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Since our initial studies in 19961 the interest in dynamic
combinatorial libraries (DCLs) has been growing rapidly,2 but
the number of reversible chemical reactions which have been
explored for the creation of DCLs is still limited. In this paper
we report the first example of the successful use of the disufide
exchange reaction for the generation of DCLs of structurally
diverse macrocyclic disulfides.3 FTICR ESI-MS analysis of a DCL
made from four different dithiol building blocks revealed the
presence of over 100 macrocycles which were in some cases
separated in mass by only 0.17 amu.

DCLs differ from conventional combinatorial libraries in that
the individual members of the library are constantly intercon-
verting, that is the composition of the library is under thermo-
dynamic control. As a consequence a DCL has the unique ability
to respond to influences that affect the stability of its constituents.
More specifically, introduction of a template molecule will
stabilize those members of the DCL that happen to bind to the
template. Consequently,the concentration of those members will
increase which facilitates the identification of the desired
molecules. In theory, isolation of these molecules directly from
the DCLs in high yield is possible by repeated isolation-
equilibration cycles.

At present, research on DCLs is still in the proof-of-principle
stage. Considerable success has been achieved in templating DCLs
built up through noncovalent linking of building blocks,4 encour-
aging the development of libraries based on reversible covalent
bond formation. As yet, there are only a small number of
reversible reactions available. After our initial studies on DCLs
based on transesterification1 Lehn et al. have reported a library
based on the exchange of Schiff bases.5 Unfortunately, trans-
esterification requires harsh conditions, while exchange of Schiff
bases can only be turned off by hydrogenation. DCLs based on
the hydrazone exchange reaction have recently been proven to
be highly practical.6 Reversible CdN bond formation can also
be used to create libraries of oximes.7 Finally, two reports exist
of DCLs generated through olefin metathesis8 and enzymatic
transamination.9

In an attempt to expand the number of reversible reactions that
can be used to generate DCLs we have been exploring the
potential of the disulfide exchange reaction. Extensive mechanistic
studies on thiols and disulfides by Whitesides and others10 indicate
that (i) disulfides tend to form readily from thiols in the presence
of oxygen and small amounts of base, (ii) disulfide exchange takes
place efficiently under mild conditions in the presence of a
catalytic amount of thiol, (iii) disulfide exchange is negligible
under acidic conditions, and (iv) disulfides are stable toward many
different functional groups. Equilibrium mixtures of disulfides
have been used by Regen et al. to study lipid mixing in bilayer
systems,11 while work by Still et al. has demonstrated that the
composition of an equilibrium system of three different disulfides
can indeed be influenced by host-guest interactions.12

Aiming at the formation of DCLs of macrocyclic disulfides,
we selected a number of structurally diverse dithiol building
blocks (1-6) including a carbohydrate (5) and anR-amino acid

derivative (6)13 as well as a number of fully synthetic dithiols.14

Stirring the dithiols in an open vial at a concentration of 10
mM at pH 7.5 resulted in the expected formation of a mixture of
macrocyclic disulfides, as illustrated schematically in Scheme 1.
Oxidation was monitored by quantifying the remaining amount
of thiol using Ellman’s reagent15 and was in most cases essentially
complete within 24 h.16

The composition of the libraries was studied using triple
quadrupole electro spray ionization mass spectroscopy (QQQ ESI-
MS) and Fourier transform ion cyclotron resonance (FTICR) ESI-
MS.17 Analysis of reaction mixtures obtained upon oxidation of
1, 4, and5 individually18 revealed the presence of all expected
cyclic species up to octamers, pentamers, and heptamers, respec-
tively.
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We have also analyzed several DCLs formed by oxidizing
mixtures of building blocks. High-resolution FTICR analysis was
required for the analysis of DCLs in which building blocks1 as
well as5 were incorporated since cyclic oligomers that contain5
differ only by 0.17 amu from analogues containing 2 equiv of
1.19 The resolution of the FTICR mass spectrometer allowed for
peaks up tom/z ) 1167 to be analyzed for the presence of the
two different oligomers. Considering all macrocycles up to
pentamers within this range, peaks due to both of the two expected
compounds were observed in 17 out of 26 cases. Figure 1 shows
an example. Also shown is a comparison of the observed isotopic
substitution patterns (Figure 1b) with the calculated ones (Figure
1a).

Detailed analysis of a DCL formed upon oxidation of1, 2, 4,
and 5 revealed the presence of 119 different macrocyclic
compounds. Considering all macrocycles up to tetramers, we were
able to confirm the presence of 56 of the theoretical number of
66 species with unique masses. The failure to detect the remaining
species might be due to the very low concentrations of these
species in the mixture but could also be caused by inefficient
ionization of some of the macrocycles. We have made no attempt
to identify sequence isomers,17b regioisomers, and stereoisomers.

To ascertain that the disulfide libraries are under thermody-
namic control we have performed a set of control experiments in
which the same library was generated via two different routes.
Figure 2a shows part of the ESI-MS spectrum of the target library
formed directly by oxidation of a mixture of1, 2, 3, and5. In
addition, two separate libraries were generated by oxidizing
mixtures of (1 and2) and (3 and5), respectively. The latter two
libraries were mixed and analyzed immediately after mixing
(Figure 2b). After partial reduction by addition of 15 mol % of
dithiothreitol and subsequent oxidation, the mass spectrum of the
mixture (Figure 2c) is nearly identical to that of Figure 2a. These
results clearly indicate that, under the conditions used, the
oxidation process is sufficiently slow to allow for equilibration
of the different macrocyclic disulfides.

Practical use of DCLs requires control over the exchange
process. To be able to isolate molecules from a DCLconditions
should exist where exchange does not occur. In line with literature
observations we found that disulfide exchange becomes exceed-
ingly slow with increasing acidity of the medium. For instance,
when two libraries that were obtained by oxidizing mixtures of
(1 and2) and (3 and5), respectively, were mixed at pH 2.5 no
new mixed disulfides could be detected after a period of 12 days.

In summary, we have demonstrated that considerable structural
diversity can be generated in a single step using a variety of simple
dithiol building blocks under extremely mild conditions. Even
building blocks such as3 and 5, which have been reported to
form relatively stable intramolecular disulfides14 are readily
incorporated into the DCLs. The disulfide chemistry forms an
important addition to the as yet limited number of reactions that
is available for the generation of DCLs. It complements existing

libraries in that exchange takes place under neutral or mildly basic
conditions, whereas CdN bond-based DCLs require acidic
conditions for reversibility. It surpasses existing DCLs in the fact
that no external catalyst is required for the exchange process.

Inspired by the reported use of macrocyclic disulfides as
receptors and as synthetic ionophores20 we are currently screening
disulfide-based DCLs for molecules with these properties.21
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Scheme 1.Formation of a DCL of Macrocyclic Disulfides
from Dithiol Building Blocks

Figure 1. Part of the negative ion FTICR ESI-mass spectrum of a DCL
formed after oxidation of a mixture of1, 2, 4, and5, showing peaks due
to two different macrocyclic disulfides differing by 0.17 amu, comparing
calculated (a) and observed (b) isotopic substitution patterns. Observed
peaks correspond to [M- 1]-.

Figure 2. Part of the negative ion QQQ ESI-mass spectrum of disulfide
libraries formed after (a) oxidation of a mixture of1, 2, 3, and5; (b)
mixing of two preformed libraries made from building blocks (1 and2)
and (3 and 5), respectively; (c) addition of 15 mol % of DTT to the
mixture described under b followed by 12 h of stirring in an open vial.
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