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ABSTRACT

The acid-catalyzed formation of methylene-bridged glycoluril dimers yields the C2v-diastereomer selectively. Product resubmission experiments
establish that the selectivity is the result of thermodynamic control. A modified synthetic route is presented that allows for the preparation
of unsymmetrically substituted dimers. We present the X-ray crystal structures of both diastereomers. This class of compounds is useful for
studies of self-assembly in aqueous solution.

Derivatives of glycoluril (1) have been employed in many
applications including polymer cross-linking, explosives,
stabilization of organic compounds against photodegradation,
textile waste stream purification, and combinatorial chem-
istry.1 The groups of Rebek2 and Nolte3 have pioneered the
use of glycoluril derivatives as building blocks for self-
assembly, molecular recognition, and catalysis in chloroform.
We have become interested in the preparation of self-
complementary facially amphiphilic derivatives of glycoluril
that self-assemble in water.4 Our goal is to use the hydro-
phobic effect to prepare aggregates in watersin a predictable

mannersthat are both tightly associated and geometrically
homogeneous.

We were intrigued by cucurbituril (2),5 which is a
macrocyclic compound composed of six glycoluril rings and
12 methylene bridges. Cucurbituril can be synthesized in one
step by the condensation of1 and formaldehyde in sulfuric
acid. The straightforward synthesis of2 has allowed its

recognition properties toward alkyldiammonium ions in 1:1
formic acid/water (Kd ≈ 1 µM) to be studied6 and used in
supramolecular chemistry.7-9 Two factors have prevented its
more widespread use: (1) a current inability to access
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functionalized derivatives10 and (2) the poor solubility of2
in water. We envisioned that both of these deficiencies could
be alleviated if the extremely harsh conditions (H2SO4, 135-
145°C) used in the synthesis of2 could be adapted to allow
the use of glycoluril derivatives that incorporate hydrophilic
functional groups. This paper describes our investigation of
the synthesis, X-ray crystallographic characterization, and
acid-catalyzed isomerization of nonmacrocyclic methylene-
bridged glycoluril dimers.

As a first step toward the preparation of functionalized
congeners of2, it was necessary to devise methods to prepare
the methylene-bridged glycoluril dimer substructure of2 (in
bold). Scheme 1 shows starting materials3-611 and the
synthesis of7-16. We chose10 as our model substrate to
develop conditions for the preparation of the methylene-
bridged glycoluril dimer substructure for two reasons: (1)
its ethyl ester groups could be readily transformed to water
solubilizing carboxylate (13) or amidoamine (14) substituents
in high-yielding reactions, and (2) the bridging xylylene ring
protected two of the glycoluril nitrogen atoms that reduced
the complexity of the reaction to the formation ofdimers.
After much experimentation, it was discovered that heating
10 under acidic conditions (PTSA) in refluxing dichloro-
ethane for 24 h resulted in the formation ofC2V-17 in 92%
yield (Scheme 2).12 Two equivalents of formaldehyde was

formally extruded in this reaction with the formation of the
methylene bridges. TheC2h-17diastereomer was not present
in the reaction mixture.13 This observation was surprising,

especially since the relative stereochemistry of17 was
determined by the formation of the first covalent bond
between the two equivalents of10. This stereochemical
assignment was based on the observation of two doublets
(6.01 and 4.58 ppm) for the diastereotopic methylene protons
of the central eight membered ring.

The X-ray crystal structure of C-shapedC2V-17, obtained
as the benzene solvate (Figure 1a), confirmed the stereo-
chemical assignment. There were several interesting aspects
of the structure ofC2V-17. First, C2V-17 was facially am-
phiphilic since all four ethyl ester groups are displayed on a
single face of the molecule. Second,C2V-17 crystallized in a
conformation where the two phenyl walls defined a hydro-
phobic cleft. Third, the distance between the centers of the
substituted phenyl rings measured 7.4 Å; this distance is
suitable for the complexation of an aromatic ring.3,14

Scheme 2 presents the results of several dimerization
reactions that were performed. Compounds13-15 were
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prepared to assess the influence of the substituents on the
convex face of the molecule on the dimerization reaction
(Scheme 1). Compounds13 and 14 dimerized smoothly,
giving C2V-20 and C2V-2115 in high yield. The attempted
dimerization of15, the diphenyl analogue of10, produced a
complex reaction mixture that did not containC2V-22.16 We
do not currently understand the origin of this dramatic
difference in product distribution; electronic differences
should be minor because the quaternary carbon atom is
present and steric differences between the ester and phenyl
substituents are not apparent. Compounds11 and12 were
prepared to determine the effect of substituents on the
bridging xylylene ring. Compound11 smoothly dimerized
under the reaction conditions to yieldC2V-18 in 93% yield.
In contrast, isomeric12 gave a complex reaction mixture
that did not containC2V-19.16

The highly diastereoselective formation of theC2V-stereo-
isomers was intriguing; this diastereoselectivity must be due
to either kinetic or thermodynamic preferences. Since the
transformation of11 to 18 was a condensation reaction, we
performed the reaction under wet conditions to attempt to
isolate kinetic products along the pathway toC2V-18. Scheme
3 shows the transformation of11 into C2V-18 andC2h-18 at

partial conversion. The structure ofC2h-18was apparent from
its 1H NMR spectrum that showed a singlet (5.04 ppm) for
the four equivalent protons on the two methylene bridges of
the central eight-membered ring. To prove the hypothesis
that the high diastereoselectivity observed in these reactions
was due to thermodynamic rather than kinetic factors a
product resubmission experiment was performed (Scheme
3). When C2h-18 was heated at reflux in dichloroethane
containing PTSA, the complete disappearance ofC2h-18was
observed with concomitant formation ofC2V-18; we were
able to isolateC2V-18 in 80% yield.

The crystal structure ofC2h-18 was solved to provide
structural details for theC2h-symmetric dimers. Figure 1b
shows the structure of one of the four independent molecules
in the unit cell of crystals of18. Unlike C2V-17, C2h-18 has
two ethoxycarbonyl groups on one face of the molecule and
two on the opposite face. In contrast to the time-averaged
C2h-symmetry deduced from its1H NMR spectrum,18 did
not crystallize in a conformation where the protons on the
methylene bridges were symmetry equivalent.17 This obser-
vation implies that the central eight membered ring undergoes
fast conformational changes that result inC2h-symmetry on
the NMR time scale.

To expand the scope and utility of this dimerization
reaction, two alternative methods were explored. Scheme 4

shows the reaction of7-9 with PTSA and 1.5 equiv of
(CH2O)n in dichloroethane at reflux. When7 and 8 were
used as starting materialsC2V-17 andC2V-18 were isolated
in excellent yields. When9 was used as substrate, however,
C2V-19was not produced. For the cases where it is applicable,
this synthetic method (Scheme 4) is more expedient than
that described in Scheme 2 since the preparation of cyclic
ethers10 and11 is avoided.

The synthetic methods described in Schemes 2 and 4 did
not provide access to eitherC2V-19 or C2V-22. Even though
the direct dimerization of9 (Scheme 4) and12 (Scheme 2)
both failed we hypothesized that the reaction of9 and 12
might be successful (Scheme 5). Indeed, we were able to

(15) The product of this reaction is not the expected tetraamide but rather
the depicted diimide.

(16) The effect of substituents on the bridging xylylene rings and the
nature of the solubilizing groups on the convex face of the molecule clearly
have a dramatic effect on the dimerization reaction. We have conducted
many experiments designed to address this issue but have not yet achieved
a complete understanding of the scope and limitations of this reaction. We
will report the results of our investigations in a full paper on this subject.

(17) This molecule can exist in eight distinctCs-symmetric conformations
that, when undergoing rapid interconversion, result in time averagedC2h-
symmetry.

Figure 1. Crystal structures of (a) C-shaped17‚(C6H6)2 and (b)
S-shaped18with 30% probability ellipsoids. The solvating benzene
rings that partially fill the cleft of17have been removed for clarity.

Scheme 4

Scheme 3
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isolateC2V-19although the yield was comparably low (56%).
The ability to use two different glycoluril derivatives in the
dimerization reaction suggested that it might be possible to
perform a selectiveheterodimerizationreaction. To demon-
strate this possibility, 1 equiv of8 and 1 equiv of cyclic
ether10 were allowed to react (Scheme 5). This reaction
yielded the desired C-shaped heterodimerCs-23cas the major
product along with smaller quantities of the S-shaped
heterodimerCs-23sand the homodimersC2V-17 andC2V-18.

This result demonstrates the feasibility of selective het-
erodimerization reactions albeit with the competitive forma-
tion of the alternative homodimers.

Three related mild methods for the preparation of meth-
ylene-bridged glycoluril dimers were described. The reaction
scope appears to be limited to the most useful substrates,
namely those bearing carboxylic acid, ester, and amidoamine
substituents. The more commonly employed diphenyl glycol-
uril derivatives are poor substrates. TheC2V-diastereomers
are thermodynamically more stable than theC2h-diastereo-
mers. This observation provides an explanation for the high
yield (82%) obtained in the formation of cucurbituril (2) and
bodes well for the use of these reactions to create congeners
of cucurbituril and related macrocyclic compounds under
thermodynamically controlled conditions. Future papers will
describe the successful use of this reaction in those applica-
tions as well as the self-association properties of the water-
soluble self-complementary facial amphiphiles derived from
C2V-17-C2V-19.
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