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Abstract

Dynamic combinatorial chemistry is a discipline that combines features of self-organiza-
tion and adaptation of complex systems to external perturbations. Reversible chemistry is used to
prepare dynamic combinatorial libraries that can respond to the presence of template molecules.
Ideally the libraries respond by increasing the concentration of the receptors that is preferred by
the template. In this article we illustrate the potential of the dynamic combinatorial chemistry
approach for the discovery of synthetic receptors.
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Resumen

Quimica combinatoria dindmica y receptores sintéticos. La quimica combinatoria
dindmica es una disciplina en la cual se combinan caracteristicas de auto-organizacién de la mate-
ria a nivel molecular y de adaptacién de los sistemas complejos frente a perturbaciones externas.
En esta estrategia se utiliza quimica reversible para preparar colecciones combinatorias dindmicas
que son capaces de responder al agregado de una molécula molde. La respuesta ideal es la
amplificacion molecular del receptor preferido por el molde dentro de la coleccién. En este trabajo
resaltamos los fundamentos de la quimica combinatoria dindmica e ilustramos su potencial para el
desarrollo de receptores.
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Dynamic Combinatorial Chemistry

The concept of dynamic combinatorial combinatoria fiorary combinaiona Rrary
chemistry has been coined principally by Sanders B@&A EHeA

[1-4] and Lehn [5-8] envisioning combinatorial 1

chemistry under thermodynamic control, a key ARO® iy @ A cemsiy AE®
feature extracted from supramolecular chemistry D ™ ’ i
[9]. This strategy is based on design, generation @Al . O?H
and study of dynamic combinatorial libraries blocks.
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(DCLs). A DCL is a mixture of compounds con-
structed from sets of building blocks that are con-

nected using reversible chemistry. Therefore, in
a DCL all the library members continuously
interconvert into one another by recombination
of building blocks (Figure 1).

Under appropriate reaction conditions,
reversibility leads the DCL to an equilibrium
state. At equilibrium, library composition de-
pends on the Gibbs energy of each library mem-
ber; consequently, external perturbations that
affect the relative stability of library members -
e.g. a change in temperature, solvents or pH- will

Fig. 1. Comparison between a) static and b) dyna-
mic libraries.

shift the equilibrium altering the final product
distribution. A particularly interesting perturba-
tion is the addition of an external molecule to the
DCL. If the added molecule binds at least one li-
brary member it can act as a template. The in-
teraction with the template can selectively stabi-
lize the selected library member, increasing its

. 83-



Anales Acad. Nac. de Cs. Ex., Fis. y Nat., tomo 60 (2017): 83-91.

temﬁlate

T )
L£OH

o A

E-5-f

AR

Fig.2. Template-induced molecular amplification
in a DCL.

concentration at the expense of the rest of the
DCL members. This effect is denominated mo-
lecular amplification (Figure 2).

Molecular amplification can be used as
a tool for screening of DCLs for molecules with
interesting recognition properties. DCLs of poten-
tial receptors can be prepared and a given mol-
ecule can be used to select, stabilize and amplify
its preferred receptor. Ideally, building blocks are
selected in order to obtain a DCL whose compo-
sition covers a broad “space” of potential hosts.
Once a template has induced a change in the com-
position, amplification of a desired receptor can
be optimized adjusting the composition to favor
their formation. Biased libraries containing only
those building blocks that were selected by the
template can be generated to favor the high yield
preparation of the selected receptor [10].

An attractive feature of dynamic combi-
natorial chemistry is that detailed receptor design
is not necessary. The chemist designs and synthe-
sizes building blocks equipped with potential rec-
ognition groups for the template. During the ex-
periment, the molecules constructs themselves,
adopting the optimum arrangement of subunits
to give the receptor more globally favored in an
increased -or amplified- amount.

Moving from receptor design to library
design permits the incorporation of different rec-
ognition groups, shapes as well as levels of rigid-
ity in the set of building blocks to be combined.
It becomes then unnecessary to know in detail
the exact combination of those variables that will
produce a good receptor, as long as such combi-
nation is present within the library.
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Fig. 3. Disulfide exchange as reversible connec-
tion to prepare DCLs.

Reversible Chemistry

Key to the success of dynamic combina-
torial chemistry is the reversible chemistry in-
volved in the preparation of the libraries. Al-
though there is a long list of requirements for the
reversible reaction to be used [9], two require-
ments are crucial for the development of recep-
tors: (a) the exchange should be active in a rea-
sonable timescale under appropriate reaction con-
ditions. This determines the time that is neces-
sary for the DCL to respond to the addition of a
template molecule. Appropriate reaction condi-
tions are those that are compatible with the struc-
ture of building blocks and template, particularly
with the recognition groups involved in the inter-
molecular interactions that drive molecular am-
plification. (b) It should be possible to stop the
exchange so that the amplified library members
can be isolated and characterized. Ideally the
changes in the receptor and/or template struc-
tures, produced by the experimental operations
necessary to stop the exchange, should not affect
the binding between the amplified host and the
guest used as template.

Two of the most productive reversible
chemistries used in DCC are the exchange of
hydrazones and the exchange of disulfides.
Disulfide exchange was one of the first reactions
used for the preparation of receptors under re-
versible conditions [11] (Figure 3). Thiols oxidize
to disulfides in aqueous solution upon exposure
to air and thiol/disulfide exchange takes place
under mild conditions [12, 13]. In practice,
disulfides DCLs are often prepared in water from
thiol building blocks, which are allowed to oxidize
to the desired disulfides. At the same time that
oxidation occurs the reaction goes through a
phase where thiol and disulfide coexist, allowing
the reversible exchange process to take place
through the nucleophilic attack of thiolate anion
on the disulfide bond producing another thiolate
[14, 15]. The exchange can be switched off either
through protonation of the thiolate nucleophile or
by complete oxidation of the thiolate. Disulfide
exchange can also take place in organic solvents
like chloroform or methanol in the presence of
bases such as TEA or DBU [11, 16, 17]. Recently,
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Fig. 4. Receptors for ammonium cations from DCLs based on disulfide

exchange.

a small DCL was prepared using disulfide ex-
change in a two phase system, which increases
the possibilities and the scope of dynamic combi-
natorial chemistry by facilitating the combination
of otherwise incompatible building blocks [18].

To date, a good number of the receptors
developed using dynamic combinatorial chemistry
have been discovered from DCLs designed to in-
clude compounds that emulate known designed
receptors. Such is the case of a series of macrocy-
clic receptors that bind ammonium ions in water
developed by Otto and Sanders using DCLs pre-
pared from building blocks 1-3 (Figure 4) [10, 19].
The design of the dithiol building blocks was in-
spired by the Dougherty cyclophane receptor 4 [20].

Initially guest 5, which is one of the best
binders to the original Dougherty host, was used
as the template expecting molecular amplification
of macrocycle 6 analogous to the cyclophane 4.
Unexpectedly, macrocycle 7 was amplified instead.

The lack of amplification of 6 may be
due to the differences between the -S-S- units in
the disulfide macrocycles as compared to the -
CH,-O- units in 4: -S-S- units are more rigid, they
have increased length and different bond angles.
These differences are important since it is known
that host 4 binds guest 5 in a partially collapsed
conformation [21-25]. Probably, a similarly col-
lapsed conformation cannot be adopted by the
more rigid disulfides analogous 6.

Exposure of the same library to the mor-
phine based template 8, which is significantly
larger than guest 5, did not result in the amplifi-
cation of the expected macrocycle 6 either. This
time a cyclic trimer of building block 9 was am-
plified [10].

Even more surprisingly is the response
of the library to the small template tetramethyl-
ammonium iodide 10: the cyclic tetramer of
dithiol 11 was amplified [19]. Given that build-
ing block 1 was used as a racemic mixture, four
diastereomeric disulfides can in principle be
formed. It turned out that only the diastereomer
in which the four subunits have alternating
chirality 11 was significantly amplified. Only this
isomer can fold up in a way that effectively sur-
rounds the small cationic guest 10. In the exam-
ples described, the reversible chemistry also pro-
vided an efficient synthetic route to the selected
receptors, which can be formed in up to 96% yield
in the biased DCLs containing only the required
building blocks in the proper ratio.

These results demonstrate that dynamic
combinatorial chemistry is an effective method
for identifying unpredictable receptors. Such un-
expected receptors can be amplified even from
DCLs that have been designed to contain mem-
bers that resemble known receptors.

In order to take the dynamic combina-
torial chemistry approach to a next step and pro-
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Fig. 5. Receptor for spermine developed from a DCL based on disulfide exchange.
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Fig. 6. Hydrazone exchange as reversible connection to prepare DCLs.

duce novel receptors, it is important to identify
rules to guide the design of DCLs to target novel
guests. Otto et al. [26] have addressed this issue
while developing their receptor for spermine 12,
a polyamine that plays an important role in nu-
merous cellular processes including apoptosis and
cancer. The design of the building blocks for the
recognition of spermine started with identifying
carboxylate-amine interactions as a potential
mode of recognition. Since it was not clear
whether the DCL should include linear or cyclic
compounds, monothiol building block 18 and
dithiol 14 were used to generate both types of
structures (Figure 5). When the DCL from those
building blocks was exposed to spermine, the cy-
clic tetramer 15 was amplified (Figure 5).

This receptor turned out to have a re-
markably high affinity for spermine (K = 4.5 x
107 M~ in 3 mM TRIS buffer pH 7.4) and binds
it by forming a pseudorotaxane-type complex.
Binding is strong enough to enable the receptor
to sequester spermine from one of its natural

hosts, DNA. Developing a synthetic receptor with
sufficient affinity to bind spermine in a biologi-
cal system was the first step to developing a sper-
mine sensor that can assist in elucidating the
exact biological role of the polycation.

Hydrazone exchange is somehow com-
plementary to disulfide exchange (Figure 6). It
requires acidic conditions (typically TFA in
CHCIL,, or pH 4-5 in aqueous solutions), although
for some substrates containing strongly electron
withdrawing groups, exchange is feasible under
neutral conditions [27].

The hydrazone exchange reaction was
first used for the preparation of DCLs of poten-
tial receptors by the Sanders group, who devel-
oped a family of amino acid-based bifunctional
building blocks featuring one protected aldehyde
unit and one acylhydrazide unit [28]. A series of
molecular amplification examples observed with
these DCLs have demonstrated the compatibility
of the reaction conditions with binding of metal
and organic guests [29-34].
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Fig. 7. Receptors for ammonium and metal cations from DCLs based

on hydrazone exchange.

A variety of receptors for cations have
been discovered using dynamic combinatorial li-
braries based on hydrazone exchange. Some of
those receptors were inspired in known receptors
[30, 33], whereas other receptors have been dis-
covered by chance. Such is the case of the re-
sponses induced by different cation templates on
the DCL prepared from building block 16 based
on the dipeptide L-Pro-L-Phe (Figure 7). The
small DCL prepared from 16 was affected by the
presence of Lit and Na* [32, 35]. When the library
was exposed to these templates, the cyclic trimer
17 was amplified representing 98% of the library
material and decreasing the concentration of the
other macrocycles. This DCL also responded to
the presence of the ammonium ions of cinchona
alkaloids quinine 18 and quinidine 19 [29]. When
the library was exposed to 18 a significant shift
in the product distribution toward the cyclic
tetramer 20 at the expense of the other macro-
cycles was observed. The template molecule qui-
nine can be regarded as a quinoline moiety 21
attached to one quinuclidine 22 moiety by a one-
carbon bridge.

In an attempt to determine which of
those moieties was responsible for the molecular
amplification observed, 21 and 22 were tested, in-

dividually and simultaneously, as potential tem-
plates. The lack of any amplification observed for
either template or their combination suggests that
the binding is driven by an interaction involving
both moieties in the template. In order to test the
importance of the relative positions of the moie-
ties, templating by quinidine 19, a diastereomer of
quinine that possesses a different configuration in
two of the four stereogenic centres, was tested. No
amplification of the cyclic tetramer was observed;
on the contrary, the concentration of this species
along with other macrocycles in the mixture de-
creased to feed amplification of the cyclic dimer 23
that increased in abundance from 9% to 45% of the
library material.

The same small DCL made from 16 was
the origin of possibly one of the most impressive
and surprising template effects observed to date:
the molecular amplification of a catenane with
the assistance of the small neurotransmitter ace-
tylcholine [36]. Addition of acetylcholine hydro-
chloride to the reaction mixture slowly produces
a change in the composition of the mixture by
shifting the equilibrium to favor the formation of
the catenane 24 (Figure 8).

The catenane is the result of assembling
six molecules of 16 into two interlocked cyclic
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