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Libraries of hydrogen-bonded assemblies formed by mixing
the individual components under thermodynamically con-
trolled conditions are characterized by 'H NMR spectros-
copy and Ag+ assisted MALDI-TOF mass spectrometry.

The combinatorial strategy to create structura diversity has
revolutionized the field of chemistry over the past decade.!
Instead of synthesizing a single molecule, combinatorial
chemistry allowsthe simultaneous synthesis of large libraries of
structurally well-defined molecules.2 For this purpose combina-
torial methodologies have been developed for a variety of
synthetic transformations (e.g. peptide,3 oligonucleotide,4 het-
erocycle and carbohydrate® synthesis) either on solid sup-
ports”8 or in solution.®10 Recently, libraries of synthetic
receptor molecules, e.g. for sequence-sel ective peptide binding,
were reported using a similar combinatoria strategy.11.12

Libraries of organic molecules are prepared by statistical
combination of reactive molecular fragments via the irrevers-
ible formation of covalent bonds. In principle, one could aso
use non-covaent interactions, like hydrogen bonding, to build
inareversible way libraries of assemblies of small complemen-
tary molecules. Non-covalent synthesisis avaluable aternative
to the classical covalent synthesis of complex supramolecular
systems.13 Recently, Lehn,4 Sanders'> and others'é reported
libraries that were obtained via reversible formation of covalent
(imines, esters) or coordinative (Zn- or Fe-complexes) bonds
under conditions of thermodynamic equilibrium.

Here we describe the first example of a non-covalent
synthesis of combinatorial libraries of hydrogen bonded
assemblies under thermodynamically controlled conditions. N
different assemblies[1x]z (x = a,b,c, . . .,N; Fig. 1) were mixed
in solution under conditions that allow the reversible exchange
of the components 1x to give M heteromeric assemblies in
addition to the N homomeric assemblies (see Fig. 2). The tota
number of assemblies P (i.e. N + M) present in such a library
rapidly increases with increasing N [egn. (1)].

P = N+N(N—1)+[N(N—1)(N—2)]/6 1)

For the smallest possible library (N = 2, P = 4) we have
studied the combination of calix[4]arene bismelamines 1a,b
with 5,5-diethyl barbiturate. The individual homomeric assem-
blies [1a]z and [1b]s form spontaneously in apolar solvents by
mixing 3 equiv. of la (or 1b) with 6 equiv. of 55-diethyl
barbiturate and are stable down to submillimolar concentra-
tions.27 The assembly process is driven by the formation of 36
cooperative hydrogen bonds, resulting in significant downfield
shifts for the various NH protons [Fig. 3(a) and (b)].

Mixing of 5 mm solutions of [1a]z and [1b]s at O °C (ratio
2:1) in [2Hg]toluene gave only a mixture of the two separate
homomeric assemblies[Fig. 3(c)]. Exchange of the components
laand 1b between the two assembliesis extremely slow at this
temperature and, as a consequence, formation of the hetero-
meric assemblies [1a],[1b] and [1a][1b]. is not observed.f

Only a =15 °C do the heteromeric assemblies start to form
slowly. This reflects the relatively high kinetic stability of the
separate assemblies in this apolar solvent. After 2.5 h at 25 °C
the system has reached the thermodynamic equilibrium
[Fig. 3(d)]. In the more polar solvent CDCl;3 the exchange of
components 1la and 1b is much faster. The [1a]; and [1b]s
mixture equilibrates within seconds at 25 °C. Only below
—50 °C are the homomeric assemblies [1a]; and [1b]s kinet-
ically inert.

The low-field region of the tH NMR spectrum is particularly
diagnostic as it exclusively displays the hydrogen bonded
NHparn protons (6 13-15) and NHyom protons (6 8-9). The
[2Hg]toluene *H NMR spectrum of the four component library
shows 12 of the 16 NHy4p, proton signals as separate peaks and
7 of the 8 NH4om proton signals [Fig. 3(d)]. The four different
assemblies were identified by means of 2D NOESY, ROESY,
COSY and TOCSY analysis.§ The relative concentration of the
four different assemblies in the mixture was subsequently
determined as 1.0 ([1a]s) : 3.0 ([1a],[1b]): 3.0 ([1a][1b]2): 1.0
([1b]s) (£10%), in agreement with the statistical distribution of
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Fig. 1 Schematic representation of hydrogen bonded assemblies[1]z and[2]3
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Fig. 2 Non-covalent synthesis of library of assemblies [1a]s, [1a]2[1b],
[1a][1b],, and [1b]s; experimentally determined ratio is given with
statistical ratio in parentheses
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Fig. 3Low field regions of the tH NMR spectra of (a) homomeric assembly
[1a]s; (b) homomeric assembly [1b]s; (c) 2:1 mixture of homomeric
assemblies [1a]; (M) and [1b]3 (O) at 0 °C; (d) library of assemblies[1a]3
(m), [1a],[1b] (O), [1a][1b]2 (A), [1b]s (O) 2.5 h after mixing homomeric
assemblies [1a]3 and [1b]3 at 25 °C (ratio 6: 4). All spectra were recorded
at 400 MHz in [2Hg]toluene.

components la and 1b over the various assemblies. Un-
fortunately, the CDCl3 spectrum displayed insufficient resolu-
tion to determine the relative composition of the mixture.
Characterization of the library was also performed by mass
spectrometry using Ag* assisted MALDI-TOF M Stechnique.18
For this purpose we studied the assemblies [2a]; and [2b]s,
which contain cyano substituentsto coordinateto the Ag* labels
(Fig. 1). Individual solutions of the assemblies, pretreated with
1.5-2.0 equiv. of CF3CO,Ag in CHCI; for at least 24 h, give
intense signals in the MALDI-TOF spectra at m/z 4348.1 (calc.
for CuzoHosNe0O30-197Agt: 4347.9) and 4620.4 (calc. for
CoxoH2a6Nes042-107AgH: 4618.8), respectively, for the mono-
valent Ag* complexes. As expected the MALDI-TOF spectrum
of a mixture of the CFzCO,Ag pretreated CHCl3 solutions (5
mMm each) of assemblies [2a]; and [2b]; clearly shows two
additional signals for both the monovalent Ag* complexes of
the heteromeric assemblies [2a],[2b] and [2a][2b], a m/z
4438.3 (Cal c. for C222H250N52034'107Ag+: 44379) and 4527.7
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(calc. for CoooH24gNesOzg-107Agt: 4528.9), respectively.|
Especially for the characterization of libraries with more
components, mass spectrometry will be an important tool.

Thereversiblelibrary concept presented here canin principle
be extended to libraries of any desirable size. For example, by
mixing 10 different assemblies [1x]; a library of 220 different
hydrogen-bonded assemblies is created. Subsequently, the
information in the different assemblies can be stored by a
cova ent post-modification step, e.g. viaametathesis reaction.19
Covalent post-modification of hydrogen-bonded assemblies is
currently under active investigation in our group.

Notes and References
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F Two different types of kinetic processes characterize the hydrogen bonded
assemblies, i.e. (i) exchange of 5,5-diethyl barbiturate and (ii) exchange of
components 1. The rate constant for the former process is in the order of
0.5-3.0stin[2Hg]tolueneat 303 K asdetermined by 2D EXSY NMR. The
latter process is much slower and can only be measured at the ‘laboratory
timescale’.

§ The chemical shifts of the NH protons are strongly influenced (A Smax =
0.15) by the starting concentrations of 1a and 1b.

1 The peak intensity of assembly [2b]3 in the MALDI-TOF spectrum of the
mixture is significantly lower than that for assembly [2a]; most probably
due to the strongly decreased affinity of this assembly for Ag* ions as a
result of the electron-withdrawing effect of the six NO, groups. Evidence
comes from the low mass region of the spectrum, which exclusively
displays a signal for the [2a]-107Ag+ complex and not the [2b]-107Ag*
complex even when [2b] is present in four-fold excess.

1 L. C. Hsieh-Wilson, X.-D. Xiang and P. G. Schultz, Acc. Chem. Res.,
1996, 29, 164.

2 For recent reviews, see Combinatorial Chemistry, Chem. Rev., 1997, 97,

(specid issue); S. H. DeWitt and A. W. Czarnik, Acc. Chem. Res., 1996,

29, 114; F. Balkenhohl, Von dem Bussche-Hunnefeld, A. Lansky and C.

Zechel, Angew. Chem., 1996, 108, 2436; L. A. Thompson and J. A.

Ellman, Chem. Rev., 1996, 96, 555.

A. Borchardt and W. C. Still, J. Am. Chem. Soc., 1994, 116, 373.

D. P. Bartel and J. W. Szostak, Science, 1993, 261, 1411.

B. A. Buninand J. A. Ellman, J. Am. Chem. Soc., 1992, 114, 10 977.

R. Liang, L. Yan, J. Loebach, M. Ge, Y. Uozomi, K. Sekanina, N.

Horan, J. Gildersleeve, C. Thompson, A. Smith, K. Biswas, W. C. Still

and D. Kahne, Science, 1996, 274, 1520.

R. B. Merrifield, J. Am. Chem. Soc., 1963, 85, 2149.

P. P. Hermkens, H. C. J. Ottenheijm and D. Rees, Tetrahedron, 1996,

52, 4527.

9 D.L.Boger, C.M. Tarby, P.L. Myersand L. H. Caporale, J. Am. Chem.
Soc., 1996, 118, 2109 and references cited therein.

10 D. P. Curran and S. Hadida, J. Am. Chem. Soc., 1996, 118, 2531.

11 R.Boyce, G. Li, H. P. Nestler, T. Suenagaand W. C. Still, J. Am. Chem.
Soc., 1994, 116, 7955; Y. Cheng, T. Suenaga and W. C. Still, J. Am.
Chem. Soc., 1996, 118, 1813; M. T. Burger and W. C. Still, J. Org.
Chem., 1995, 60, 7382.

12 M. Scott Goodman, V. Jubian, B. Linton and A. D. Hamilton, J. Am.
Chem. Soc., 1995, 117, 11 610.

13 G. M. Whitesides, E. E. Simanek, J. P. Mathias, C. T. Seto, D. N. Chin,
M. Mammen and D. M. Gordon, Acc. Chem. Res., 1995, 28, 37.

14 1. Huc and J-M. Lehn, Proc. Natl. Acad. Sci. USA, 1997, 94, 2106.

15 S. J. Rowan and J. K. M. Sanders, Chem. Commun., 1997, 1407; S. J.
Rowan, P. A. Brady and J. K. M. Sanders, J. Am. Chem. Soc., 1997, 119,
2578; S. J. Rowan, P. A. Brady and J. K. M. Sanders, Angew. Chem,, Int.
Ed. Engl., 1996, 35, 2143.

16 S. Sekai, Y. Shigemasa and T. Sasaki, Tetrahedron Lett., 1997, 38,
8145; B. Klekota, M. H. Hammond and B. L. Miller, Tetrahedron Lett.,
1997, 38, 8639.

17 P. Timmerman, R. H. Vreekamp, H. Hulst, W. Verboom, D. N.
Reinhoudt, K. Rissanen, K. A. Udachin and J. Ripmeester, Chem. Eur.
J., 1997, 3, 1823; R. H. Vreekamp, H. Hubert, J. P. M. Van Duynhoven,
W. Verboom and D. N. Reinhoudt, Angew. Chem., Int. Ed. Engl., 1996,
35, 1215.

18 K. A. Jolliffe, M. Crego Caama, R. Fokkens, N. M. M. Nibbering, P.
Timmerman and D. N. Reinhoudt, Angew. Chem., in the press.

19 J-L. Weidmann, P. Timmerman and D. N. Reinhoudt, unpublished
results.

ogbhw

[eclN]

Received in Liverpool, UK, 4th February 1998; 8/01028E



