an essentially statistical mixture of
H

H s 4o SHH o the library members in the absence of template toward a
o} significant amplification of the\-mer isomer when the lectin
0 IS e g p
0 H o
78

SH
HO—=" HoN was present.

L Huc and Lehn’s seminal study on carbonic anhydrase
OH inhibitors was probably the first paper that clearly described
HO o} SHH o} w © the characteristics and potential of DCLs with biomolectdes.
HO o SH HzN\)I\N/g(N\_)kN/\[rN\)kOH A library of 12 imine-linked members generated from three
HO H o i H ¢ aldehydes and four amines was used; the imines generated
79 80 SH were slowly reduced into the corresponding amines before
HPLC analysis. The comparison of the HPLC traces of an

screen for affinity for sugar-binding proteins such as lectins, untemplated control library with the carbonic anhydrase-
no templating studies have yet appeared. templated DCL showed amplification of several species.
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Amplification of a sulfonamide related to a known inhibitor six aromatic aldehydes. HEWL shifted the composition of

was shown to be strongest (Chart 17). the library toward two out of twelve adducts. A clear
preference of HEWL foN-acetylp-glucosamine over other

Chart 17. Carbonic Anhydrase Inhibitor Amplified by the D-glucose derivatives was observed. One of the amplified

Enzyme from a DCL of Imines? species (Chart 18) showed much higher inhibitory activity
Chart 18. Successful HEWL Activity Inhibitor Discovered
in a DCL33!

NH,
OH
X
egiye!
HO/Q/\HHO NHA?: o "o
0=8=0 0
NH,

thanN-acetylp-glucosamine and was able to compete with
chitobiose, a known successful inhibitor of the enzyme.

In a recent study, a DCL of two disulfide building blocks
based on glycoside and dipeptide moieties was screened
against the protein wheat germ agglutinin (WGK)WGA
is a protein used for detecting the naturally occurring
reversible modification of a serine or threonine residue with
a molecule ofN-acetylglucosamine, a process involved in
the regulation of protein activity. In presence of the template
WGA, N-acetylglucosamine-containing species were ampli-
fied, with molecule83 being amplified over 2-fold. ESI-

A slightly different approach was used in a disulfide library
screened against the lectin concanavalin A, a protein that
generally binds a trimannoside carbohydrgte library of
different sugars linked to am-thiol-functionalized tether was
used to mimic the natural binder. Modest amplification of
the dimer made of two mannose units was observed in the
presence of the lectin template. Note that the good binders
were identified on the basis of their depletion from the
solution rather than their amplification. However, the best
it;:}nnﬂggsi";ggl(\j/e?ggnb; %%S?é\r%epﬂa?g_ eluting them from an MS analysis of the DCL also showed the presence of an

The early work on enzyme-mediated exchadgacour- 83-WGA complex (Chart 19).

aged the design of other libraries in which an enzyme cpar 19, pisulfide Building Blocks (81 and 82) and
mediates the exchange reactf8fi° Flitsch, Turner, and co- Amplified Species 83 in a DCL Screened against Wheat
workers have useN-acetylneuraminic acid aldolase, which  Germ Agg|utm|n334

catalyses the aldol reaction between a ketone and the formal HO
aldehyde of an aldose, thus forming and cleaving-aCC o oH
bond (section 2.1.1.4, Scheme 5). Using up to four different

aldoses in the presence of an excess of ketone, they generated acenT o acing o

a DCL in which up to four aldol products were formed. These

model DCLs were screened against the lectin wheat germ

agglutinin and amplification of the library member with
affinity for the lectin was observed. BockN. L N OMe BocHN/EWNJJ\OM B°°HN\)k /[Yf

The Hamilton group has reported an elegant strategy in H
which they functionalized short sequences of single-stranded 81
DNA with small organic fragments with potential affinity
for protein target$3? The idea is to select for the duplex Frequently, molecules of biological interest are ditopic:
that carries the preferred recognition elements through athey have two (similar or different) units that are involved
sequence of heating (to promote duplex dissociation) andin the recognition of a biomolecule, separated by a spacer
binding steps. Initial proof-of-principle studies targeted of variable geometric and electrostatic properties. Dynamic
streptavidin. combinatorial chemistry can be helpful to optimize the

Danieli et al. used two potential antitumor compounds that length, geometry, or electrostatics of this spacer once the
were tethered with thiol-containing linkers of various lengfis.  recognition units are known. If the latter are equipped with
The nonpolar nature of the building blocks necessitated the appropriate exchange functions and used in conjunction with
use of organic solvents in order to form soluble DCLs. The different spacers, they can form a library that, in the presence
mixtures were then exposed to two proteins that served asof the biomolecule to recognize, will shift toward the library
models for the desired target proteins, tubulins, which are member with the optimum spacer. This stratagy has been
themselves not compatible with organic solvents. Target- used by Nicolaou et al. to select the optimum spacer between
induced shifts in the equilibrium distribution were observed. two vancomycin molecules.

4.3.1.3. Discovery of New LigandsWhile the examples Vancomycin, a last-resort antibiotic, acts by strongly
in the previous section demonstrate proof-of-principle, recent binding to thep-Ala-b-Ala sequence of peptidoglycan, thus
work has resulted in the discovery of some exciting new inhibiting the synthesis of the bacterial cell wall. Vancomycin
ligands for a set of different proteins. is known to dimerize in the absence and, with a higher

Starting the discovery process from fragments with low association constant, in the presenceodfla-p-Ala. Syn-
inhibitory activity has proven to be a successful strategy. A thetic covalent dimers of vancomycin exhibit higher affinities
recent study was based dhacetylp-glucosamine, a low-  than monomers. Several novel vancomycin dimers were
affinity inhibitor for hen egg-white lysozyme (HEWL), an  synthesized and screened for activity in a DCL-type as-
enzyme that cleaves polymers Bfacetylb-glucosamine  say?°22% Tethers of variable length, functionalized for
units33! An imine DCL was created from two amines (amine- disulfide exchange or alkene metathesis, were grafted onto
functionalizedN-acetylp-glucosamine ana-glucose) and a vancomycin unit. When exchange was performed in the
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presence of the target peptide sequence, amplification ofpotentially containing over 40 000 members were screened

some of the dimeric library members was observed. By against the enzymé? These libraries were built around a

subjecting the amplified and other library members to tests central scaffoldB4 bearing two primary amines (Chart 21).

for antibacterial activity, it was demonstrated that the

amplified species did indeed exhibit the highest activity.  Chart 21. Central Scaffold 84, Stable and Transient Library
Another interesting feature of this work is the fact that Members 86-88, and Successful Inhibitor 8542

systems for two different exchange reactions were designed COOH COOH

in parallel and compared. The alkene libraries proved to be

more sensitive to tether length, and they were also deemed

to be more biocompatible than disulfides, which can easily ~ HN""Y “NH, O/\ NN
undergo exchange in the presence of thiolate anions such as NHAc NHAc
reduced glutathione or other reduced cysteine-containing 84 85
peptides and proteins.
Note that the authors of this work termed their approach COOH COOH COOH
target-accelerated combinatorial synthesis (TACS) rather than
dynamic combinatorial chemistry. No control experiments @ . © ©
were carried out to demonstrate whether the product mixturer; >N" “NH, RNV “NH, R{ N “/NH,
is under thermodynamic or kinetic control. H o NHAc ' NHAc ' NHAc
Scientists at Astex Therapeutics have developed an ap- 86 Re 87 Ré 88

proach called dynamic combinatorial crystallography (DEX).
This builds on their previous work, where protein crystals
are soaked in solutions containing small-molecule fragments
(Mw = 100—-200). Successful binders are then detected in
their binding sites by X-ray crystallography. In DCX, protein
crystals are soaked with DCLs of fragments to find the best
binder. In the published system, a crystal of cyclin-dependent
kinase 2 (CDK?2) was soaked with a DCL of 30 hydrazones.
The electron-density maps of the soaked and unsoake
crystals showed that a single library member (Chart 20) had

The scaffold closely resembles the central core of several
known neuraminidase inhibitors and presents a carboxylate
and an acetamide group, which play important roles in the
recognition of the active site of the enzyme. Commercially
available simple aldehydes were reacted with the scaffold.
In situ reduction of the resulting imines by NaBEN yields
dsecondary amine86, which can form quaternary iminium
species87 with an additional aldehyde, before being reduced
to the final tertiary amine88. Thus four different substituents

Chart 20. A Cyclin-Dependent Kinase 2 Inhibitor Identified can be grafted on every scaffold, generating from a set of
by Dynamic Combinatorial Crystallography 325 20 aldehydes a library with more than 40 000 potential
SO,NH, members. The experimental conditions were chosen such that

the amine products can only be detected if they are amplified.
Not more than a couple of hits were identified from each of
these libraries including compour&b, which was a suc-

N N-NH cessful inhibitor of the enzym#&?
mo Another study on neuraminidase inhibitors was published
N late? using the same scaffold in the presence of ketones

rather than aldehydes as building blocks. Although the adduct
bound to the ATP-binding grove of the kinase. An assa of one of the ketones had an approximately 500-fold increase

; hihi in potency as an inhibitor as compared to the previously

rS]RAO)\_Ned this compound to be a potent inhibitors& 30 identified aldehyd_e a_d_du8l5, activ_ities of related molec_ules

Milanesi et al. have targeted the calcium transducer proteinNOWn as potent inhibitors remained unmatched. While one
calmodulin with a DCL prepared from five different mono- C&n argue to what extent the experimental setup allows for
thiols that are potential low-affinity bindef& The resulting ~ the formation of significant quantities of bis-imines, the
DCL contained 15 disulfides, two of which were found to results from these studies are encouraging.
be amplified in the presence of calmodulin. The selected
library members both contained sulfonamide groups.

4.3.1.4. Toward High-Throughput ScreeningOver the Unlike the 20-letter alphabet of peptides, the language of
last decade, traditional combinatorial chemistry has beennucleic acids mainly operates with four different units that
gearing up for the parallel screening of very high numbers team up in fairly well-defined base-pairing patterns. While
of compounds in a comparatively short span of time requiring the gross behavior of duplex DNA is well-studied, quadru-
extensive automation. Dynamic combinatorial chemistry may plex DNA folding is still controversial, and the folding of
prove to be an attractive alternative because it takes awayRNA to a large extent still remains unpredictable. Interactions
some of the need for high-throughput since a DCL screensof other types of molecules with a given DNA or RNA are
itself by increasing the amounts of the wanted compounds very subtle and manifold, and their prediction remains a
while suppressing their inferior counterparts. However, DCLs major challenge. In section 4.3.2.1, we will describe DCL
containing more than 100 library members are still rare, and studies on non-nucleic acid molecules that interact with
at present, it is not clear how large a DCL can be made while nucleic acids. Nucleic aciginucleic acid interactions will
still allowing hits to be identified. be discussed in section 4.3.2.2.

Work on relatively large imine libraries has been carried  4.3.2.1. Ligands for Duplex or Quadruplex DNA.
out by the Therascope group (now part of Alantg§3}*? Studies of DCLs with metal complexes binding to DNA and
The target in these studies was neuraminidase, an enzymé&NA were carried out by Miller and co-workets218.238|n
involved in the propagation of the influenza virus. Libraries their first two publications, zinc(ll) salicylaldimine com-

4.3.2. Targeting Nucleic Acids
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plexes were usett:?>®® The imine ligands are formed by role in the aging process of cells, and as such, it is a
condensation of salicylaldehyde with a primary amine. Zinc promising target for cancer treatment. Indeed, stabilization
is coordinatively labile and allows ligand exchange at the of quadruplexes by binding with a suitable ligand can inhibit

same time as stabilizing the imine bond. Initially the authors the activity of telomerase, an enzyme that interrupts the aging
studied a system of salicylaldimine complexes targeting oligo process, making cancer cells immortal. The large planar

d(A-T) DNA immobilized on a cellulose resii.A library

of up to 21 bis-salicylaldimine complexes was made from
six different amines. After initial equilibration in the absence
of template, the mixture was allowed to re-equilibrate on
the DNA-functionalized affinity column. Nonbound species
were eluted from the column, hydrolyzed, derivatized, and
analyzed by HPLC, indirectly revealing three new potential
ligands for DNA (Chart 22).

Chart 22. Bis(salicylaldimine)-Zinc Complexes That Were
Retained on Immobilized d(AT) DNA%*

N, 0]
—N. .0 —NCLD:
zi p 7z
o N= o N=
N ~
N N

In this method of analysis, amplification of a specific
library member is reflected in a decrease of the concentration
of the corresponding amine(s) in the eluted solution. This
approach might pose problems in libraries where several
species are amplified or in more complex systems (e.g., with
metal centers with three different ligands), because only
constitutional but no structural information on the amplified
library member is obtained.

A third study?'® by the same group used the coordination
chemistry of Cu(ll) to compare affinities to an RNA hairpin
and its homologous DNA sequence. In this work, the ligands

aromatic surface of the four guanine systems can be
complexed by various ligands including acridones. Stabiliza-
tion of the quadruplex system can be enhanced by linking
the sr-stacking molecule to a unit that binds to one of the
lateral grooves in which the backbone phosphates and the
guanine faces not involved in base pairing are exposed.

In a recent study by the Balasubramanian group, an
acridone unit bearing positive charges and a thiol group and
a thiol-functionalized oligopeptide were used as building
blocks!®? In the presence of a glutathione redox buffer, a
library of six disulfides was produced. In the absence of the
template, the ratios of the building blocks were roughly
statistical. However, in the presence of a G-quadruplex unit,
there was a dramatic shift toward two species: the expected
acridone-peptide dimer but also the homodimer of the
peptide building block. The binding mode of the peptide
homodimer remains unknown.

In a more recent paper by the same group, monothiols
containing one, two, or three pyrrole units were used, which
were inspired by distamyciB9, a high-affinity binder for
both duplex and quadruplex DNA (Chart 23JIn presence

Chart 23. Distamycin and Thiol Building Blocks Inspired by
Its Structure 13

NH,*
HzN’<__\ o *HgN
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of duplex or quadruplex DNA, homo- and heterodimers of
building blocks 90b and 90c were strongly amplified.
Glutathione redox buffer was used to decrease the self-

were static molecules; all diversity was created by exchangeassociation of building blocks, which would compete with

of the bi- or tridentate ligands based on salicylamides of
amino acids, forming complexes with one or two ligands in

binding of the dimers to the target. Duplex DNA melting
temperatures were determined in the presence of the selected

a square planar arrangement. The comparison of the twolibrary members to gauge their relative binding affinities.

templates proved very interesting: one library member with
a more than 300-fold preference of RNA over the homolo-
gous DNA was identified.

McNaughton and Miller have recently developed an
interesting new method in which they immobilize the
building blocks on a resin and combine these with the same
building blocks in solutior#®® Starting from monothiol
building blocks, based on known sequence-specific DNA

The observed melting temperatures were correlated with the
amplification factors’”

4.3.2.2. Enhancing Nucleic Acie-Nucleic Acid Recog-
nition. The Rayner group has performed studies aimed at
modifying an existing nucleic acid to enhance its affinity
for a complementary nucleic acid. Early work involved a
self-complementary hexadeoxyribonucleotde containing
a 2-deoxy-2-aminoribosed7 at the 5-terminus (Chart 24%5

binders, a DCL of disulfides was prepared and screened usingThe modified DNA was reacted with a set of three aromatic

a fluorescently modified DNA template. The beads that
contain library members that have affinity for the template
will light up, allowing relatively straightforward identification
of the building blocks that are part of good binders.
G-Quadruplex DNA is believed to play an important role
in various cellular functions and is known to have a crucial

aldehydes94—96 that could stabilize the duplex structure
by stacking on the outer base pairs while forming imine
bonds with the amine functions of the terminal. The
resulting unstable imines were trapped by reduction by
NaBH;CN. One main product was obtained, and a control
experiment with a noncomplementary DNA sequence (i.e.,
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Chart 24. DNA Sequences 9193 of Which 91 and 93
Contain a Modified Aminosugar Base U (97), Which Can
Condense with Aldehydes 9496 To Give a Small DCL of
Iminest4®

Chemical Reviews, 2006, Vol. 106, No. 9 3695

clease revealed the position of the adduct. Finally, conven-
tional synthesis of some of the individual adducts and melting
point measurements confirmed that the most stabilizing

adduct had indeed been formed.

5-U'GCGCA-3' 92 3-CUAGGGUCAC-5'
o 93 5.GAUCCCAGUG3' 0 4.4. Dynamic Combinatorial Approaches to
o o o 0w | jr Aggregation

WH ° o N0 In principle, the self-assembly of selected members of a

|| \\q DCL into an aggregate (Figure 1b) will influence the library
Lo N NK OH o NH composition, favoring those species that can form the most
O~ N+ _0 0=p-0r stable aggregates. This approach has received very little
e, v attention thus far as a tool for the development of, for

94 95 96 97

example, new amphiphilic molecules. However, the Regen
group has published an extensive series of studies on nearest-
one that would not form a duplex) and measurements of the neighbor recognition within bilayer aggregates that is
corresponding amines confirmed that the amplified product conceptually closely related. The nearest-neighbor approach
was mde_ed selected on the basis of its stabilizing effect on relies on disulfide exchange between the lipid components
the hairpin structure. of a bilayer to generate an equilibrium mixture. For instance,
After this preliminary experiment, Rayner and co-workers bilayer vesicles that are made from a mixture of two different
expanded their strategy to a more complex and therapeuti-lipid dimers, A-S—S—A and B-S—S—B, are allowed to
cally interesting system: a short RNA aptamer that binds to equilibrate to give the two starting materials and the mixed
the transactivating region (TAR) RNA hairpin element of disulfide, A-S—S—B. When the bilayer is homogeneous,
HIV-1, forming a so-called kissing complé® The goalwas A and B will mix perfectly and a random distribution of
to increase the stability of the kissing complex by modifying disulfide products will be obtained. However, should A, B,
the binding RNA. An amino-substituted RNA aptamer was or both have a tendency to form separate domains within
reacted with the previous three aromatic aldehydes in thethe bilayer, then the equilibrium position will be shifted
presence of the relevant part of the TAR sequence. Interest-toward the formation of homodimeric species. Thus analysis
ingly, the adduct with the same aldehyde as in the previous of the product mixture allows conclusions to be drawn
experiment was formed preferentially, and a slight stabiliza- regarding the way the thiol-modified phospholipid (or sterol
tion of the kissing complex was detected from a rise in its molecules) are organized in the bilayer. Specific topics that
melting temperature. have been addressed using this approach include the influ-
The same approach was used in a second publication byence of cholesterdf,2*%-34° the nature of the headgrotfs, 3>
the same group®® Whereas the previous study had demon- unsaturation of the alkyl chaifi&®3>“the nature of the linkage
strated that a functionalized complex can choose the buildingbetween the glycerol unit and the alkyl chains (ester or
block that gives the best stabilization of the complex, it was ether)3%535¢sphingolipids®®”-**headgroup hydratiof?® pep-
now shown that, in the presence of multiple sites for fixation tides3%-361the extent of cooperativity in demixin§? and
of the building block on the complex, the most stabilizing most recently the extent of trans-bilayer organiza#gns6®
adduct was selectively formed. A decaribonucleotide con- Because a comprehensive overview over this extensive body
taining two 2-deoxy-2-aminoribose-modified nucleotid&s of work is beyond the scope of this review, we will here
was reacted with a set of three different aldehy@lés 96 only mention one particularly appealing recent example that
in the presence and in the absence of the decaribonucleotiddélustrates an interesting type of template effect on lipid
complementary to the modified on832). After separation organization. The Regen lab has studied the equilibrium
of the library members by HPCL, the amplified member was among disulfide dimer88—100(Scheme 52) in the absence
identified by mass spectrometry. Digestion with an exonu- and presence of the fixed dimet§1 and 102 in order to

Scheme 52. The Use of Disulfide Exchange to Probe the Trans-Bilayer Organization of Lipi#fs
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assess the extent of trans-bilayer organization. In the absencesing two/-sheet-forming oligopeptide building block¥.
of the fixed dimers, the lipids mix randomly giving an Both building blocks,103a and 103b (Chart 26), have
equilibrium constantK close to 4 M. However, upon o ) _
replacement Of the |ong dlmes W|th the |0ng template Chart 26. BU|Id|ng Blocks Used in a Smallﬂ-Sheet-formlng

101, a substantially reduced value & was obtained CLt

indicating a shift of the equilibrium in the direction of the

homodimers. A similar shift was observed when the short HS .
dimer 99 was replaced by the short templat®2 These " N)\H/N N
results were interpreted as evidence for the existence of S H
complementary trans-bilayer organization of the type shown 103a et

in Scheme 52. b n=4

NHz*

4.5. Dynamic Combinatorial Studies of Folding _ _
alternating Leu-Lys sequences and a cysteine at one end,

Reversible reactions can be used to monitor folding into pyt the lengths of the Leu-Lys repeats were different. The
secondary or tertiary structures by proteins or nucleic acids, | eu-Lys sequence is known to be prone to fg#rsheets. A
as well as by synthetic polymers or oligomers. In these g|ytathione buffer was used to mediate disulfide exchange.
systems, there is no formal template molecule; molecular |n the absence of glutathione buffer, oxidation by atmo-
recognition takes place intramolecularly. Thus far the size gpheric oxygen was too fast for the library to equilibrate,
of the “libraries” used in these studies has been rather limited, and product formation occurred under kinetic control without
and it is less the discovery of unpredictable species that isany sign of self-recognition of the building blocks. However,
sought than the confirmation of empirical or theoretical ynder thermodynamic control in the presence of the redox
predictions and the establishment of proof-of-principle. Work pyffer, the library converged toward the almost exclusive
on the use of reversible chemistry to study folded structures formation of the homodimers of the peptides driven by the
has been published on three main classes of molecules;._sheet formation of peptide dimer @b3h The formation
peptides (section 4.5.1), nucleotides (section 4.5.2), andof the homodimers was demonstrated by NOE data that
synthetic polymers (section 4.5.3). indicated the formation o-sheets.
. . Self-sorting on the basis of tertiary structure formation was
4.5.1. Folding of Peptides observed in a DCL containing two typesathelix-forming
Pons and co-workers have studied the product distribution peptides®® One of the peptides was designed such that a
obtained upon oxidizing a palindromic peptide containing series of leucine residues were offset by one helical turn.
two cysteine residues near the start and end of the sequencéhe second type had the same sequence, except that all
(Chart 25)3%6:367|n principle, a mixture of products can be leucines had been replaced by hexafluoroleucine residues.
Each peptide was equipped at one extremity with a flexible

Chart 25. Upon Oxidation of a Peptide Containing Two Gly-Gly linker followed by a cysteine residue, allowing the
Cysteine Residues, Different Structures Are Produced formation of peptide dimers by oxidation of the cysteine thiol
Depending on the Extent of Helicity of the Peptidé®6367 groups into disulfides (Scheme 53). Kinetically formed

Ac-Cys-B-Lys-Leu-His-Ala-Glu-Leu-Ser-Ser-Leu-Glu-Ala-His-Leu-Lys-B-Cys-NH; . .
Scheme 53. Thermodynamically Controlled Self-Sorting of

B = waminoisobutyric acid e - 400
o-aminoisobutyric aci s - o-Helical Peptideg
T 1>
_ S S
S—s §—=s§ §—sS \ \S - —
S Air oxidation Redox buffer
s—s §—S S—s
not observed heterodimers disproportionated in the presence of a glu-

tathione redox buffer into two separate homodimetricelix

expected ranging from a hairpin monomer with an intramo- bundles.
lecular disulfide bond to parallel and antiparallel dimers, two ~ McLendon and co-workers have explored a similar idea,
different cyclic trimers, and larger cyclic oligomers. Under but using a radically different setd@.???3%The authors have
thermodynamic control, the product distribution was strongly studied the folding of trihelix bundles driven by hydrophobic
dependent on the concentration of trifluoroethanol, a known interactions. They used threeghelix-forming oligopeptides
promotor of a-helix formation. At low concentrations of  functionalized with a 2,2bipyridine that can form stable
trifluoroethanol, the hairpin monomer was the dominant trimers by coordinating to a®abctahedral metal center. The
product, whereas at higher concentrations (50% v/v), one of helices differ in hydrophobicity by replacement of four
the cyclic trimers was preferred. Intermediate concentrations alanine residues by zero, two, or four leucine residues
gave a mixture of products in which the antiparallel dimer (Scheme 54). If Fe(ll) is used as the metal center, the kinetic
was the major component, while no parallel dimer was lability of the coordination chemistry allows dynamic
observed. Thus, depending on the extent of secondaryexchange of the ligands. With limiting Fe(ll) concentration,
structure formation, specific different peptide frameworks preferential formation of the most stable peptide bundles
are favored and formed selectively. made from the most hydrophobic helices is observed. The

Formation of secondary structure was shown by the identities of the selected species were confirmed by various
Balasubramanian group in a self-sorting DCL experiment MS experiments. The stability of coordinatively stable Ru-
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Scheme 54. Selection of the Most Stable-Helix Bundle tetranucleotides TTTT and TGGG were functionalized with
from a Small DCL of Iron Complexes??! amino acid sequences at both termini in order to provide

good solubility, flexibility, and a thiol group for the exchange
£
=5

reaction (Chart 27). Upon oxidation under kinetic control,
€2+

1/9 equiv.

Chart 27. Thiol Building Blocks Used for Assessing the
Influence of G-Quadruplex Formation on the Equilibrium
Distribution 18°
Lys-TTTT-Gly-Gly-Cys  Lys-TGGG-Gly-Gly-Cys
Tsu Gsy

the dimersTssl, Gssl, and GssG were formed in an
essentially statistical ratio. However, under thermodynamic
control, and in the presence of potassium ions, self-sorting
occurred, and a dimerization @s<G was observed. MS,
UV—vis melting experiments, and D/H-exchange NMR
+ studies confirmed that an intermolecular complex of two
' Gs<G entities was formed. Similarly, when potassium was
replaced by sodium or lithium, less or no self-sorting was

(I1) analogues was measured by unfolding the bundles uSingobserved, and D_CLs equmbrated'at temperatures aboyg the
guanidinium chloride and paralleled the relative stabilities quadruplex melting temperature did not show any amplifica-
of the DCL members. tion. The auth(_)rs alsq demonstrateq that nucleobase recogni-
Woll and Gellman recently published a clever approach tion occurs prior to disulfide formation.
that allows the energy of folding to be estimat€iThey 4.5.3. Folding of Synthetic Polymers
took bovine pancreatic polypeptide, in which two domains, =
the C-terminabi-helical one and thal-terminal proline-rich The richness of secondary and tertiary structures encoun-
one, were interacting in the folded structure of the polypep- tered in biopolymers has inspired chemists to create synthetic
tide but separated by a loop of a few residues that were analogues that have an intrinsic tendency to adopt ordered
solvent-exposed and contributed little to the folded form. By structures in solution. Moore’s research group has used
replacing one amide bond in this loop by a thioester bond reversible bonds to assemble monomers into folding oligo-
(as well as changing a few side chains that had little effect mers (Scheme 56§¢ 140369 Curved monomers based on a
on folding, mainly for solubility reasons), they obtained a o o ) _
polypeptide that essentially conserved the structure of the Scheme 56. Imine-Linked Building Blocks Forming Helical
native one. However, the thioester linkage now allowed the ASsemblies

two domains of the peptide to be exchanged (Scheme 55).
Scheme 55. Thioester Equilibrium in Which Folding Favors
Formation of the Bovine Pancreatic Polypeptide 108° c
>
o B el 106  common structural motif with one or two linkers have been

assembled into dimers and polymers that can adopt helical

5
O SH conformations. In most of the studies, equilibration of the
Ala-Gly, 0? products is achieved through imine metathesis in organic

105 solvents, catalyzed by oxalic acid, although recently a study
X =-C(0)-CH.- using pyridine-paladium coordination chemistry has also
) - ) been publisheé®
When the folded peptide06was allowed to equilibrate with In the first paper of the series, the authors studied the
thiol 107, some of the nonfolded thioestEdSwas produced,  influence of the length of the curved motifs on the folding

together with thiol fragmenf04 The stabilization of the  properties using monofunctionalized building blocks (Scheme
bovine pancreatic polypeptidd6 through the noncovalent 57)138 The building blocks are based on different numbers
interactions thatdrive_i_ts folding also determined the position of repeats if = 1, 3, or 5 andm = 1, 3, or 5) of the
of the thioester equilibrium. By precisely measuring the mphenylene ethynylene unit functionalized at one end with
concentrations of the different components at equilibrium, a0 amine 108 or an aldehyde1(09), which are condensed
the free energy of folding could be deduced (assuming thatinto imines with sacrificial aldehyde and amine capping
the two thioester bonds have the same energy and that thergyroups. Conformational studies had predicted that six
are no interactions between the tyrosine thiol and the proline- aromatic units were necessary to form a full helical turn and
rich domain in109). that extra aromatic units could induce the formation of a
. . helix, which would be stabilized by intrahelix solvophobic
4.5.2. Folding of Nucleotides interactions. The imine linker was predicted to have a
The folding of G-rich peptide oligonucleotides into PNA geometry similar to that of an alkyne linkage and would
quadruplex structures in DCLs was reported recently by the therefore not disrupt helix formation.
Balasubramanian grodf? PNA was chosen rather than DNA Using NMR studies, it was confirmed that imines with
because it is easier to functionalize with amino acids. The two or five aromatic units did not exhibit any helicity and
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Scheme 57. Building Blocks Used for Folding Studiés
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that 8-, 10-, or 12-mers formed helices of increasing
stabilities. Under thermodynamic control, the shorter oligo-
mers gave only little formation of the curved dimgt0,
whereas the helix-forming building blocks showed a very
strong shift away from the “capped” starting materials.
Furthermore, helix formation was not observed in chloroform
but was readily noticeable in the more polar acetonitrile,
which favors solvophobic interactions within the molecule.

A second publication shows two additional noteworthy
results®®® First, the position of the imine linkage in the helix
does not significantly affect the helix stability, confirming
that the imine is a suitable structural analogue of the alkyne
linker. Second, the influence of helix length on the shift in
the equilibrium was investigated. The maximum equilibrium
shift was achieved when the contact between the “amine”
and the “aldehyde” building blocks corresponded to one
helical turn, that is, six aromatic units. Elongation of the
building blocks such that they were already forming a helix
by themselves did not further increase the shift in equilib-
rium.

Corbett et al.

formation was observed. Instead, the building blocks formed
cyclic dimers that stack on top of each other and form
columnar assemblies.

Monomers of different lengths form helical polymérs3
The degree of polymerization of the monomers was measured
in solvents of different polarities. As expected, polymer
length increases as polarity increases, because helix formation
is more strongly favored in polar solvents.

Building blocks with R = Me appeared to have an
enhanced propensity to form helices. However, it was also
noticed that equilibration times became very long (over 25
weeks), because imine metathesis is kinetically difficult in
strongly preorganized assemblies. Because high temperatures
disfavor helix formation but speed up metathesis, reaction
conditions were optimized by varying the temperature.

4.6. Sensors

Buryak and Severin described the first examples of the
use of dynamic combinatorial libraries for the development
of sensors’® Their libraries are mixtures of metatlye
complexes, based on the chelating dyes shown in Chart 28

Chart 28. Dyes Used in Combination with Ni(ll) and Cu(ll)
To Generate a DCL That Was Used as a Sensor for
Dipeptides’™®
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In subsequent studies, the authors designed systems for

polymeric self-assembly of helicé¥:1*°Symmetrical oligo-
(m-phenylene ethynylene) units with two capping amine
(111) or aldehyde 112 functions were used (Scheme 58).
When the bis-amine and the bis-aldehyde building blocks
each had three aromatic units; (= n, = 1), no polymer

Glycine cresol red

and Ni(ll) and Cu(ll), which report on the analyte through
changes in the overall UV spectrum of the solution. The
authors use a chemometrics analysis of the response of the

Scheme 58. Imine Metathesis Reaction for Reversible Polymerization of Helix-Forming Monomeg8-140

111

Tg = -(CH,CH,0);Me
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entire library to added dipeptide analytes to identify the 1 1
peptides. Ri+L=—Ry+L=—....R+L

5. Theoretical Studies of Dynamic Combinatorial
Libraries (DCLSs)

Development of the DCL concept has largely been driven
by experimental work. Many of these have been “proof-of-
concept” studies. While strong amplification of selected R4-L R,L
library members has been observed in many cases, mos
studies have only sampled relatively small libraries. This
raises the question of what will happen as one increases th

number of building blocks in a library. On one hand, the . _
probability of creating a better binder rises, but on the other 2027*3[;%%/82{ r::(;TJ(IadmEgrzmvémﬁgeésu?ghKvga:otaln;/igg ?)?S;p-
hand, the challenge o_f detecting such a species in an everproximately 30%.
e e ol by v | A neoretelsudy by oo and Zinmerman considred
different bingers%gve similar affinities H(fvs will such subtle libraries that contain ‘more than two different binding

. . A o constants (Figure 1G¥° As in the Eliseev-Nelen model,
differences be reflected in the efficiency of amplification of
these species? Qualitative concepts such as Le Chatelier’s 1 1 1
principle and a notion of “amplification of the fittest’! R.+L=——R,+L—=——...R. +L...—
although sufficient to inspire the early development of the 1 27 =T X oo
DCL concept, do not provide easy answers to such questions.

The general approach toward gaining a better insight into
the behavior of dynamic libraries has been to construct K1 K> Kx
scenarios and explore their behavior. This involves designing
a system of equilibrium processes based on our chemical
knowledge and then calculating the distribution of products R4.L Ra.L Ry.L
using the initial concentrations of building blocks and Figure 10. Equilibrium model used by Moore and Zimmern?&f.
equilibrium constants as input. A variety of techniques have
been used to facilitate these calculations: generic mathemat-all species can interconvert into all other species, and in the
ics software (MathCAD), steady-state searching using off- absence of any binding, all species have identical concentra-
the-shelf kinetics software, and custom-written software tions. In Moore’s model, the binding constants are repre-
(DCLSim) using known equilibrium-finding algorithms sented by a continuous distribution function: a normal
(COMICS/COGS). distribution in log K. A modified distribution function

An early study by Eliseev and Nelen was based on their containing the effects of template binding was derived,
experimental system whereby equilibration and template- showing the distribution of binding constants (again modeled
binding are separated into two compartments, and theas a continuum) in the equilibrated library. Comparison of
unbound library members are pumped between these (Figurehese functions shows that the mean binding constant shifts
6; for a more detailed description, see section 470 by slightly more than 2 orders of magnitude. From this, they
address whether their recycling method was equivalent to conclude that the template effect is only of limited usefulness.
equilibration in the presence of a template, two mathematical We have produced a refinement of the Moe@mmer-
models were constructed. One used kinetic calculations toman model, considering the DCL not as a continuum
consider the effects of photoisomerization on the mixture of represented by a single equation, but as a collection of
library members and equilibrium calculations to consider the discrete specie¥? As in the Moore-Zimmerman model, the
binding of a stationary mixture of library members to the distribution of binding constants over the library members
immobilized ligands. The other simultaneously considered is based on a log-normal distribution, but they are now
the equilibria involved in both photoisomerization and ligand randomly assigned to each of the individual library members.
binding. Both models gave product distributions that were Computer simulations of these idealized DCLs were con-
in accord with experiment, confirming that their system ducted using specially developed software (DCLSIim). Analy-
produced the same final product distribution as would be sis of the results showed that the bulk of the library (the
reached by equilibrating in the presence of template. Interest-weak to moderate binders) was well-approximated by the
ingly, the final result of the recirculating system was found Moore—Zimmerman model (red line in Figure 11). However,
to be independent of the degree of isomerization achievedthis approximation broke down for the very best compounds
in each cycle, showing that it was not necessary to wait for (blue bars in Figure 11). For example, in a typical simulated
the isomerization to reach equilibrium before starting a 10 000-compound DCL, the best binder was amplified from
binding cycle. a tiny concentration to become 8% of the library material,

The equilibrium calculations were also used to evaluate thus essentially accounting for the entire tail-end of the
the applicability of the approach to larger libraries, containing shifted distribution in the MooreZimmerman model. As
5, 10, and 15 components. Libraries of more than 15 expected, increasing the size of the DCL caused the
components were not considered due to the increasingconcentration of the best binder to be reduced as a conse-
complexity of the calculations. A simple model of binding quence of spreading the building blocks out over an
affinity was chosen, whereby the binding constant of each increasing number of library members. However, this drop
componentKueay Was the same, except for one with a higher in concentration is not as sharp as expected on the basis of
binding constantKswong (Figure 9). By consideration of a  the above argument, because larger libraries tend to produce

Kstrong Kweak Kweak

"
}:igure 9. Equilibrium model used by Eliseev and Nek&f.

Shumber of scenarios, some trends emerged. For example, in
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Table 3. Calculated Equilibrium Distributions for a Series of
Model DCLs Showing the Responses to the Stabilization of
Various Library Members 374

relative stability
relative concentration (%)

AAA AAB ABC ABB BBB BBC BCC CCC AAC ACC

1 1 1 1 1 1 1 1 1 1
3.7 111 222 111 37 111 111 3.7 111 111

1000 1 1 1 1 1 1 1 1 1
281 05 68 34 72 215 215 72 05 34

1 1000 1 1 1 1 1 1 1 1
0.0 477 2 0.5 19 111 212 135 01 1.9

2 4 6 1 1 1000 1 1 1 1 1 1 1
log K 00 01 996 01 0 01 01 00 01 0.1

Figure 11. Histograms representing the composition of a continu- 1000 1 1000 1 1 1 1 1 1 1

ous DCL in the absence (black) and presence (red) of a template0.4 0.0 986 01 01 03 03 01 00 01
and a typical simulated DCL containing 10 000 compounds (blue). 900 600 300 300 1 1 1 1 600 300
The blue bars represent affinity classes and are labeled with theg 1" 51 457 228 05 1.6 1.6 05 21 228
number of compounds in the affinity cla¥s. : : ’ i ’ i : : i i

concentration

60% o false positives are probably unique to very small libraries
X (vide infra).
, 50% :gj The source of this apparently perverse behavior is that if
§ . xx 0% the stability of the library as a whole is considered, then it
5 40% - 0.0% - may be more advantageous for the library to produce many
§ 30% % 10000 100000 1000000 com_pllexes of moderately high s_tgbility than a few of high
Qe X stability and more of low stability. While this analysis
_g 20% X considers differences in the intrinsic stability of the library
"] X members, the results are equally applicable to template
z- , X x binding.
S 10% - XXXX The theoretical analysis was accompanied by an experi-
= 0% XX X X ¢ mental system that confirmed that there is not always a direct
° ’ ‘ correlation between the relative amounts of compounds that
1 100 10000 1000000 are in thermodynamic equilibrium and their individual
Number of compounds in simulated DCL thermodynamic stabilities. Trimeric hosts were assembled

Figure 12. Yields of the best binders as a function of library size. Using reversible ruthenium coordination chemistry (Scheme
Each data point represents the average from 100 simulated DCLs59), and studied by NMR and X-ray crystallography. The
(averaging is necessary due to the statistical variations resulting
from the fact that in any individual simulation binding constants Scheme 59. An Experimental System that Revealed the
are assigned randomly}: Effect of Stability Differences on the Distribution of

Products in a Model DCL374
better binders, which are more amplified. Figure 12 shows —
the percentage of the library material that ends up in the \ ) o% C =
best binder as a function of the number of compounds in & ‘

. Ru, /
the library. s, L P oo N=
All three models discussed so far are highly idealized in {j"‘ - é 9@
that they have assumed that all of the library members can  \_4 \ N Rug
be interconverted on a simple 1:1 basis, that is, each library ®
c

member can transform into any other library member without b
needing to pick up or shed any of its building blocks. In

reality, the interconversion of library members is more nresence of thé and ¢ moieties was found to destabilize
res_trl'cted and has to obey the mass balances for everyhe complexes:; for example, the RRu distance in thaaa
building block. trimer (5.32 A) was found to be shorter than the correspond-
To address issues that arise from the competition for ing distance in thébb trimer (5.46 A). When mixed libraries
different building blocks between the members of a DCL, were made, using two or three building blocks, the hetero-
Severin simulated small (often minimal) model DCY$3">  trimeric species were found to dominate the libraries, despite
An initial study considered a library of 10 trimers made the fact that theaaatrimer is the most stable product.
from equimolar amounts of three building block&; B, and A follow-up article by Severin explores these paradoxical
C.3*Depending on the stabilization endowed upon selected effects in more detail again using a set of minimal model
library members some arguably counterintuitive results were DCLs37® The preference to form hetero compounds (contain-
obtained (Table 3). Stabilization of two of the trimeA&C ing different building blocks) over homo compounds (con-
andAAA, by a factor of 1000 resulted in the amplification taining only one type of building block) under specific
of only the ABC trimer. The AAA trimer concentration  conditions, as was found earlier, was confirmed in a smaller
actually went down. In other cases, it was observed that someDCL (AA, AB, BB). Also a selection bias toward smaller
trimers could be amplified despite not being stabilized. Such oligomers was observed (again under specific “experimental”
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Chart 29. Lithium Receptor Complexes Used To Make DCLs To Demonstrate the Effect of Template Concentrations on the
Distribution of Products 225

114 115 116

conditions). Simulations were conducted with a range of effects observed in small equilibrium mixtures translate to
concentrations and affinities, further charting the effects. larger more realistic DCLs.

Clearly, these effects potentially complicate the analysis To address these questions, we have conducted an
of real libraries, and some remedies are proposed that prevenextensive series of computer simulations on DCLs containing
such complications from arising. For instance, using a seven building blocks, which combined to form 28 dimers,
method for separating the bound and unbound library 84 trimers, and 210 tetrame¥S.Binding constants were
members can eliminate “false positives”. Furthermore, by randomly assigned to the library membeéfsUsing our
designing libraries such that they are dominated by free DCLSim software, we were able to simulate the product
monomers, one can establish a much better correspondencdistributions of the resulting libraries and analyze the
between amplification and stability independent of the exact relationship between binding constants and amplification
conditions. It was noted that this can be achieved by using factors’” within each of the libraries quantitatively. Some
a limiting supply of aspacer(such as the ruthenium metal typical results are shown in Figure 13 and illustrate that the
ion in Scheme 59) to connect the building blocks. Another
solution suggested by the simulations is the use of a a X 100
substoichiometric concentration of template or the use of an
analytical technique that only observes the template-bound
species. Finally, an evolutionary system, whereby equilibra- T
tion in the presence of a template is alternated by the removal o
of unbound library members, was proposed to be another ~ 2mPification
useful strategy for avoiding possible problems associated
with identifying the best binders in a DCL.

Saur and Severin have tested the influence of the template 0.0001
concentration on the correlation between amplification and AG® / kd/mol ——>
binding semiquantitatively. The authors studied lithium-
binding by ruthenium and iridium complex&8.DCLs were b 1000

produced by mixingl14 and 115 (Chart 29) and allowing

them to scramble. Lithium sulfate was added to the DCLs,

and the binding was studied b{i NMR. When a small

amount of lithium was added, it was found to bind

preferentially to114, indicating that114 was the preferred o
receptor for L. When successively larger excesses of a"“;gf';gfw"_ao
lithium were added, up to 40 equiv, the lithium was

increasingly found to be bound thl6 demonstrating that

adding excessive amounts of template can indeed cause 0.01-
DCLs to select suboptimal library members. AG® / kd/mol ————>

In a recent experimental study, Severin and co-workers Figure 13. The relationship between amplification and free energy
have demonstrated a method for improving the correlation of binding for all binders in two randomly generated DCLs that
between amplification and affinity by using self-sorting to differ only in the way the binding constants are distributed over
generate a DCL consisting two partially orthogonal subli- the various hosts. In both DCLs, the total concentration of the

P ; ; ; : L building blocks and the concentration of the template is 10 mM.
76 _
braries®’® One subllbrary contains competing hlgh aII|n|ty R2values for the correlation between free nergy and the logarith

receptors, whereas the other sublibrary contai_ns only |9W- of the amplification factd¥”? (taking only significantly amplified
affinity receptors and can thus act as a reservoir of building hosts into account) are 0.24 and 0.72, respecti¥&ly.

blocks.

The pioneering work by Severin focused exclusively on binding energy-amplification factor correlation can be
small model libraries, and while it clearly highlighted some highly variable, depending heavily on how binding constants
scenarios in which DCLs can produce counterintuitive results, happen to be distributed over the library members. In
it remained unclear whether such scenarios are commonplacgarticular, it was notable that if a DCL happened to contain
or perhaps only freak events resulting from particularly a few strongly binding dimeric species (even if those were
unfortunate distributions of binding constants/stabilities over not the library members with the highest affinity), as in the
the library members. It was also unclear to what extent the library represented by Figure 13a, the correlation was
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significantly worse than that in DCLs that lacked such species selective templates, such as those shown in Scheme 40
(Figure 13b). (section 4.1.2.7), tended to remain selective for their best

We also noted that the correlation between binding energy binders over a wide range of experimental conditions.
and amplification was strongly dependent on the “experi- Introducing templatd17into a library made from building
mental” conditions. Analysis of the results of simulations blocks31 and32 resulted in the amplification of receptors
carried out using 289 different combinations of template and 37 and 38 (Figure 15). At low template concentration, the
building block concentrations (Figure 14) confirmed Sev-

8
1000 o 2 ®
1 no data
- available
. 5 6 s
[&]
100 8
4 c
.9
T ] 0.30 8 4-
[blocks]et / MM 10- 0.5 0.40 ?;x
1 0.6 @
7 0 2
140.90 —_—
1 0 2 4 6 8 10
. [template] (mM)
0.1 — T
0.1 1 10 100 1000 %ZC,CO? &
t late] / mM
. _ [empa-e].m —)- - o O‘Q SH HSJ:l "
Figure 14. Correlation between binding affinity and amplification 3 32
in simulated DCLs as a function of template and total building block
concentration. The numbers indicate the correlation coefficient 4%
(averaged over 50 simulationd}. 7+

117

erin’s predictiod’® that the template concentration is an o

O
important parameter. In particular, in more concentrated B cd; %zc s
libraries, reducing the amount of templatative to the s I’.’
amount of building blockémproved the correlation, so a AT s ’

similar effect could be achieved by increasing the building 7 Kk=sox10tm o5, . T K=79x10°M' S °
block supply. In more dilute libraries, the building block O €02
supply made no difference, and only thiesoluteconcentra- O s Q" d %
tion of template affected the correlation. Note that we never ?d €® 3 <> ‘
observed strong amplification of a poorly binding library mixture of stereoisormers R, 0P mixureof terecisomers

member under any of the experimental conditions, suggestingFigure 15. Amplification factor§”’ for receptors37 (®) and 38
that the risk of encountering false positives is limited to very (M) as a function of the concentration of the templbi&, showing
small libraries. Thus some, but not all of the observations that at low template concentration the best binder is most amplified,

: : ; whereas upon increasing the template concentration, the somewhat
Ir:l%deegé—ssevenn on small libraries can be extrapolated 10 eaker binder is amplified the mo¥e

_Two important conclusions can be derived from our gmpiification facto¥’” for 38 was higher than that fa87,
simulations of large libraries: (i) unless excessive amounts reflecting the fact tha88 is a somewhat better binder than
of template are used, good binders have a high probability 37 (K = 7.9 x 10" M1 versus 5.0x 10" M~L, respec-
of being significantly amplified; (ii) any significantly ampli-  {jyely) 378 However, upon increase of the template concentra-
fied compound is essentially guaranteed to be a good binder {jon"37 hecomes the most amplified compound because the

We have re.cently reported the first quantitative experi- system can gain more binding energy by producing more of
mental study into the effect of template concentration on tpis weaker binding heterotrimer.
amplification efficiency in a situation where several synthetic  Thys, depending on the experimental conditions, libraries
receptors compete for a small number of building blotks. producing the “wrong” answers (by a small margin) can be
This study specifically addressed the competition between produced, but we had to look hard to find them. Moreover,
a homotrimer and a heterotrimer, as well as the competition gyen if the most amplified compound may not be the best
between a homotrimer and a homotetramer. Theory predictSpinder, it is very likely to be one of the better binders in the

that in the presence of excess template, hetero compoundgystem. Therefore these effects are not a significant limitation
are favored over homocompounds and small oligomers areiq the dynamic combinatorial approach.

favored over large oligomers (this is because in both cases,
from a fixed supply of building blocks it is possible to
produce more of the former than of the latter). An experi- 6. Related Approaches

mental confirmation of this behavior was indeed observed, The dynamic combinatorial experiments discussed above
but we had to select the template carefully so that it had involve the generation of an equilibrium mixture and the
comparable affinities for the competing receptors. More observation of an increase in concentration of some of the
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library members as a result of molecular recognition, either which building blocks are necessary for high activity and
intramolecularly or intermolecularly or following interaction thus to identify the best library members.

with a template in the equilibrium system. However, a  In the work targeting acetylcholinesterase, a DCL was
number of systems have been reported that also aim atprepared by mixing a set of four hydrazides, four mono-
achieving the selection of high-affinity compounds from aldehydes, and five symmetrical dialdehydes to generate 66
diverse mixtures and that involve reversibility in some sense possible hydrazoné$€? Independently, 36 of these (all the
but that deviate from the above blueprint. These include monohydrazones and symmetrical dihydrazones) were syn-
systems in which equilibration and template binding are thesized and profiled for acetylcholinesterase inhibition, using
separated, systems in which the reversible template bindinga standard acetylthiocholine/Ellmann’s reagent assay. Of
process is followed by an irreversible reaction on the selectedthese compoundsl20 (Chart 30) was found to have the
strong binders, and systems in which synthesis and degrada-

tion of library members is spatially separated. Chart 30. The Best Building Blocks and Library Member
Selected from DCLs Using a Deconvolution Stratedy?

6.1. Separation of Equilibration and Template i
Binding \”/©)LH @ 0
As discussed in more detail in section 4.1.1, Eliseev and H I /N_\)LH”NW
cl
118

Nelen have developed an elegant flow system that allows
the spatial separation of equilibration (in their case based
on photochemical cistrans isomerization) and binding to

an (immobilized) template. Cycling the DCL several times H\ A fl
through the setup produced template-induced shifts in the @ 0 YQ)\N TI/\'@
/'*\’l\)J\N’N\ [¢] 2
- H
Cl H

119

product distribution that were very similar to what would
have been achieved had equilibration been carried out in the
presence of template. While this approach allows selection

and equilibration to be carried out under different, possibly greatest inhibitory effect. The deconvolution strategy was
incompatible, conditions, it does increase the complexity and then pursued, making one large combined library and 13

duration of the experiment. sublibraries. Enzyme assays in the presence of these libraries

Lehn and co-workers have reported three studies that usedsyowed strong inhibition of the enzyme, except for two sub-
hydrazone exchange chemistry to prepare DCLs targetingjipraries, those that were missing the building blodks
acetylcholinesterase, HPr kinase/phosphatase, and the plardyq119 the building blocks corresponding to the previously
lectin concanavalin A. Because hydrazone exchange generigentified best receptat20. The G of 120 was found to
ally requires acidic conditions, which are incompatible with pe 2 3 nm, more potent than the best existing inhibitor (1,12-
the protein targets, equilibration had to be carried in the bis(pyridinium)dodecane, K= 16.0 nM).
absence of the target. Screening was performed after the | the work targeting HPr kinase/phosphatase (HPrK/P)
libraries were neutralized and no longer dynamic and was from Bacillus subtilis,a set of 21 building blocks (16
based on enzymatic assays. Hits were |den1t(|512ed through amonohydrazides, two monoaldehydes, and three dialdehydes)

dynamic” deconvolution process (Figure ¥6j:1*A parent a5 designed, based around the known inhiligir(Scheme
60)163The DCL produced upon mixing these building blocks
contained 440 potential library members. The complete

120

1

o n Pty library was screened for HPrK/P inhibition and found to be
effective. A set of sublibraries was then screened, and it was
found that inhibition was strongly dependent on the building

S blocks122 and 123 This suggested thdi25 would be the
activity best inhibitor. This was confirmed after resynthesizing and
assayindL25for its inhibitory activity (IGo = 17 uM), which
was found to be similar to that of the origind21 (ICso ~
10 uM). Another new but somewhat less efficient inhibitor
missing building block oo was identified in the form ofL26 (containing124, which
-> -0 = O is the best was one of the other building blocks that had been found to
library members S positively contribute toward the inhibitory activity of the

E}E oo P> EE EE libraries).

oo oo oo oo A third study examined binding to concanavalin A (Con
>0 o0 OO0 00 0O A), a plant lectint®* A series of six carbohydrates were
S0 T s B e derivatized to give six aldehydes. A single monohydrazide,

O= O= O= five dihydrazides, and three trihydrazides were chosen to act

SE SE o> =b> as scaffolds, onto which the carbohydrate binding units would

% % % be arranged. Together, these components are capable of

<~ < forming 474 different species. A library was formed from

Figure 16. Cartoon representation of dynamic deconvolution.  all of the components and found to strongly inhibit the
binding of ConA, using an enzyme-linked lectin assay. A
library is prepared using all of the building blocks, and in series of sublibraries was then screened, and those lacking
addition, a set of sublibraries is constructed, each lacking athe building blocksl27, 128 or 129 (Chart 31) were found
single building block. By comparison of the activity of the to have a significantly reduced inhibitory activity. Because
parent and the sublibraries, it is often possible to deduce only one carbohydrate was found to be essential to inhibition,
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Scheme 60. The Best Building Blocks and Library Members
Selected from a DCL Targeting HPr Kinase/Phosphatase by
Dynamic Deconvolutior?

122 123

+ others

125 126
aBuilding block designs were derived from the known inhibit@1.163

Chart 31. Building Blocks for Dynamic Deconvolution
Studies of Lectin Binding!64

HO. OH

HQ@%

H,;NHNOC™ >N" “CONHNH, H,NHNOC CONHNH,

CONHNH, CONHNH,

128 129

a second set of sublibraries, containing ob®7 and all but

Corbett et al.

screened the pre-equilibrated libraries for affinity for carbonic
anhydrase II.

Note that the systems described above do not take
advantage of the adaptive properties of DCLs because
equilibration and screening are carried out separately. Thus,
similar results could arguably be achieved by using traditional
kinetically controlled combinatorial libraries.

6.2. DCLs in Which Template Binding Is Followed
by an Irreversible Reaction

Very recently, dynamic combinatorial chemistry has been
used to identify enzyme substrates by observing the buildup
of reaction products. This is a powerful new strategy for the
purpose of screening enzymes for new reactivities or for
profiling the substrate specificity of a known enzyme-
catalyzed reaction.

A screen for imine reductase activity was implemented
using the building block430—-133to make a small DCL of
imines (L34—-137 Scheme 618 This library was then

Scheme 61. Screening a DCL of Imines for Imine Reductase

Substrates$s®
NN N%)@
134 /\© T ©/ 135

~o~NH
130
NH, ‘ ><
©/ 131 \
\/\/NW —_ SN
N 137
6]
136
132
A. woodii
©AO Hz | whole cells
133 H

N~
©/ 138

incubated with hydrogen in the presence and absence of
whole cells of the bacteriurAcetobacterium woodia strict
anaerobe, to allow reduction of the imines to take place.
Analysis of the resultant mixtures revealed that butylaniline
138 (made by reduction 0£37) had been produced. None
of the reduction products could be found in the absence of
live cells. Interestingly, when caffeate, a known inducer for
C=C reduction, was added to the live cells, phenylbenzyl-
aniline (from135) was also found. These results suggest that
A. woodii possesses at least two different imine reductase
activities. Thus new substrates for imine reductase enzymes
were discovered, providing a lead in the isolation of this
previously unknown class of enzymes.

The Ramstim group has reported a library based on
thioester exchange targeting the enzyme acetylcholine-
esterasé?®L A notable feature of the reaction is that both
thioesters and thiols take part in the reaction; however,

one of the scaffolds, was made and profiled, showing carboxylates do not. Therefore, if a thioester in a thioester-

significantly reduced inhibition in th&28-free library. The

exchange DCL is hydrolyzed, the thiol produced is returned

compound127)%128was then synthesized and evaluated and to the equilibrating mixture, whereas the carboxylate ac-

shown to have an 1§ of 22 uM, 36-fold better than the

reference compound, methgto-mannoside (I = 0.8
mM).

cumulates. By observation of this accumulation, the rate of
hydrolysis of the various library members can be observed
(Figure 17).

Poulsen and Bornaghi have recently used alkene metathesis This system was implemented using a DCL made using
mediated by an immobilized version of the first-generation thiocholine and a series of acylsulfanylpropionates, which

Grubbs’ catalyst to develop a DCL of alken@%.They

equilibrated to give all possible acylsulfanylpropionates and
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e - i <« .

Figure 17. Combining an irreversible enzymatic reaction with reversible thioester chemistry to investigate substrate®affinity.

OH

acylthiocholines. On introduction of acetylcholinesterase, S¢heme 62. Selective Destruction of Library Members That

acetic and propionic acid were formed most readily & Are Not Bound by the Target Enzyme?®2
210 and 270 min, respectively). After the substantial hy- H ¢ R
drolysis of acetylthiocholine and propionylthiocholine, bu- R{N : N/'\cozH
tyric acid formation began and proceeded slovily & ca. : H
1100 min). The pentoyl and hexoyl species remained
unhydrolyzed. These results were found to be in accord with  R;

the known substrate specificity of acetylcholinesterase.

l best

hydrolysis carbonic anhydrase

6.3. Pseudo-Dynamic Combinatorial Chemistry H 0

In pseudo-dynamic combinatorial chemistry some of the R E
concepts of dynamic combinatorial chemistry are combined . i
with irreversible chemistry with the aim of achieving high HoN™ ~CO,H
degrees of selectivity of production of the best binders. This Ri
approach has been pioneered by Gleason, Kazlauskas, and
co-workers. En route to pseudo-dynamic combinatorial
chemistry, they first developed a selective destruction method gy 9 Bn
for screening a presynthesized combinatorial libF&fyin H 9@ R EtO C’N\)J\N/'\CO H

. . . 2 H 2!
this protocol, all library members are slowly destroyed using EtOZC’NJJ\ /'\cozH : H
an irreversible reaction. Reversible binding of the library : ©/ 140
members to a template protects them from this reaction, the N /©/

s

best binders being the best protected. In the experimental

membrane

setup, the destruction reaction (enzyme-catalyzed) and the Jo HQL EOH
template (an enzyme target) were separated using a mem- 139a R = Bn EtO,C” H F\D
brane, which allows the diffusion of the library members bR=H

while keeping the two enzymes apart (Scheme 62). Diffusion cR=Bu HoN.. /©/141

across the membrane is rate-limiting, so the membrane masks 6’S‘b

any substrate selectivity of the destruction enzyme, allowing
the rate of destruction to be determined by the partitioning
between bound and unbound library members. As the
reaction proceeds, the more weakly bound library members
are destroyed, leaving the better binders behind; this proces . " .
is similar to a kinetic resolution. As with a kinetic resolution, he disappearance .013.96‘7(: and 141 at rates which
as the reaction proceeds, the selectivity of the process Car[:orresponded to their binding constants”.

increase without limit but at the expense of the final yield ~ The authors point out some potential limitations of the

giving a concentration ratio of 6:1, greater than the 3.7:1
ratio of binding constants. Finally, all five dipeptid&39—
41were tested together, giving a rapid cleavagé4fand

of product. technique. One is that the destruction enzyme needs to have
The experimental system consisted of four sulfonamide @ broad spectrum of activity. As with enzyme-catalyzed
dipeptide carbonic anhydrase inhibitod30a—c and 141) DCLs, severe differences in substrate specificity for the

and a noninhibitory dipeptid®40(Scheme 62). The protease hydrol_yth enzyme could bias the results. Another is the ne.ed
Pronase was used as the destructive enzyme. In an initiaffor st0|ch|0metr|c_ amounts of the target. Beca_us_e destruction
experiment, the noninhibitdr40and the inhibitorl39awere rather than amplification takes place, only a limited amount
placed in the system. After 6 h, the ratio 9ato 140in of library ma}enal remains at the end Qf the experiment. It
the inner chamber was found to be 3.7:1. This increased tohas been pointed out by Sevéfirthat this technique could
20:1 after 12 h. In a control experiment without Pronase, Usefully be applied to a DCL that has been previously
the final ratio was found to be 1.75:1. In the second €Quilibrated in the presence of a template. Selective destruc-
experiment, the inhibitor39aand139bwere used together tion _after amplification wo.u_ld accentuate the differences in
with an excess of carbonic anhydrase (1.6:1 CA/dipeptides). affinity between the amplified library members.

After 193 h and the hydrolysis of 83% of the dipeptides, the By addition of an irreversible synthesis reaction to a
1394139b ratio was 3.8:1, well in excess of the binding selective destruction experiment, a closer approximation to
constant ratio (2.1:1). A further experiment use2Paand a DCL is achieved, a pseudodynamic combinatorial library
139c with the dipeptides in excess (1:2.1 CA/dipeptides). (pDCL), where the reversible reactions involved in dynamic
After 6 h, 93% of139cand 58% ofl39awas hydrolyzed, combinatorial chemistry are replaced by pairs of irreversible



3706 Chemical Reviews, 2006, Vol. 106, No. 9 Corbett et al.

Scheme 63. Pseudo-Dynamic Combinatorial Chemist?§?
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reactions’® This decoupling of synthesis and destruction oxide and colloidal (Fe,Ni)S, both peptide synthesis and
allows an extra degree of adjustability, which may be used degradation were observed, leading to the speculation that
to improve the selectivity of the experiment. the system could produce a “dynamic chemical library”, with
The experimental setup is based on the selective destruc-all of the usual implications for selection. Furthermore, the
tion system, but now a third synthesis chamber is addedauthors hint that the peptides may affect the catalytic
(Scheme 63). Instead of using presynthesized dipeptides, twgproperties of the transition metal compounds, allowing for
sets of building blocks are used. One sktaand 142h, the possibility of a positive feedback loop.
are used as amines in a peptide coupling reaction and are
placed into the solution at the start of the experiment. The 7 Prospects
other building blocks 143a—d) are added as polymer-
supported active esters, which are added in batches to the Our current understanding of noncovalent interactions and
synthesis chamber at time intervals. In the synthesis chambermolecular conformations is still insufficient to encompass
these may react to give an eight-membered pDCL of all the subtleties that are involved in molecular recognition
dipeptides. The four adducts containibg2ahad no detect-  and folding of complex molecules. Consequently, the process
able effect on the action of carbonic anhydrase, whereas theof creating new synthetic receptors or new ligands for
other four were inhibitory, withK; values in the ratio of 7.9:  biomolecules by design is not as successful as we would
5.1:2.3:1. In the hydrolysis chamber, the dipeptides are like it to be. Because this situation is likely to persist for
hydrolyzed, liberating the amine, which can then diffuse back some time to come, selection approaches remain important
to the synthesis chamber. The carboxylates, however, takefor improving our fundamental understanding of noncovalent
no further part in the reactions and accumulate during the interactions, as well as for developing synthetic molecules
experiment. that participate in molecular recognition. Dynamic combi-
After some experimentation with the conditions, it was natorial chemistry appears ideally situated as a tool in this
found that by addition of batches of the active esters at 16 area. It combines the best features of supramolecular error
h intervals, very high selectivity could be achieved. After checking with the possibility for covalent robustness.
seven cycles (112 h), the strongest binding peptide dominated In the last decade, dynamic combinatorial chemistry has
the mixture, with a ratio of>100:1 and a yield of 29%  developed from scratch into a recognized tool for exploring
relative to the amount of CA. systems that rely on molecular recognition. A significant and
It should be noted that the system presented is not fully increasing number of reversible chemistries with which to
equivalent to a DCL because only the amines and not the construct DCLs is now at our disposal (section 2), the most
carboxylates are recycled. The obvious next $fejs to popular of which are imine exchange, hydrazone exchange,
construct a pDCL where all of the library members are and disulfide exchange. However, for work under physi-
recycled (perhaps by using EDC- or DCC-mediated peptide ological conditions, we are still mostly restricted to imine
couplings), which will reveal whether the high selectivities exchange, disulfide exchange, thioester exchange, and, in
achieved using the existing system can also be reached in aestricted areas, reversible enzymatic reactions (see section
system with full recycling. 4.3). Further expansion of the repertoire of reversible
Intriguingly, a model of prebiotic peptide synthesis and reactions that can be used for making DCLs is clearly
degradation by Wehtershaser and co-workers bears a strong desirable. A potentially ideal exchange reaction is alkene
resemblance to a pDCE® Under conditions resembling the metathesis (section 2.1.8%2% The workhorses for this
environment around volcanic vents containing carbon mon- reaction (the Grubbs’ catalysts) show high selectivity for
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alkenes (which are rare in biomolecules) but do not affect of the building block solubility almost by definition.
most other functional groups. However improving lifetimes Consequently, in a combinatorial experiment, there will be
of these catalysts and their water solubility will be necessary. a significant risk that some of the library members are
For nonbiological applications, many other reactions involv- actually insoluble, draining the equilibrium to form a fully
ing reversible condensations (e.g., to give small heterocycles,phase-separated product.
porphyrinogens, and calixarenes) have as yet unexplored | the field of macromolecule conformation or folding
potential. o _ ~ some proof-of-principle studies have started to appear that
DCLs are complex equilibrium mixtures that pose sig- are based on equilibrium mixtures containing only a few
nificant analytical and theoretical challenges. Some perhapscomponents, paving the way for future work on more
counterintuitive behavior has been observed, particularly with complex mixtures. Such studies would enable direct and
regards to how the Gibbs energy associated with moleculargyantitativé® comparisons to be made between stabilities

recognition is related to the subsequent amplification of of differently folded structures, which would be instrumental
selected library members (section 5). However, computer iy discovering particularly favorable folds.

simulations have provided clear guidance on how to avoid
potential pitfalls and reliably identify the best binders in a
dynamic combinatorial screen.

Dynamic combinatorial chemistry has been applied suc-
cessfully in the development of synthetic receptors and has
proven to be a practical method that not only allows the
identification of new receptors but also provides a synthetic
route toward these complex molecules (section 4.1). While
most of the work has been focused on macrocyclic receptors,tis perhaps represents the beginnings of a “systems
the technique allows much more complex architectures to chemistry” akin to systems biology
be screened or discovered that are difficult to access using el o
traditional kinetically controlled methods of synthesis (section !N summary, DCLs allow tackling of complexity in terms
4.1.3). When extended to molecular encapsulation, this may©f isolated molecules, as well as interacting mixtures of these.
lead to new applications in drug delivery, as some of the The technique has demonstrated its practicality in identifying
most popular reversible chemistries in dynamic combinatorial Molecules with unusual binding properties and in providing
chemistry (hydrazone and disulfide exchange) also happenan attractive synthetlc route to complex mo_lecules that are
to be the workhorses for making cleavable drug-carrier Not easily accessible by other means. While some of the
conjugates$!’ synthetic challenges have -been removed, these are to some

Dynamic combinatorial chemistry also holds potential for €Xtent replaced by analytical challenges. However, rapid
catalysis. The first studies have demonstrated that modestly/€cent developments in analytical chemistry mean we will
active supramolecular catalysts can be obtained by screening’® aPle to cope with these increasingly well. Thus the field
DCLs for affinity for transition-state analogues (see section ©f dynamic combinatorial chemistry is in full swing: the
4.2). While the related work on catalytic antibodies appears foundations have been established, and even though they may
to indicate that the efficiency exhibited by enzymes may well not quite be finished, exciting applications of the technique
remain beyond our reach, it should at least be possible toin & wide range of areas are already emerging.
develop catalysts that exhibit (enantio)selectivity using
dynamic combinatorial chemistry. 8. List of Abbreviations

Developing ligands for biomolecules is another major AChE
application of dynamic combinatorial chemistry that has met

While DCLs are powerful tools to lead to individual
molecules with interesting recognition properties, the libraries
themselves are also fruitful subjects of study because they
represent complex networks of molecules that may exhibit
unique properties that emerge from the system, rather than
from the individual molecular constituentdn particular,
when linked to an irreversible reaction, complex dynamic
mixtures may lead to new insights into molecular evolution.

acetylcholinesterase
concanavalin A

with considerable success (section 4.3), despite the fact thaicp carbonic anhydrase

this approach is probably more experimentally demanding csp Cambridge Structural Database

than developing synthetic receptors. Reversible reactionsDABCO 1,4-diazabicyclo[2.2.2]octane

need to be carried out in the presence of the biomolecule DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

target, which is required in stoichiometric amounts since the DCC N,N-dicyclohexylcarbodiimide

biomolecule acts as the template for the formation of the DCL dynamic combinatorial library

ligand. The limited solubility or availability of the target DCX dynamic combinatorial X-ray crystallography

DTT dithiothreitol
ethacrinic acid
N-(3-dimethylaminopropyIN'-ethylcarbodiim-

usually implies that the concentration of building blocks
needs to be low, increasing the demand on the reversibleEDC

chemistry as well as the analytical chemistry. ide

Fields in which dynamic combinatorial chemistry has ESI-MS electrospray ionization mass spectrometry
definite potential but has not yet made the same impact aseSI-FTICR-MS  electrospray ionization Fourier transform ion
in the above areas are those of molecular aggregation (section cyclotron resonance mass spectrometry
4.4) and macromolecule folding (section 4.5). In particular, HEWL hen egg-white lysozyme
the area of molecular aggregation (i.e., the self-assembly of HPLC high-performance liquid chromatography

HPrK/P HPr kinase/phosphatase

ITC isothermal titration calorimetry

Jacobsen and Stockmayer

liquid chromatography mass spectrometry

library members into larger structures) has received very little
attention. Because aggregation can be viewed as an arreste
state of phase separation (i.e., parts of the molecules wan{ ~_ g

to phase separate from the solvent but other parts of the samepcL pseudo-dynamic combinatorial library
molecule prevent this process from going to completion by Tcgp tricarboxyethylphosphine
forming an interface between the solvent and the “non- TAR transactivating region

soluble” parts of the molecule), one operates near the edgeTrSA transition-state analogue
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