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Dynamic combinatorial chemistry (DCC) has become estab-
lished as a powerful approach to efficiently identify ligands
and inhibitors for receptors and enzymes, as well as hosts for
various ligands.[1] The concept is based on reversible inter-
connections, either covalent or noncovalent, between differ-
ent library components, resulting in compound libraries with
dynamic composition. The process allows for the spontaneous
generation of all possible combinations of the components
and thus enables efficient one-step generation of extended
dynamic combinatorial libraries (DCLs) under thermody-
namic control.

The adaptive nature of DCC systems, whereby the DCLs
reconstitute themselves to adopt the best overall arrange-
ment,[2,3] make them especially interesting for coupled
secondary processes. Until now, most DCLs have been
subjected to subsequent affinity events, in which specific
library constituents are selected and their relative concen-
trations amplified. However, we have been more interested in
kinetically controlled secondary processes.[4, 5] If, for example,
the bound species is transformed in an irreversible process
and expelled from the binding site, the site is free to host more
of the DCL constituent, and the reactions of the dynamic
system are thus forced to proceed to completion. An addi-
tional advantage with this approach is that in principle only
catalytic amounts of the selector need to be present. The
combined events amount to a situation in which the selector
directs the kinetic resolution of the library in a dynamic
combinatorial resolution (DCR) process (Figure 1).

An important challenge with DCC is also the develop-
ment of efficient reversible reactions. Until now, transimina-
tion, transacylation, alkene metathesis, and thiol–disulfide
exchange have mainly been used to form DCLs, as these
processes have proven the most efficient in the systems
studied.[1] New methods are needed, however, to advance the
technique, and new reaction types are necessary for the rapid
generation and screening of sufficiently stable DCLs. For
example, with the exception of the powerful alkene-meta-
thesis reaction, C�C bond formation has only been explored

in a few systems.[6–8] Carbon–carbon bond-forming reactions
are essential in synthetic organic chemistry, and particularly
methods for the synthesis of optically pure compounds are of
fundamental importance.

These challenges prompted us to explore the potential of
DCLs generated from C�C bond-forming reactions under
mild conditions that are both compatible with selector entities
and applicable to a DCR process. During these studies, we
came across the nitroaldol (Henry) reaction,[9–12] in which b-
nitroalcohols are formed by the addition of nitroalkanes to
carbonyl compounds. This powerful C�C bond-forming
reaction is a useful synthetic tool for the construction of
complex molecules. Herein, we describe the generation of
dynamic combinatorial libraries based on the nitroaldol
reaction carried out under mild conditions. The stereogenic
carbon center created in the reaction could also be resolved
through a coupled process in the form of a kinetically
controlled lipase-mediated acylation. Asymmetric amplifica-
tion of specific nitroaldol adducts could in this case be
efficiently achieved in a one-pot process.

The conditions of the nitroaldol reaction had first to be
optimized for its use in a DCR process. Several bases were
screened initially to find suitable conditions for DCL
generation. In preliminary studies, the reactions were con-
ducted in the presence of 1 equivalent each of the nitroalkane,
the aldehyde, and the base, and the reactions were monitored
by 1H NMR spectroscopy by comparing the signals of the
aldehyde with those of the nitroalcohol adduct. Triethylamine
proved optimal for use in this system as a result of the rapid
and stable equilibration observed and, very importantly, the
high compatibility of this base with the subsequent enzymatic
reaction.

Next, DCL generation was addressed (Scheme 1). A
dynamic set of ten nitroaldol adducts (each enantiomer of 1–6
to 5–6) was generated from equimolar amounts of 4-
trifluoromethylbenzaldehyde (1), 2-fluorobenzaldehyde (2),
3-nitrobenzaldehyde (3), 2-chlorobenzaldehyde (4), and
2,4-dichlorobenzaldehyde (5), together with 1 equivalent of
2-nitropropane (6).

Figure 1. The concept of DCR. A dynamic library is formed from i
components A and j components B. Selective recognition of a specific
constituent An–Bm by a selector (e.g., an enzyme) enables the
formation of a specific product Cnm under kinetic control.
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Owing to the slightly different molar ratio of the
aldehydes to the nitroalkane (5:1) in the Henry reaction,
the quantity of the base was increased to 10 equivalents to
attain a reasonable equilibration. These benzaldehydes were
chosen in view of their similar individual reactivity in the
nitroaldol reaction, with the result of close to isoenergetic
behavior in the DCL produced. Figure 2 shows the 1H NMR
spectroscopic analysis of the creation and further reaction of
b-nitroalcohol DCLs. The 1H NMR spectrum of the initial
components before library generation is displayed in Fig-
ure 2a. The generation of the nitroaldol DCLs was initiated
subsequently by the addition of triethylamine, and equilibra-
tion between the initial components and all ten chiral
nitroaldol adducts were followed. In the absence of a selector,
the library thus reached equilibrium within hours (Figure 2b).

One of the most efficient methods for the preparation of
enantiomerically pure compounds is the kinetic resolution of
racemic mixtures by enzymes, such as lipases.[13–15] In addition
to their hydrolytic activity towards triglycerides, lipases
catalyze (trans)esterification reactions and recognize a
broad range of nonnatural substrates in both aqueous and
non-aqueous media. Moreover, lipases are readily available
commercially, do not require expensive cofactors, and are
easily recoverable. These properties make this family of
enzymes potentially very useful in a DCR system, and these
enzymes were therefore tested in the present study. However,
the lipase-catalyzed transesterification of b-nitroalcohol sub-
strates has not been reported. The reaction conditions were
optimized by initial screening of a series of enzymes followed
by a series of acyl donors. On the basis of these results, the
lipase PS-C I from Pseudomonas cepacia and p-chlorophenyl
acetate[16] were selected as the lipase and the acyl donor,
respectively, in the DCR system.

The lipase PS-C I was added together with p-chlorophenyl
acetate (5 equiv) to the nitroaldol libraries at 40 8C without
stirring. The transesterification of selected b-nitroalcohols
resulted in the corresponding acetylated products, as shown
by the 1H NMR spectra of the mixtures formed (Figure 2c,d).
As can be seen from the spectra, two products from the DCL
were resolved by the process.

The major product was found to be the 3–6 ester,
produced from 3-nitrobenzaldehyde (3) and 2-nitropropane

Figure 2. 1H NMR spectra of the reaction mixture at various stages of
the DCR process: a) before library generation; b) DCL in the absence
of PS-C I and p-chlorophenyl acetate; c) DCL in the presence of PS-C I
and p-chlorophenyl acetate (t=24 h); d) DCL in the presence of PS-C I
and p-chlorophenyl acetate (t=14 days). Compound numbering as in
Scheme 1.

Scheme 1. Generation of a dynamic nitroaldol library and lipase-mediated asymmetric resolution.
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(6). However, the relative concentration of the 3–6 nitroaldol
adduct, the corresponding substrate for the lipase reaction,
was among the lowest in the DCL in the absence of the
enzyme. Nevertheless, 3–6 was the main compound selected
as a substrate for the transesterification. A minor amount of
the 1–6 ester, derived from 4-trifluoromethylbenzaldehyde
(1) and 2-nitropropane (6), was also formed in the reaction.
The two final products were obtained in a combined overall
yield of 24% after 24 h, although the resolution of the two
products could be identified earlier in the reaction. Better
yields were observed after longer reaction times; the products
were obtained in over 80% yield (3–6 ester: 52%, 1–6 ester:
33%) after 14 days (Figure 2d). The reaction proceeded
almost to completion (95% yield) in 20 days. The amplifica-
tion was slightly improved when the reactions were per-
formed at ambient temperature and when less enzyme was
used; however, the time required also increased (65% yield
after 14 days).

The nitroaldol–lipase DCR process does not only amplify
specific b-nitroalcohol derivatives, but also leads to their
asymmetric discrimination. HPLC analysis showed that the
enantioselectivity of the process is very high: The R enan-
tiomer of the 3–6 ester was resolved to 99% ee, and the
R enantiomer of the 1–6 ester to 98% ee. The Mosher method
was used to determine the absolute configuration of the
products.[17,18]

In conclusion, we have identified the nitroaldol (Henry)
reaction as a new and efficient C�C bond-forming route to
DCL formation. Furthermore, we have demonstrated that
primary DCLs under thermodynamic control can be coupled
successfully to a secondary synthetic process mediated by a
lipase under kinetic control. This dynamic combinatorial
resolution process was used to generate a collection of
potential enzyme substrates and to identify the best substrates
for the lipase PS-C I from Pseudomonas cepacia. When the
formation of a nitroaldol DCL was combined with lipase-
mediated transesterification in a one-pot process, complete
asymmetric resolution of the library occurred to produce
enantiomerically pure b-nitroacetates in high yield.

Received: September 12, 2006
Published online: December 15, 2006

.Keywords: aldol reaction · combinatorial chemistry ·
dynamic chemistry · enzyme catalysis · reversible reactions

[1] For representative reviews, see: a) P. T. Corbett, J. Leclaire, L.
Vial, K. R. West, J.-L. Wietor, J. K. M. Sanders, S. Otto, Chem.
Rev. 2006, 106, 3652 – 3711; b) B. de Bruin, P. Hauwert, J. N. H.
Reek, Angew. Chem. 2006, 118, 2726 – 2729; Angew. Chem. Int.
Ed. 2006, 45, 2660 – 2663; c) J. D. Cheeseman, A. D. Corbett,
J. L. Gleason, R. J. Kazlauskas, Chem. Eur. J. 2005, 11, 1708 –
1716; d) M. Crego-Calama, D. N. Reinhoudt, M. G. J. ten Cate,
Top. Curr. Chem. 2005, 249, 285 – 316; e) O. RamstrEm, J.-M.
Lehn, Nat. Rev. Drug Discovery 2002, 1, 26 – 36; f) I. Huc, R.
Nguyen, Comb. Chem. High Throughput Screening 2001, 4, 53 –
74; g) J.-M. Lehn, A. V. Eliseev, Science 2001, 291, 2331 – 2332;
h) B. Klekota, B. L. Miller, Trends Biotechnol. 1999, 17, 205 –
209.

[2] H. L. Le ChGtelier, C. R. Hebd. Seances Acad. Sci. 1884, 99, 786 –
788.

[3] For theoretical considerations, see: a) K. Severin, Chem. Eur. J.
2004, 10, 2565; b) P. T. Corbett, S. Otto, J. K. M. Sanders, Org.
Lett. 2004, 6, 1825.

[4] R. Larsson, Z. Pei, O. RamstrEm, Angew. Chem. 2004, 116,
3802 – 3804; Angew. Chem. Int. Ed. 2004, 43, 3716 – 3718.

[5] R. Larsson, O. RamstrEm, Eur. J. Org. Chem. 2006, 285 – 291.
[6] P. J. Boul, P. Reutenauer, J.-M. Lehn, Org. Lett. 2005, 7, 15 – 18.
[7] R. J. Lins, S. L. Flitsch, N. J. Turner, E. Irving, S. A. Brown,

Tetrahedron 2004, 60, 771 – 780.
[8] R. J. Lins, S. L. Flitsch, N. J. Turner, E. Irving, S. A. Brown,

Angew. Chem. 2002, 114, 3555 – 3557; Angew. Chem. Int. Ed.
2002, 41, 3405 – 3407.

[9] L. Henry, C. R. Hebd. Seances Acad. Sci. 1895, 120, 1265.
[10] C. Palomo, M. Oiarbide, A. Mielgo, Angew. Chem. 2004, 116,

5558 – 5560; Angew. Chem. Int. Ed. 2004, 43, 5442 – 5444.
[11] F. A. Luzzio, Tetrahedron 2001, 57, 915 – 945.
[12] G. Rosini in Comprehensive Organic Synthesis, Vol. 2 (Eds.:

B. M. Trost, I. Fleming, C. H. Heathcock), Pergamon, New York,
1991, pp. 321 – 340.

[13] V. Gotor-Fernandez, R. Brieva, V. Gotor, J. Mol. Catal. B 2006,
40, 111 – 120.

[14] M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Kesseler, R.
Sturmer, T. Zelinski, Angew. Chem. 2004, 116, 806 – 843; Angew.
Chem. Int. Ed. 2004, 43, 788 – 824.

[15] A. Schmid, J. S. Dordick, B. Hauer, A. Kiener, M. Wubbolts, B.
Witholt, Nature 2001, 409, 258 – 268.

[16] A. B. Fransson, Y. Xu, K. Leijondahl, J.-E. BKckvall, J. Org.
Chem. 2006, 71, 6309 – 6316.

[17] J. A. Dale, H. S. Mosher, J. Am. Chem. Soc. 1973, 95, 512 – 519.
[18] P. Seephonkai, M. Isaka, P. Kittakoop, U. Boonudomlap, Y.

Thebtaranonth, J. Antibiot. 2004, 57, 10 – 16.

Zuschriften

968 www.angewandte.de � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2007, 119, 966 –968

http://www.angewandte.de

