cules in subsequent layers are rotated by
180° with respect to each other. This leads
to an efficient packing of the molecules.
The dipole moment of ReF, is small (17),
and antiferroelectric ordering is likely to
play only a minor role.
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Encapsulation of Methane and Other Small
Molecules in a Self-Assembling Superstructure

N. Branda, R. Wyler, J. Rebek Jr.

Physical inclusion of small molecules in larger structural lattices is well known in the crys-
talline state and is a common feature of the chemistry of zeolites. In the liquid state, a variety
of synthetic macrocyclic molecules are available to complex and contain smaller guest
species. An alternative strategy for binding is explored: assembly of cavity-forming structures
from smaller subunits. Encapsulation of small guest molecules such as methane can be
achieved with a synthetic structure that assembles reversibly through hydrogen bonding.

Studies of molecular recognition phenom-
ena have led to increasingly sophisticated
compounds—cryptands (1), cryptophanes
(2), and carcerands (3)—for binding ions
and small molecules. These covalently
bound structures feature macrocyclic
shapes with openings of various sizes that
permit entrance and exit of the guest. Free
and complexed species are separated by
energy barriers related to the ease of pas-
sage of the guest through the openings.
Reversible assembly of the host around the
guest is a frequent lesson taught by biolog-
ical chemistry; weak intermolecular forces
are used and viral capsids are the paradigm
example. The economic appeal of using
multiple copies of a single, self-comple-
mentary structure for guest inclusion led us
to explore this means for binding small
molecules.

We recently introduced the structure 1
(Fig. 1) and gave evidence of its self-
association into a dimeric assembly in

Department of Chemistry, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA.

solution (4). The molecule is prepared in a
single operation from commonly available
materials and is easily isolated. The struc-
ture features an array of hydrogen bonding
sites along its periphery and a skeletal
curvature that positions these sites in a
self-complementary manner. The dimer is
held together by eight hydrogen bonds
along the seam of a roughly spherical
structure that resembles a tennis ball.
The inner dimensions, as defined by
molecular modeling (5), indicate a cavity
of 50 to 55 A3 and suggest that suitable
smaller molecules of complementary shape
and symmetry can fit within. In solvents
such as chloroform-d (CDCl,) which com-
pete weakly for hydrogen bonds, two forms
of the dimer are present, as evidenced by
proton nuclear magnetic resonance
(NMR) spectroscopy at 500 MHz. One
form is “empty” (6), whereas the other is
most likely occupied by solvent. The ex-
change between these two forms is slow on
the NMR time scale; separate signals are
seen for the resonances of the N-H and
one of the benzylic protons. As the tem-
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Fig. 1. Monomeric 1 and energy-minimized
structure of the dimer (MacroModel 3.5x with
AMBER* force field and GB/SA chloroform sol-
vation). Phenyl groups have been omitted for
clarity.

perature is lowered, the occupied form in-
creases in concentration at the expense of
the empty one. By using a number of guests
in CDCl,, it is possible to probe the dimer’s
capacity for small molecules of appropriate
size with NMR titrations. For example, as
CH,Cl, is added, signals for a third dimeric
species appear in the N-H and benzylic
regions of the spectra. In favorable cases
using guests such as methane (CH,), ethane
(CH;CH,;), and ethylene (H,C=CH,), sig-
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nals of the encapsulated guest can be directly
observed. This is shown for CH, in Fig. 2.
The corresponding differences in chemical
shift between free and bound versions of the
other guest species are >1 ppm.

The ratio of the empty and variously
occupied assemblies can be determined by
integration of the signals as a function of
temperature. This procedure allows equi-
librium constants and thermodynamic pa-
rameters to be assessed (Fig. 3 and Table
1). The following trends emerge from the
data: (i) The inclusion of all guests in-
volves a large entropic cost. Limiting the
translational freedom of the small mole-
cule to the confines of the dimer’s interior
is compensated by enthalpic factors, pre-
sumably van der Waal’s contacts with the
concave inner surface. (ii) Exchange of all
guests in and out of the assembly is slow on
the NMR time scale. Stochastic dynamics
calculations (7) suggest that most of the
eight hydrogen bonds of the dimer must be
broken to provide a suitable opening for
entrance and exit. The container, rather
than guest size, determines the dynamics
of the exchange process in this series. (iii)
Correlations of guest volume with the
inclusion constant K, . suggest that the
volume of the cavity presented by the
dimer is indeed ~50 A3. This figure is based
on the estimate that an optimal host is
~20% larger than the guest and is justified
by the largest binding constant, that ob-
served for CH,.

Fig. 2. A 500-MHz '"H NMR
spectrum of 1 in CDCl,
with CH, added at 298 K
showing slow exchange of
CH, encapsulation. The
resonances for free and
bound CH, are at 0.23 and
—0.91 ppm, respectively
(A3 = 1.14 ppm). Signals
for residual water () and
ethane (t; commercial-

In a recent and perspicacious study of
inclusion of CH, and other one-carbon
species in a cryptophane, Collet and
co-workers (8) suggested that the occu-
pancy factor p (the ratio of guest to host
volumes) can be related to macroscopic
states of matter. For the cases at hand,
CH, inclusion within the dimer (p > 0.5)
would then translate into a supercritical
fluid, and H,C=CH, (p > 0.7) into a
densely packed crystal. For the larger
guests such as CH,Cl, (p = 1) and CDCl,
(p apparently >1), these descriptors can
no longer be appropriate. Instead, dynam-

2

% 34 36 38 40 42

109 T(K1)
Fig. 3. Plots of InK, (association constant)
against 1/T (reciprocal temperature) for 1 in
CDCl, with addition of various guests over the
temperature range from 243 to 298 K: (M)
CDClj; (@) CH,Cl,; (O0) CH,; and (A) H,C=CH,,
All values of K, were corrected for CDCl, en-
capsulation.

CH,

Bound CH,

A w.

grade methane contains 7

to 10% ethane) are la-

beled. Separate resonanc- 9 8 7

es for the N—H protons cor-
responding to the “empty”
and methane-filled dimer
are observed (~9.2 ppm).

(L L L L L L L L L L LR N BLUL LR RLELEL NS BRI R

6 5 4 3 2 1 0
Chemical shift (ppm)

Table 1. Inclusion of guest species in the cavity of the dimer 1. The guest volume was calculated
according to (77). Abbreviations: K, inclusion constant; AH, enthalpy; AS, entropy; and e.u.,

entropy units.

Guest
K. M™ T range AH AS

Guest at273 K ) (kcal/mol) e.u) V°('/§’3’;‘e
CHCl, 0.04 2432908 7 31 73
CH,Cl, 4 248298 ~13 45 58
H,G=CH, 280 263-298 11 -30 40
cH, 300 248 208 -9 -20 28
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ics simulations show that encapsulation
of the larger (but not smaller) guests re-
quires lengthening and weakening of the
hydrogen bonds of the dimer with an
ultimate increase in cavity volume. As-
semblies, gathered by weak intermolecular
forces, will generally share this feature of
adjustable size and ambiguous occupancy
factors.

There are nonetheless enigmatic behav-
iors of the dimer. No evidence of binding of
CH,F or CF, (using 'H or 'F NMR spec-
troscopy) could be obtained, despite the
good fit expected. This feature may be
related to the much admired properties of
Teflon. Unexpectedly, the highly soluble
tetrabutylammonium borohydride (Bu,N*
BH,™) destroyed the dimer. Even so, re-
versible assembly as a means of encapsulat-
ing molecules in solution shows consider-
able promise, and several molecular systems
with likely cavities have been devised else-
where (9). We have also identified a num-
ber of other self-complementary structural
modules (10) and their properties will be
reported in due course.
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