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The development of synthetic receptors for small molecules or
ions rivaling the binding efficiencies of proteins is a long-standing
challenge. Traditionally, the approach to such receptors has involved
an iterative process of design, synthesis, and assessment of affinity.
With the advent of dynamic combinatorial chemistry,1 an additional
tool has become available that merges synthesis and affinity
screening into a single process. In brief, dynamic combinatorial
libraries (DCLs) are formed by linking building blocks together
using reversible bonds causing all members of a DCL to interconvert
continuously, forming an equilibrium mixture. Addition of a guest
to a DCL of potential receptors shifts the equilibrium toward the
receptor that binds the guest most efficiently. Since this concept
was first articulated in 1996,2 several examples of the successful
use of dynamic combinatorial chemistry for the identification and
synthesis of covalent receptors have been reported.3

The work described herein is based on the observation by one
of us that the neutral cyclic hexapeptide1 binds anions such as
halides and sulfate in highly competitive aqueous solvent mixtures.4

Structural investigations revealed that sandwich-type 2:1 complexes
are formed, in which the anions are bound by six hydrogen bonds
between two interdigitating cyclopeptide rings. In subsequent work,
these aggregates could be stabilized by covalently linking two
peptide units together via adipic acid to give receptor2.5 Design
of the linker was based on the crystal structure of the iodide complex
of 1.4 Here, we report how dynamic combinatorial chemistry can
be used to optimize the linking unit, resulting in two new receptors
that bind iodide and sulfate anions with, for neutral species,
unprecedented affinities.

Our approach is based on reversible disulfide chemistry6 and is
summarized in Scheme 1. Mixing disulfide3 with dithiols a-f in

the presence of oxygen from the air results in the formation of a
DCL that contains potential receptors in which two peptide rings
are separated by different dithiol-derived spacers. Note that, using
this approach, compounds containing a combination of two or more
spacers will also be formed. Addition of an anionic guest to this
DCL should then lead to the amplification of good binders.

We prepared disulfide3 from a derivative of1 containing one
tosylated 4R hydroxyproline subunit5 by reaction with potassium
thioacetate followed by basic hydrolysis of the acetyl group in the
presence of oxygen. Preliminary binding studies confirmed that3
is not a good receptor for iodide or sulfate anions (Ka < 103 M-1).
Because this compound is poorly soluble in highly aqueous
solutions, DCLs were made by dissolving3 anda-f in a 2:1 (v/v)
mixture of acetonitrile and water. Oxidation was performed at pH
8-9 and in the presence of air over a period of 7 days. During this
time, the residual thiols mediate reversible disulfide exchange,
ensuring that the final library composition is under thermodynamic
control.6b Figure 1a shows the HPLC trace of a disulfide library
resulting from mixing 1 equiv of3 with 0.33 equiv of each of the
six dithiols a-f. The product distribution is dominated by the
starting disulfide3 as expected from the thermodynamic preference
to form dimeric rather than higher-order structures.7 Exposure of
the DCL to KI or K2SO4 resulted in the marked amplification of
three different receptors (Figure 1b and c). Similar studies using
KBr resulted in a reduced amplification of the same set of
receptors,8 whereas NaCl and KF had no effect on library
composition. The amplified compounds were isolated using HPLC,
and, by using electrospray ionization mass spectrometry, structurally
assigned to disulfides3a, 3b, and 3c, incorporating the smaller
dithiols spacersa, b, andc, respectively. We have focused on3b
and 3c as these are more strongly amplified than3a. Both
compounds were isolated efficiently from a second-generation
biased dynamic library made from equimolar amounts of3 andb
or c in the presence of an excess of an anionic template.9 Figure 2
shows how the introduction of guest shifts the composition of these
biased libraries to produce3b and3c in 63% and 77% yield. The
only significant side product is starting material3, which can of
course be recycled.

Next, we compared iodide and sulfate complexation of receptors
3b and3c obtained using dynamic combinatorial chemistry with
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that of the previously designed receptor2. In the1H NMR spectrum,
the characteristic downfield shift of the H(R) signals of3c is visible
in the presence of sulfate, indicating that the mode of interaction
of this receptor with the anion is similar to that of2.5 Quantitative
binding studies were carried out in 2:1 (v/v) acetonitrile/water
mixtures using isothermal titration microcalorimetry (ITC). This
technique provides the complex stoichiometry, which was invariably
1:1 for all host-guest pairs described here, as well as the binding
constants and enthalpies from which the entropies of binding can
be calculated. The results show that3b and 3c bind sulfate and
iodide anions an order of magnitude more efficiently than does2
(Table 1). As far as we are aware, these binding constants are the
highest obtained thus far for the complexation of anions by a neutral
receptor in aqueous solution.10

Thermodynamic analysis of the binding shows some interesting
trends. For all receptors, sulfate binding is strongly entropy driven,
suggesting that liberation of solvent from around the sulfate anion
is the major driving force. For the less strongly solvated iodide

ion,10a this effect is much reduced, and the enthalpy change upon
binding becomes significant. When comparing receptors3b and
3cwith 2, the improved affinity of the former results predominantly
from a more favorable enthalpy change upon binding. One possible
explanation could be that the new receptors form stronger or better-
aligned hydrogen bonds with the anion, although we cannot exclude
that the more favorable enthalpy of complexation arises from, for
instance, different conformations of the unbound states of3b or
3c in comparison to2.

In summary, we have shown that dynamic combinatorial
chemistry can be used to optimize the binding properties of bis-
(cyclopeptide)2 toward anions in aqueous solution. Two new
receptors were obtained with, for this class of neutral compounds,
unprecedented binding efficiencies. Our results demonstrate that
dynamic combinatorial optimization of designed receptors can be
a powerful strategy, bringing synthetic receptors with efficiencies
approaching those of proteins one step closer.
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Figure 1. HPLC analysis of a DCL made by mixing3 (1.33 mM) with
a-f (0.44 mM each) in the absence of guest (a) and in the presence of 10
mM KI (b) or 10 mM K2SO4 (c) showing amplification of receptors3a-
3c.

Figure 2. HPLC analysis of biased DCLs made by mixing3 (1.33 mM)
with b (1.33 mM) in the absence of guest (a) and in the presence of 10
mM KI (b). HPLC trace of the DCL made from3 (1.33 mM) andc (1.33
mM) in the absence (c) and in the presence (d) of 10 mM K2SO4. Libraries
in the absence of guest showed signs of precipitation after 2-3 days.

Table 1. Association Constants, Gibbs Energies, Enthalpies, and
Entropies of Binding of KI and K2SO4 to Receptors 2, 3b, and 3ca

Ka ∆G° ∆H° T∆S°

KI 2 3.3× 103 -20.0 -4.3 15.7
3b 2.9× 104 -25.5 -20.7 4.8
3c 5.6× 104 -27.1 -13.4 13.7

K2SO4 2 2.0× 105 -30.2 10.7 41.0
3b 5.4× 106 -38.4 1.8 40.1
3c 6.7× 106 -39.0 3.7 42.7

a Recorded in 2:1 (v/v) acetonitrile/water at 298 K; binding constants in
M-1 and energies in kJ mol-1.
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