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Dynamic Combinatorial Libraries of Macrocyclic
Disulfides in Water

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 othardicate
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

Since our initial studies in 1996the interest in dynamic ~ have been used by Regen et al. to study lipid mixing in bilayer
combinatorial libraries (DCLs) has been growing rapillyyt systems! while work by Still et al. has demonstrated that the
the number of reversible chemical reactions which have been composition of an equilibrium system of three different disulfides
explored for the creation of DCLs is still limited. In this paper can indeed be influenced by hesgjuest interaction¥:
we report the first example of the successful use of the disufide Aiming at the formation of DCLs of macrocyclic disulfides,
exchange reaction for the generation of DCLs of structurally we selected a number of structurally diverse dithiol building
diverse macrocyclic disulfidés=TICR ESI-MS analysis ofaDCL ~ blocks (L—6) including a carbohydrates] and ana-amino acid
made from four different dithiol building blocks revealed the
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presence of over 100 macrocycles which were in some cases SON OH H O CO,H
separated in mass by only 0.17 amu. ha I N—_sH
DCLs differ from conventional combinatorial libraries in that SH % -SH o
the individual members of the library are constantly intercon- ]: N—___sH
verting, that is the composition of the library is under thermo- 1 SH o, SH 3 H 4 SH SH

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. Consequentlihe 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 vyield is possible by repeated isolation o 5 o
equilibration cycles. denv_a’qve 6)* as well asa number.of fully synthetic d}thldl%.

At present, research on DCLs is still in the proof-of-principle Stirring the dithiols in an open vial at a concentration of 10
stage. Considerable success has been achieved in templating DCLEM at pH 7.5 resulted in the expected formation of a mixture of
built up through noncovalent linking of building blockgncour- maprog:ychc dlsulﬂdgs, as |IIustrateq sfchematlcallyllrj Scheme 1.
aging the development of libraries based on reversible covalent Oxidation was mon!tored by quantifying the remaining amount
bond formation. As yet, there are only a small number of of thiol using E_Ilmansreageifﬁand was in most cases essentially
reversible reactions available. After our initial studies on DCLs Ccomplete within 24 fe o ) ) ]
based on transesterificatiohehn et al. have reported a library The composition of the libraries was studied using triple
based on the exchange of Schiff ba%dsnfortunately, trans- quadrupole electro spray ionization mass spectroscopy (QQQ ESI-
esterification requires harsh conditions, while exchange of Schiff MS) and Fourier transform ion cyclotron resonance (FTICR) ESI-
bases can only be turned off by hydrogenation. DCLs based onMSY Analysis of reaction mixtures obtained upon oxidation of
the hydrazone exchange reaction have recently been proven tob 4. and5 individually*® revealed the presence of all expected
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be highly practicaf. Reversible &N bond formation can also
be used to create libraries of oximeBinally, two reports exist
of DCLs generated through olefin metathésamd enzymatic
transaminatiof.
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Scheme 1.Formation of a DCL of Macrocyclic Disulfides
from Dithiol Building Blocks
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We have also analyzed several DCLs formed by oxidizing "=~ S~ $ M
mixtures of building blocks. High-resolution FTICR analysis was o
required for the analysis of DCLs in which building blocksas S0 583 585 587

well as5 were incorporated since cyclic oligomers that confain  Figure 1. Part of the negative ion FTICR ESI-mass spectrum of a DCL
differ only by 0.17 amu from analogues containing 2 equiv of formed after oxidation of a mixture df, 2, 4, and5, showing peaks due
1.1° The resolution of the FTICR mass spectrometer allowed for 1o two different macrocyclic disulfides differing by 0.17 amu, comparing
peaks up tan/z = 1167 to be analyzed for the presence of the calculated (a) and observed (b) isotopic substitution patterns. Observed
two different oligomers. Considering all macrocycles up to peaks correspond to [M 1]-.

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 ]
la).

Detailed analysis of a DCL formed upon oxidation1of2, 4, o]
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 tee-

100

to identify sequence isomet¥ regioisomers, and stereoisomers. 8 - c
To ascertain that the disulfide libraries are under thermody- .1 1» 125
namic control we have performed a set of control experiments in 122 123 1112
which the same library was generated via two different routes. l Ll [ L Sl 12238 L .
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Figure 2a shows part of the ESI-MS spectrum of the target library =~ 38"~ 3% b0~ a5 sd " sk ' 60 ' 650 ' 700 | 750 800
formed directly by oxidation of a mixture df, 2, 3, and5. In Figure 2. Part of the negative ion QQQ ESI-mass spectrum of disulfide
addition, two separate libraries were generated by oxidizing libraries formed after (a) oxidation of a mixture af 2, 3, and5; (b)
mixtures of (L and2) and @ and5), respectively. The latter two ~ mixing of two preformed libraries made from building blockisgnd?2)
libraries were mixed and analyzed immediately after mixing and @ and5), respectively; (c) addition of 15 mol % of DTT to the
(Figure 2b). After partial reduction by addition of 15 mol % of ~mixture described under b followed by 12 h of stirring in an open vial.
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 @Chditions
should exist where exchange does not ocleuline with literature
observations we found that disulfide exchange becomes excee

ingly slow With !ncreasing acidity .Of the med_iu.m_. For .instance, support from the FundaaioAntorchas and the Consejo Nacional de
when two libraries that were obtained by oxidizing mixtures of | estigaciones Cientificas y Tecnicas (Argentina) to R.F. We thank Mr.
(1 and2) and @ and5), respectively, were mixed at pH 2.5 N0  p_ skelton and Dr. P. Gates for their assistance with the FTICR
new mixed disulfides could be detected after a period of 12 days. measurements.
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libraries in that exchange takes place under neutral or mildly basic
conditions, whereas €N 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 ionophétege are currently screening
disulfide-based DCLs for molecules with these propefiies.
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