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ABSTRACT

Facially amphiphilic derivatives of methylene bridged glycoluril dimers are a versatile model system for systematic studies of self-assembly
in water. Thorough physical organic characterization, including analytical ultracentrifugation, a technique rarely used in synthetic self-assembly
studies, allows us to conclude that this class of molecules undergoes hydrophobically driven self-association to yield tightly associated
discrete dimeric assemblies.

The hydrophobic effect is widely regarded as a major driving
force in a variety of molecular recognition processes includ-
ing the folding of proteins into their native states, protein-
protein interactions, and the formation of lipid bilayers.1 The
past decade has witnessed the increasingly sophisticated use
of hydrogen bonds,π-π interactions, and metal-ligand
interactions to form highly structured aggregates.2 Despite
these advances, the use of the hydrophobic effect as a driving
force in the self-association of nonnatural molecules into
tightly associated aggregates that are well defined in terms
of structure and degree of association remains a challenge.3,4

The reason is simple: the hydrophobic effect typically

involves the association in water between molecules with
large apolar regions. These molecules do not typically have
structural features that lend themselves to forming directional,
specific intermolecular contacts that lead to stable structured
aggregates in a predictable manner. We report that facially
amphiphilic methylene bridged glycoluril dimers1a and2a
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form tightly associated, discrete dimeric aggregates1a•1a
and2a•2a in water by hydrophobically driven self-associa-
tion.

Nolte has pioneered the use of glycoluril-based molecular
clips in molecular recognition, self-assembly, and catalysis.3e,5,6

They have observed dimerization of molecular clips in the
solid state,5a-f thin lamellar films,5e,f organic solvents,5c,f,g and
in aqueous solution.5h,i We recently described a method for
the synthesis of methylene bridged glycoluril dimers exem-
plified by 1eand2e.7 On the basis of the precedent of Nolte5

we hypothesized that facially amphiphilic8 compounds1a
and2a that bear strictly hydrophilic carboxylate solubilizing
groups on their convex face and whose concave face is
defined by two roughly parallel aromatic rings might display
interesting self-association behavior in water.9 This model
system combines four features that makes it well suited for
systematic physical organic studies of hydrophobic self-
assembly in water: (1) strong self-association, which is (2)
hydrophobically driven, yielding (3) discrete dimers that (4)
display slow exchange processes that can allow for structural
elucidation of the aggregates.

Compounds1a-3a were prepared by the alkaline hy-
drolysis of the corresponding ethyl ester derivatives1e-
3e.7 We used isothermal titration calorimetry (ITC) dilution
experiments10 to measure association constants and thermo-
dynamic parameters for the formation of1a•1aand2a•2a.
Aggregates1a•1aand2a•2aare tightly associated at 298 K
(100 mM sodium phosphate buffered D2O, pD 7.4), and their
formation is enthalpically and entropically driven (1a•1a,
Kd ) 39 µM, ∆H ) -3.5 kcal mol-1, ∆G ) -6.0 kcal
mol-1, ∆S) 8.5 eu;2a•2a,Kd ) 24 µM, ∆H ) -4.75 kcal
mol-1, ∆G ) -6.3 kcal mol-1, ∆S ) 5.2 eu).11 In contrast
to 1a and2a, 1H NMR dilution experiments indicate that3a
(0.2-50 mM), which lacks a well-defined hydrophobic cleft,
undergoes very weak self-association at room temperature
(Ka < 5 M-1).12 To unambiguously establish that the
dimerization process was driven by the hydrophobic effect,
we determined the change in heat capacity (∆Cp) for the
formation of1a•1aby performing ITC measurements from
288 to 328 K (Figure 2) and calculating the slope of a plot
of ∆H versusT. The observed negative value of∆Cp (∆Cp

) -185 ( 6 cal mol-1 K-1) allows us to conclude that the
formation of1a•1a is a hydrophobically driven event.13

In studies of self-association it can be challenging to
unambiguously establish the degree of association. For
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Figure 1. Three-dimensional shape of1a and a schematic
illustration of1a•1athat highlights the reduction in symmetry that
results upon dimerization.
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example,1H NMR dilution experiments performed with1a
at 55 °C in water fit well to both 2-fold and 3-fold self-
association equilibrium models. To differentiate between
these possibilities and provide strong evidence that1a
undergoes controlled self-association to yield a discrete
dimeric assembly in water, we turned to analytical ultracen-
trifugation (AUC). Sedimentation equilibrium measurements
allowed a determination of the molecular weight of1a•1a
(Figure 3) under solution-based equilibrium conditions.14 The

data fit well to a model comprising a single species with a
molecular weight of 1915( 115 (calcd MW (1a•1a) ) 1616)
with random residuals.15 We also performed the more
standard vapor pressure osmometry (VPO), gel permeation

chromatography (GPC), and electrospray mass spectrometry
(ES-MS) measurements. The molality of solutions of1aand
2awere about half of the prepared concentrations, suggesting
that 1a and 2a exist exclusively as the dimers1a•1a and
2a•2a. In contrast, VPO showed that3a, which lacks a
hydrophobic cleft, is monomeric in water. The ES-MS
spectrum of2a showed the presence of [2a•2a- H]- and
[2a- H]-; peaks corresponding to singly or multiply charged
ions of higher order aggregates were not observed. GPC
measurements performed with1a•1a and 2a•2a (4.1 mM)
gave estimated molecular weights of 1605 and 1465,
respectively. Chromatograms recorded at lower concentra-
tions (41µM) showed longer migration times and significant
peak tailing that indicated that1a•1a and 2a•2a are in
equilibrium with 1a and 2a on the time scale of the GPC
measurement. The combined inference of these four tech-
niques provides a validation of our design hypothesis and
indicates that1a and 2a undergo discrete self-association
processes to yield dimers.

Hydrogen bonds and metal-ligand interactions are ex-
tremely useful in self-assembly studies because they are
strong and have well-defined directional preferences. Our
goal is to determine similar directional preferences governing
the self-association of1a and derivatives. Figure 4 shows

the 1H NMR spectrum obtained for1a•1a at 324 and 294
K. As the temperature is decreased from 324 to 294 K, the
time-averagedC2V symmetry observed at higher temperature
is reduced and two resonances are observed for the methoxy
(Ha) and aromatic protons (Hb). We suggest that coalescence
at higher temperatures results from an exchange process
between protons on the inside of the aggregate (Ha,i and Hb,i),
which are upfield shifted as a result of the anisotropic effect
of two aromatic rings, with those on the outside (Ha,o and
Hb,o). Although we are currently unable to determine the
precise structural details of1a•1a because of exchange
processes that are in the intermediate exchange regime on
the NMR time scale, we believe that structural modifications
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(15) We determined the density of the buffer (100 mM phosphate
buffered D2O, pD) 7.4,F ) 1.1155 g mL-1) and the partial specific volume
for 1a (νj ) 0.6137 mL g-1) by making high precision density measurements
on solutions of1a ([1a] ) 0-10 mg mL-1).

Figure 2. A plot of the ITC derived thermodynamic parameters
for the formation of1a•1aversus temperature.∆H (O), ∆G (∇),
-T∆S ()).

Figure 3. (a) A plot of absorbance (O) versus radius obtained for
1aat sedimentation equilibrium. The best fit of the data to a model
comprising a single homogeneous species is overlaid (s). Condi-
tions: [1a]) 400µM; 55,000 rpm;λ ) 259 nm. (b) A plot of the
residuals (0) versus radius for the data shown in part a.

Figure 4. 1H NMR spectrum of1a (500 MHz, 5 mM, D2O buffer)
at 324 K (top) and 294 K (bottom). The resonance marked (×) is
due to incomplete suppression of residual HOD.

Org. Lett., Vol. 3, No. 20, 2001 3223



will slow the exchange processes and allow structural
determinations of related dimeric aggregates.

We have presented facially amphiphilic derivatives of
methylene bridged glycoluril dimers as a model system to
study self-assembly in aqueous solution. This model system
combines several advantageous features, namely, hydropho-
bically driven self-association to form tightly associated,
discrete dimeric assemblies in water and sufficiently slow
dynamic exchange processes that should allow for structural
elucidation. We are currently studying facial amphiphiles
bearing different functional groups and substitution patterns
on their aromatic rings with the goal of determining the
structural details and thermodynamic parameters for a series
of related dimeric aggregates. By identifying trends in the
structural and thermodynamic properties of this series of
aggregates we plan to deduce some of the rules governing
their self-association, which hopefully will be broadly

applicable to other hydrophobically driven self-assembly
processes.
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