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The host—guest complexes of resorcinarenes are re-examined in
solution through modern spectroscopic methods; the assem-
blies are characterized by '"H NMR and the guest exchange
rates are measured by EXSY NMR spectroscopy.

Some 15 years ago, Aoyama introduced resorcinarenes (e.g., 1,
Scheme 1) as hosts in supramolecular chemistry.! The complexes
were initially interpreted in terms of a 1 : 1 stoichiometry, in which
a guest was held in the concavity of a resorcinarene host through
intermolecular hydrogen bonding. The range of guests recognized
was so broad—small diacids, alcohols, and even steroids—and the
dynamics so unusual—slow guest exchange on the NMR
timescale—that some principle in addition to hydrogen bonding
must be involved. There is a recent body of evidence that the
resorcinarene assembles as a hexamer under a variety of conditions:
in the solid state,” in solution® with certain guests,4 and even in wet
organic solvents.” We report here newer examples of encapsulation
by the hexameric assembly.

Polar, uncharged'* (e.g. 2 and 3) and cationic compounds**<
(ammonium salts) generally make excellent guests, while a variety
of other molecules (including cyclic and acyclic alkanes) do not.
For example, certain amino acids also form host—guest complexes
with 1. Prolonged sonication of L-phenylalanine (4) with 1 in
CDCl; results in a sharp, but complex NMR spectrum. The
hexamer is chiral in the crystalline state,> so diastereomeric
complexes should exist with chiral guests. Adding CD;0OD—a
solvent that disrupts hydrogen-bonded assemblies—simplified the
spectrum to the unassembled components. Encapsulation is
also observed for cyclohexylalanine and p-methylphenylalanine
in ~ 1: 6 guest/l ratio, but other amino acids with hydrophobic
side chains (Leu, Val, Tyr, Trp) do not bind to 1.

The assembly of resorcinarene hexamers with various large
tetraalkylammonium (propyl to octyl) salts in solution has been
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Scheme 1 Encapsulation of guests within the resorcinarene hexamer.

+ Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b4/b414252g/

well characterized in previous reports.*” As expected for discrete
capsules, binding is not observed with salts that cannot fit: cations
that are extremely large (e.g., (CioH>1)4N™) or long, rigid cations
(Bn;Me,N™).

The solution-phase structure of the resorcinarene with small
ammonium guests has received less attention. In wet CDCls, 1
associates with various small onium salts (Et;NH*, Et,N*, Et,P"),
as indicated by a 1.3 to 1.6 ppm upfield shift of the guests’ methyl
protons. Encapsulated Et;NCI and Et;NHCI give distinct triplet
resonances at —0.03 and —0.08 ppm, respectively (Fig. 1), which
integrate to nearly three cations per hexamer, or one cation in a
dimeric capsule.® In the presence of both salts, host 1 shows new
upfield resonances at 0.04 and —0.13 ppm (Fig. Ic). This indicates a
new complex involving two different guests, ie., a capsule larger
than a dimer. Similar results are obtained when (CsH;;);N* (a
large cation) and Et;N* (a small cation) are mixed with 1. Two
new upfield resonances appear at low proportions of Et,N*, and at
higher proportions, the equilibrium is driven toward a capsule
containing only the smaller Et;N* guest. A mixture of Et;NHCI
and "Pr,EtNHCI also gives a capsule with new upfield signals.

Counterions affect the kinetics and thermodynamics of assembly
with large ammonium salts.® Different counterions also cause
spectral changes with smaller ammonium cations: a mixture of
solutions of 1 saturated with Et;NBr and Et;NBF, shows a new
upfield peak, as would be expected if anions were co-encapsulated
within the hexameric assembly.
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Fig. 1 "H NMR (600 MHz, 300 K) of host 1 (12 mM) + mixture of
small ammonium chlorides. (a) Et,NCI alone, [EtyNCI}/[Et;NHCI] = (b)
2:1,(c)1:1,(d) 1:2, and (e) Etz3NHCI alone. For each spectrum, the
total salt concentration is 9 mM. The encapsulated methyls are marked for
Et,NCI (M), Et;NHCI (A), and new, co-encapsulated ammoniums (@®).
The peak at 0.1 ppm is due to silicon grease.
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Fig. 2 'H NMR (600 MHz, 300 K) of (a) 1 (12 mM) in water-saturated
CDCls, with (b) 2 (24 mM) and (c) 3 (24 mM). Encapsulated guests are
indicated by closed circles (®). The peak at 0.1 ppm is due to silicon grease.

We reexamined some earlier complexes and found that glutaric
acid (2) is solubilized by 1 in CDCl; and NMR integration shows a
1 : 1 stoichiometric ratio of 5 to 1, exactly as described by Aoyama
(Fig. 2b).° The complexes show slow exchange between free and
bound 2 on the NMR timescale and large upfield shifts of 2 to
3 ppm, as adduced for the guest methylenes in the aromatic
concavity of the host (Scheme 1). While slow exchange is unusual
for a complex held together by so few hydrogen bonds,' it has
been observed in the complexation of 1 with many different
guests.>*>!! The observed stoichiometry could as well be a
hexameric capsule containing six guest molecules, and VPO studies
showing molecular weights consistent with a hexamer were
reported by Aoyama.! Molecular modeling shows that six guests
in such a capsule would occupy about 43% of the available
1375 A®. The same packing coefficient was earlier observed in the
encapsulation of eight benzenes within the hexamer.'>

The methine triplet of hexameric resorcinarene in CDCly
(4.3 ppm) was irradiated in a series of 1D NOESY experiments
(mixing time = 0.1-0.8 s).'? Strong, negative intermolecular NOEs
were observed to the resorcinarene aryl proton at 7.2 ppm. The
same NOE intensities were observed for the host in the presence of
2, indicating a similar molecular size for the assembly with and
without guest.'*!* This NOE disappears upon addition of CD;0D
(ca. 10% vIv) as the assembly reverts to monomeric species.

We investigated 1,2-cis-cyclohexanediol (3), which formsa ~1: 1
complex with the resorcinarene (Fig. 2¢), also as reported.'> The
in—out guest exchange rate constant for 3 was determined by an
exchange (EXSY)'® NMR experiment to be 0.36 s ! at 30 °C
(AG* = 20 kcal mol ™). This activation barrier is far too high to
be caused by a maximum of four hydrogen bonds that can exist
between 1 and 3, but it is comparable to barriers for guest exchange
found for tetraalkylammonium halides in the hexameric capsule
host (AG* = 17-21 keal mol ).

For a 1 : 1 system, adding excess guest should drive the
equilibrium toward the host-guest complex. However, an excess of
guest 2 actually causes diminished guest complexation (based on
integration of upfield peaks) and the appearance of peaks for
monomeric host in exchange with the assembled host. A variable-
temperature '"H NMR experiment of this exchange revealed an
activation barrier of 16 kcal mol™'. This value is consistent with
previous EXSY studies of the hexamer-monomer exchange of 1
with tetraalkylammonium guests (AG* = 15-17 kcal mol ').® Such
melting by excess guest is less likely for a simple 1 : 1 complex.

In summary, the resorcinarene provides a versatile module for
host-guest assembly. It is on the verge of assembly, and an
appropriate guest or combination of guests in wet solvents is all
that is required for the hexameric capsule to emerge. Indeed the
resorcinarene may have been the first example of a hydrogen-
bonded capsule.! The generalized feature of molecular recognition
here involves the proper filling of space: optimal guests fill about
half the available space in the cavity by themselves or together with
additional solvent molecules.® Even three different guests have
been observed in this capsule.* Recently popularized NMR
methods point to a hexameric capsule and reconcile the results
from several laboratories, but other capsular assemblies cannot be
excluded.!” It may be possible to resolve the nature of the host—
guest complexes of resorcinarenes by Diffusion-Ordered NMR
Spectrometry (DOSY),” and we are working toward this goal.
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