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The complex 2 was also synthesized electrolytically. The compound hat-
(CN), was reduced in acetone at —0.3 V (vs. SCE) in a 100 mL electrolysis
cell, in which (nBu,N)PF, was used as the supporting electrolyte. The
resultant green solution was added to a solution of [Cu(CH;CN),]PF, and
dppe in acetone. The product corresponded to that obtained from the direct
mixing of hat-(CN),, [Cu(CH;CN),]PF;, and dppe.
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Noncovalent Assembly of a Fifteen-Component
Hydrogen-Bonded Nanostructure

Katrina A. Jolliffe, Peter Timmerman,*
and David N. Reinhoudt*

The design and synthesis of molecules that contain all the
necessary information to organize themselves spontaneously
into well-defined finite nanostructures provides one of the
most important challenges in supramolecular chemistry.l?
Strong coordinative and much weaker hydrogen bonds are
possible interactions that can drive the assembly process. The
reversible formation of helicates,”* 4 grids,") cages,® ) metal-
lodendrimers,[®! or hydrogen-bonded rosettes, 1% capsules,'!]
spheres,['” dendrimers,['> 4l polymers,'*! and other architec-
tures('® 17 has been realized over the past decade. The major
difficulty in this area is to control the assembly process whilst
increasing the structural complexity of the assembly.['8-20]

We have previously reported the formation of assembly 1;-
(DEB), (DEB = 5,5-diethylbarbituric acid) that is held to-
gether by 36 hydrogen bonds.?!! We are currently investigat-
ing the formation of supramolecular libraries of noncovalent
assemblies,??! with the long-term objective of this work being
to develop self-assembled nanostructures with binding prop-
erties that mimic those of natural antibodies.[?* Therefore, we
have now investigated the assembly of tetramelamine deriv-
atives 2, in which two calix[4]arene units are covalently
connected through a flexible linker X, with four equivalents of
DEB. Variation of the size and chemical nature of the
connector unit X creates chemical diversity in the resulting
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cavities. Guest binding can be optimized in these cavities by
using chemical evolution.?*]

Herein we report the first generation of such noncovalent
assemblies 2;- (DEB),, that consist of 15 different compo-
nents and are held together by 72 hydrogen bonds (Figure 1).
The assemblies were fully characterized by 1D and 2D
'"H NMR spectroscopy and matrix-assisted laser-desorption
time-of-flight (MALDI-TOF) mass spectrometry by using our
recently developed Ag*-labeling technique.!

The syntheses of the tetramelamine derivatives 2 were
completed in ten steps starting from diamine 3. Mono
protection of 3 with fert-butylcarbamate (Boc) gives 4, and
subsequent reaction with cyanuric chloride, NH;, and n-
butylamine gives triazine 5. Removal of the Boc group
followed by another reaction with cyanuric chloride and NH;
affords chlorotriazine 7, which is converted into either 8a or
8b by reaction with mono-Boc protected m-xylylenediamine
(8a) or mono-Boc protected 1,6-hexylenediamine (8b).
Finally, removal of the Boc groups and reaction with an
equimolar amount of 7 gives both tetramelamines 2a and 2b
in overall yields of 26 % and 32 %, respectively.

The tetramelamines 2a and 2b form well-defined assem-
blies 2;- (DEB);, in the presence of four equivalents of DEB
in CDCl,. The '"H NMR titration of both tetramelamines with
DEB proves the 1:4 stoichiometry of the assemblies. At a ratio
of 2:DEB =1:4 all the tetramelamine resonances are absent
and the spectra exclusively exhibit signals for assemblies 2;-
(DEB),, (Figure2). Four singlets of equal intensity are
observed for assembly 2a;-(DEB),, at 6=14.01, 13.83,
13.42, and 12.86, which pairwise represent the C(O)NHC(O)
protons (four different types, total of 24) of the various
“floors” of the assembly (see Figure 1). Two singlets at 6 =

1a R=CH,C4H,
b R = (CH,),CH,

o
H\NJJ\N/H

DEB R'=R’=CH,CH,
EPB R'=CH,CH, R°= CH,

-

1, (DEB)g

"zr X
X<NH

8a R = NHCH,(m-C,H,)CH,NHBoc
8b R = NH(CH,),NHBoc

9a R = NHCH,(m-CgH,)CH,NH,
9b R = NH(CH,);NH,

8.40 and 8.25 correspond to the twelve ArNHAr protons and
resonances at 6 =7.67 and 7.32 correspond to the aliphatic and
benzylic NH protons, respectively. The addition of excess
DEB does not change the 'H NMR spectrum of the assembly,
except for the additional broad signal at 0 ~9 that corre-
sponds to free DEB (Figure 3).

Tetramelamine 2a exhibits a characteristic difference in
assembly behavior compared to bismelamines 1.2°l Whereas
assembly of bismelamines 1 with DEB displays positive
cooperativity, the formation of assembly 2a;- (DEB);, shows
negative cooperativity.’”’ll At a ratio of 2a:DEB < 1:3 the
'H NMR spectrum mainly exhibits broad resonances, which is

BuNH

p

2a X =CH,(m-C4H,)CH,
b X=(CH,)s

<& 4th floor

< 3rd floor

<€ 2nd floor

<€ st floor
2;-(DEB);,

Figure 1. Schematic representation of the aggregates 1;- (DEB);, and 2;- (DEB),.
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14 12 10 8 6 4 2 0
+—
Figure 2. '"H NMR spectra (400 MHz) of assembly 2a;-(DEB),, (a) and
assembly 2b; - (DEB),, (b) in CDCl; at room temperature. @ indicates first
and fourth floor resonances, o indicates second and third floor resonances;
the arrows on the right mark half of the DEB methyl resonances on the
second and third floor.

indicative of the formation of a nondefined assembly (Fig-
ure 3). Only at a ratio of 2a:DEB > 1:3 does the assembly
2a;- (DEB),, start to form. This negative cooperativity leads
to a lower stability of 2a;- (DEB),, than expected from the
melting point index Ir,=HB/(N —1) for hydrogen-bonded
aggregates, where HB =number of particles in the aggre-
gate.”® This index predicts an increased stability for assembly
2a;-(DEB),, (5.1) relative to 1;-(DEB)s (4.5). However,

o(CH,) = 0.08

2a:DEB

14 12 10 8 6 4 2 0
+—

Figure 3. '"H NMR titration of tetramelamine 2a with DEB in CDCl; at
room temperature. The arrow in the upper spectrum marks the resonance
corresponding to the unbound DEB.

experiments in which assembly 2a; - (DEB),, was mixed with
either bismelamine 1a or 1b clearly show that the stability
order is reversed. In both cases only assembly 15+ (DEB); is
formed at the expense of 2a;- (DEB),,. The reduced stability
of 2a;-(DEB),, is most probably related to the inward
curvature of the two rosette planes as observed in the X-ray
crystal structure of assembly 15 - (DEB), (interplanar distance
is 3.2 A in the center and 3.5 A at the outside).”?! Formation of
the second double rosette in assembly 2a;-(DEB);, may
therefore be much less favorable because of incomplete filling
of the space in between the two double rosettes.
Interestingly, both 2a;- (DEB);, and 2b;- (DEB),, assem-
ble stereoselectively in one of the two possible (sss and ses)

1I

Figure 4. Energy-minimized structures (Quanta/CHARMmM 3.3) of the sss (I) and the ses (II) diastereoisomeric forms of 2a;- (DEB);,.
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diastereomeric forms,* 3% as indicated by the presence of one
single set of proton signals for both assemblies. Evidence as to
which of the two diastereomers is formed comes from the
presence of the strongly upfield-shifted resonance at 6 =0.08
(2a;- (DEB),,) or 6=0.25 (2b;- (DEB);,), which represents
half of the methyl groups of DEB (namely, 18 H) that are
located in the two middle floors of the assembly. Gas-phase
MM calculations (Quanta/CHARMmMm 3.3)P! show that in the
sss isomer half of the methyl protons on the second floor point
right into the face of one of the calix[4]arene aromatic rings on
the third floor (Figure 4), which causes the upfield shift. The
same type of interaction is not possible in the corresponding
ses isomer as the same aromatic rings are much more remote.

The hydrogen-bonded nanostructures were also character-
ized by MALDI-TOF mass spectrometry using Ag*-label-
ing.?! 5-Ethyl-5-phenylbarbituric acid (EPB) was used for
this purpose instead of DEB because of the lack of a binding
site for the Ag" ion in the assemblies with DEB. Samples
prepared by mixing assemblies 2a; - (EPB);, and 2b; - (EPB),,
with 1.5 equivalents of AgCF;COO in CHCl; show intense
signals at m/z =8585.2 (calcd for C,eHsuqNoOgo- VAgt=
8583.1) and at m/z=28525.3 (calcd for C,,HssgNosOgp-
107 Ag+=8523.1), respectively, for the corresponding mono-
valent Ag" complexes (Figure 5). Signals corresponding to

a)
8000
Teooo 2aAg .
2a;(EPB),7Ag
I 4000 (8585.2)
2000
0
2000 4000 6000 8000 10000
m/iz———»
8000
b)
6000 .
,2b-Ag
T 4000 2b;(EPB),;Ag’
, (8525.3)
2000
2000 4000 6000 8000 10000
miz —»

Figure 5. MALDI-TOF mass spectra of the Ag* complexes of assembly
2a;- (EPB);, (a) and assembly 2b;- (EPB);, (b). Matrix =2,5-dihydroxy-
benzoic acid.

more highly charged or fragmented Ag-complexed assemblies
were not observed.

Both tetramelamines 2 and bismelamines 1 show a high
degree of self sorting.’?! Mixtures of 2a and 1a, in a ratio of

936 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

1:2, with a slight excess of DEB exclusively show the
formation of the homomeric assemblies 2a;-(DEB),, and
1a;- (DEB). Formation of heteromeric assemblies 2a,-1a,-
(DEB),, and 2a-1a,- (DEB);, are not observed. Similar
results were obtained for tetramelamine 2b. Self sorting has
been observed before in dynamic covalent libraries of macro-
cyclesP? and in metal-coordinated helicates.?? 34

When equal amounts of 2a and 2b were mixed with DEB
the formation of heteromeric assemblies containing both
tetramelamines was observed. This indicates that supramo-
lecular library formation with different tetramelamines is
indeed possible. The second generation of assemblies with
specific binding sites in the connector unit X, such as
metalloporphyrins, is currently under investigation.
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Discovery of Novel Catalysts for Alkene
Epoxidation from Metal-Binding
Combinatorial Libraries**

Matthew B. Francis and Eric N. Jacobsen*

The quest for practical routes to chiral intermediates has
inspired extensive research activity in the field of asymmetric
catalysis, which has resulted in the development of numerous
useful, highly enantioselective reactions. The vast majority of
effective catalysts discovered thus far are metal complexes
bearing specific ligands that direct the outcome of the
catalytic reaction through control of the steric and electronic
properties of the metal center. While progress has been made
in elucidating the nature of these interactions, the identifica-
tion of this finely tuned match between the metal ion and its
coordination environment remains difficult and continues to
limit the pace of reaction discovery.

Research directed toward the development of new systems
for asymmetric catalysis can be divided into two phases. In the
initial lead discovery phase effort is directed toward screening
a wide variety of metal complexes with the goal of identifying
a novel catalyst system for the reaction of interest. This is
typically followed by a lead optimization stage wherein a
highly enantioselective and reactive system is sought through
systematic variation of the ligand components and reaction
conditions. In the latter context, combinatorial chemistry has
already emerged as a powerful tool: useful chiral catalysts
have been obtained through the synthesis and analysis of
parallel libraries of structural analogues based on a previously
identified design motif.!! However, despite the utility of
combinatorial chemistry for the efficient investigation of
systems that involve numerous interrelated variables, the
application of such strategies to catalyst lead discovery
remains underexplored. We reported recently the application
of metal-binding combinatorial libraries to the identification
of coordination complexes.”l Herein we describe the success-
ful elaboration of this strategy to the discovery of novel
catalyst leads for a reaction of synthetic interest, namely the
asymmetric epoxidation of olefins with hydrogen peroxide.

Because of the extreme sensitivity of oxidation systems to
the exact coordination environment around the metal centerl*!
an ideal library design for the discovery of epoxidation
catalysts—and selective catalysts in general—should consist
of the widest possible variety of metal ions bound by an
assortment of ligands, providing diverse coordination envi-
ronments. Our initial approach to such a library design is
depicted in Scheme 1. The general structural motif involves
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