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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 involves the association in water between molecules with
force in a variety of molecular recognition processes includ- 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
past decade has witnessed the increasingly sophisticated usaggregates in a predictable manner. We report that facially
of hydrogen bondsg—x interactions, and metaligand
interactions to form highly structured aggregaté3espite
these advances, the use of the hydrophobic effect as a driving,,

ing the folding of proteins into their native states, protein
protein interactions, and the formation of lipid bilayéEhe

amphiphilic methylene bridged glycoluril dimetsiand2a

force in the self-association of nonnatural molecules into M.; Lynch, V.J. Am. Chem. S0d987,109, 1865—1867. (b) Zimmerman,

tightly associated aggregates that are well defined in terms
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Nolte has pioneered the use of glycoluril-based molecular o N
clips in molecular recognition, self-assembly, and catafysis. ! \g/ 1a 1e O 3a, 3¢
They have observed dimerization of molecular clips in the o o P
solid state>f thin lamellar films3forganic solvent&*9and 0 N
in aqueous solutiof' We recently described a method for R N} {N RR N} {N R a:R=CO,H
the synthesis of methylene bridged glycoluril dimers exem- N NN N e: R = COzEt
plified by 1eand2e’ On the basis of the precedent of Nélte 0 T e ze & o

we hypothesized that facially amphiphflicompoundsla
and2athat bear strictly hydrophilic carboxylate solubilizing
groups on their convex face and whose concave face is
defined by two roughly parallel aromatic rings might display

. . L .o . HOLG, hydrophobic
interesting self-association behavior in wetdrhis model z N/;‘i\éqggﬂa outside —_/ R
. . . 3 .
system combines four features that makes it well suited for po,c iﬁ‘o / inside ﬁ R
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systematic physical organic studies of hydrophobic self- N
assembly in water: (1) strong self-association, which is (2) Q o R
hydrophobically driven, yielding (3) discrete dimers that (4) Hozo/g'}No ocH FR
display slow exchange processes that can allow for structural Nb@om3

. . 3 4. R
elucidation of the aggregates. HOLC hydrophilic

(5) () Reek, J. N. H.; Rowan, A. E.; de Gelder, R.; Beurskens, P. T.; Figure 1. Three-dimensional shape dfa and a schematic
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Am. Chem. Socl 978,100, 4921—-4922. immerman, S. C.; VanzZyl, 1 oo : Lo
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Top. Curr. Chem1993, 165, 7+102. (d) Harmata, M.; Barnes, C. L.;  (0.2-50 mM), which lacks a well-defined hydrophobic cleft,
Karra, S. R.; Elahmad, S. Am. Chem. S0d.994,116, 8392—8393. (e) _ inati
Maitra, U.; Potluri, V. K.J. Org. Chem2000,65, 7764—7769. (f) Brown, undergoes \Ce1r>/lzweak self as_somatlon at roo_m temperature
S. P.; Schaller, T.; Seelbach, U. P.; Koziol, F.; Ochsenfeld, C.; Klamer, (Ka < 5 M™).** To unambiguously establish that the

F.-G.; Spiess, H. WAngew. Chem., Int. EQ001, 40, 717-720. (g) Pardo, dimerization process was driven by the hydrophobic effect,
C.; Sesmilo, E.; Gutiérrez-Puebla, E.; Monge, A.; Elguero, J.; Fruchier, A.

J. Org. Chem2001,66, 1607—1611. we determined the change in heat capaci®y{) for the
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Lett. 2000,2, 755-758. 288 to 328 K (Figure 2) and calculating the slope of a plot
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Longley, C. B.; Bruker, K.; Axelrod, H. R.; Midha, S.; Babu, S.; Kahne, D. . . h hobicall . Py
Proc. Natl. Acad. Sci. U.S.A996,93, 1585—1590. (c) McQuade, D. T.;  formation oflaelais a hydrophobically driven evefit.

Barrett, D. G.; Desper, J. M.; l(-ldé;yashi, R. K.; Gellman, SJHAm. Chem. In studies of self-association it can be challenging to
S0c.1995,117, 4862—4869. Janout, V.; Lanier, M.; Regen, SJL. ; ; ot

Am. Chern. S04.997,119, 640647 (e) Janout, V.. Zhang, L-H.: Staina, Unambiguously establish the degree of association. For
I. V.; Di Giorgio, C.; Regen, S. LJ. Am. Chem. So2001,123, 5401—
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2000,122, 3252-3253. (j) Taotafa, U.; McMullin, D. B.; Lee, S. C.; Hansen, (12) We would have preferred to use the S-shaped diasteréaiga
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s chromatography (GPC), and electrospray mass spectrometry

(ES-MS) measurements. The molality of solutiondatind

4 2awere about half of the prepared concentrations, suggesting
2 o |-TAS that 1a and 2a exist exclusively as the dimerkaela and
0- ° 2ae2a. In contrast, VPO showed thaa, which lacks a
T oo hydrophobic cleft, is monomeric in water. The ES-MS
g spectrum of2a showed the presence dde2a— H]~ and
s 47 [2a— H]~; peaks corresponding to singly or multiply charged
£ -6 AG ions of higher order aggregates were not observed. GPC
-8 AH measurements performed willaelaand 2as2a (4.1 mM)
10 ‘ | ' gave estimated molecular weights of 1605 and 1465,
280 290 300 310 320 330 respectively. Chromatograms recorded at lower concentra-
Temperature (K) tions (41uM) showed longer migration times and significant

e 5 A blot of the ITC derived th g ) peak tailing that indicated thataela and 2ae2a are in
ijgure 2. plot of the erived thermodynamic parameters HHN% H i
for the formation oflaslaversus temperaturé\H (O). AG (V). equilibrium with 1a and 2a on the time scale of the GPC

~TAS(0). measurement. The combined inference of these four tech-
nigues provides a validation of our design hypothesis and
indicates thatla and 2a undergo discrete self-association

example IH NMR dilution experiments performed witha processes to yield dimers.

at 55 °C in water fit well to both 2-fold and 3-fold self- Hydrogen bonds and metaligand interactions are ex-
association equilibrium models. To differentiate between tremely useful in self-assembly studies because they are
these possibilities and provide strong evidence that strong and have well-defined directional preferences. Our
undergoes controlled self-association to yield a discrete goal is to determine similar directional preferences governing
dimeric assembly in water, we turned to analytical ultracen- the self-association ofa and derivatives. Figure 4 shows
trifugation (AUC). Sedimentation equilibrium measurements

allowed a determination of the molecular weightict-1a || A

(Figure 3) under solution-based equilibrium conditiétishe

a)
o)
[&]
c
@
2
8 T T T T T T T T T
g 7 8 5 4 3 ppm
a Figure 4. ™H NMR spectrum ofLa (500 MHz, 5 mM, QO buffer)
b) 0.01 E,DSGD G - at 324 K (top) and 294 K (bottom). The resonance markexig
1 B5eod o0 m gl g@ﬁuﬂ 5 due to incomplete suppression of residual HOD.
0 %&uﬁﬁ%ﬁﬁ%@% ESP%;’D@D@ 2 ¥ f
-0.01 o ° e
e the *H NMR spectrum obtained fotaelaat 324 and 294
6.75 6.85 6.95 7.05 7.15 K. As the temperature is decreased from 324 to 294 K, the

Radius (cm) time-average,, symmetry observed at higher temperature
is reduced and two resonances are observed for the methox
Figure 3. (a) A plot of absorbance) versus radius obtained for y

laat sedimentation equilibrium. The best fit of the data to a model (Ha) gnd aromatic protons @i We suggest that coalescence
comprising a single homogeneous species is overlaid (—). Condi- 8t higher temperatures results from an exchange process
tions: [1a]= 400uM; 55,000 rpm;L = 259 nm. (b) A plot of the between protons on the inside of the aggregatgdHd H, ),
residuals (0) versus radius for the data shown in part a. which are upfield shifted as a result of the anisotropic effect
of two aromatic rings, with those on the outside, tdnd

Hp o). Although we are currently unable to determine the
data fit well to a model comprising a single species with a precise structural details ofaela because of exchange
molecular weight of 1915 115 (calcd MW (as18) = 1616) processes that are in the intermediate exchange regime on

with random residual® We also performed the more the NMR time scale, we believe that structural modifications
standard vapor pressure osmometry (VPO), gel permeation

(15) We determined the density of the buffer (100 mM phosphate

(14) (a) Schubert, D.; Tziatzios, C.; Schuck, P.; Schubert, \CH&m. buffered DO, pD= 7.4,p = 1.1155 g mL?Y) and the partial specific volume
Eur. J.1999,5, 1377—1383. (b) Laue, T. Mlethods EnzymolL995,259, for 1a (v = 0.6137 mL g1) by making high precision density measurements
427—-452. on solutions ofla ([1a] = 0—10 mg mL?).
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will slow the exchange processes and allow structural applicable to other hydrophobically driven self-assembly
determinations of related dimeric aggregates. processes.
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