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ABSTRACT

Deep cavitands having three fixed walls and one mobile wall were prepared. The longer wall, built from a quinoxaline spacer, showed enhanced
NMR spectra of guests, but the shorter wall based on a benzene spacer showed tighter binding and slower exchange of guests.

Deep cavitands are receptors that more or less surround their
targets but feature one open end. They form host-guest
complexes by folding around their targets and temporarily
isolating them from the bulk solvent. When properly de-
rivatized, the cavitands present functional groups to guests1

and impose interactions otherwise found only at the active
sites of enzymes.2 This arrangement of groups on host and
guest can result in large rate accelerations,3,4 organocataly-
sis,5,6 and even the stabilization of otherwise labile reaction
intermediates.7,8 Access to greater volumes of space requires
the incorporation of larger aromatic panels in the synthesis,
and we report here our experiences with a quinoxaline “wall”.

Cavitands are inevitably obtained from resorcinarenes
using the synthesis devised by Högberg. The octol 1 (Figure
1) was condensed with 3 equiv of the benzene panels as

previously described,9 reduced, and then acylated to give
the hexamide 2, a molecule with recognition properties of
its own.10,11 Condensation with the 2,3-dichloro-6,7-dinit-
roquinoxaline gave the target dinitro compound 3 in 65%.

(1) Hooley, R. J.; Rebek, J., Jr. Chem. Biol. 2009, 16, 255–264.
(2) Purse, B. W.; Butterfield, S. M.; Ballester, P.; Shivanyuk, A.; Rebek,

J., Jr. J. Org. Chem. 2008, 73, 6480–6488.
(3) Purse, B. W.; Ballester, P.; Rebek, J., Jr. J. Am. Chem. Soc. 2003,

125, 14682–14683.
(4) Purse, B. W.; Gissot, A.; Rebek, J., Jr. J. Am. Chem. Soc. 2005,

127, 11222–11223.
(5) Crisostomo, F.; Lledo, A.; Shenoy, S.; Iwasawa, T.; Rebek, J. J. Am.

Chem. Soc. 2009, 131, 7402–7410.
(6) Gissot, A.; Rebek, J., Jr. J. Am. Chem. Soc. 2004, 126, 7424–7425.
(7) Shenoy, S. R.; Pinacho Crisostomo, F. R.; Iwasawa, T.; Rebek, J.,

Jr. J. Am. Chem. Soc. 2008, 130, 5658–5659.
(8) Restorp, P.; Rebek, J., Jr. J. Am. Chem. Soc. 2008, 130, 11850–

11851.

(9) Moran, J. R.; Ericson, J. L.; Dalcanale, E.; Bryant, J. A.; Knobler,
C. B.; Cram, D. J. J. Am. Chem. Soc. 1991, 113, 5707–5714.

(10) (a) Ballester, P.; Sarmentero, M. A. Org. Lett. 2006, 8, 3477–3480.
(b) Sarmentero, M. A.; Ballester, P. Org. Biomol. Chem. 2007, 5, 3046–
3054.

Figure 1. Synthesis of cavitand 3 and an energy minimized structure
in the vase conformation.
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Because of two intramolecular hydrogen bonds between
amides on neighboring panels, the vase-like structure is
stabilized as reported by the characteristic downfield shifts
of the methine protons.9 The overall arrangement of the six
secondary amides can be clockwise or anticlockwise, and
they interconvert at approximately the NMR time scale.
Accordingly, the cavitands are chiral at any given instant
but racemize rapidly on the human time scale. The racem-
ization is fast enough to show only three types of methines
and amide N-H resonances, although the latter signals are
broadened in the NMR spectra (Figure 2).

A series of guests were examined using deuterated
mesitylene as the solvent (Figure 3). Trimethyl ammonium

ions provide an appropriate anchor for the cavitand through
cation/π attractions, and their derivatives including choline
and acetyl choline salts were readily bound. Even though
they do not provide the polar interactions, adamantanes fill
the cavitand’s space properly and were good guests. Menthol
gave a single complex in which the lone methyl group is
directed deep into the tapered end of the cavitand, and the
hydroxyl functionality can make contact with the secondary
amides. The menthol hydrogens are also seen as a first order
spectrum; the longer wall exposes most of the hydrogens of
the guest to the anisotropy of the π surface and spreads out
the signals (Supporting Information).

The superior depth of the fourth wall is apparent in the
upfield shifts of the methylene groups for the ammonium
salts. Four methylenes of these guests can be found influ-
enced by the anisotropy of this cavitand.12

One of the largest guests for resorcinarene-based cavitands
is 2,2′-paracyclophane, and it was also taken up by 3. While
models show it was packed very tightly (Figure 5), the 2D
NMR spectrum showed that motions were quite rapid inside.
The paracyclophane spins along its long axis and tumbles13

Figure 2. Downfield region of the 1H NMR spectra (600 MHz):
(a) 3 in CDCl3 and (b) 3 in mesitylene-d12 at 300 K.

Figure 3. Line drawing of the guests that bind to the cavitand 3.

Figure 4. Upfield region of the 1H NMR spectra of the cavitand
3 in mesitylene-d12 at 300 K with (a) n-tridecyl-trimethylam-
monium bromide, (b) n-octyltrimethylammonium bromide, and
(c) n-hexyltrimethylammonium bromide.

Figure 5. (Top) 1H NMR (600 MHz) spectra of the cavitand 3
complex with paracyclophane in mesitylene-d12 at different tem-
peratures. (Bottom) 2D ROSEY spectrum (600 MHz mesitylene-
d12) indicates that paracyclophane tumbles and also exchanges with
free guest in the solution at the NMR time scale at 280 K.
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while inside the cavity as shown by the appropriate cross
peaks (Figure 5). Also, it was observed that it moves in and
out of the cavitand. An activation barrier of 16.4 kcal/mol
was found for the exchange process14 at 280 K, and tumbling
of the paracyclophane at the same temperature has an
activation barrier of 15.2 kcal/mol. This is considerably less
than the 17 kcal/mol15 found earlier for the exchange of
adamantane in and out of the related octamide cavitands
which feature a complete seam of hydrogen bonds. For 3
only two such bonds need to be broken as the walls flip
outward to expose the resident guest to the substitution
reaction that constitutes exchange.

The “looseness” of the fourth (benzoquinoxaline) wall is also
revealed by a 2D ROSEY spectrum showing that bound 2-
adamantanone in 3 exchanges with free guest in solution at room
temperature (Supporting Information) The activation barrier for
this exchange measured to be 17.2 kcal/mol. The 2-adaman-
tanone exhibits the same behavior with cavitand 4, and 2D
ROSEY spectroscopy revealed a slightly higher activation
barrier (17.5 kcal/mol) for replacement of the guest.

We performed direct competition experiments between 3
and the cavitand with a shorter fourth wall, 4, for a number
of typical guests (Table 1). Unexpectedly, 4 proved to be

by far the superior host. NMR titration experiments gave
the association constants shown in Table 2 and confirmed
the competition results.

What causes the differences in binding and guest exchange
rates? One possibility is a hydrogen bond between an anilide
N-H donor and one of the nitro groups in 4. This source of
stabilization is precluded in 3 by distance. Another is the
richer π electron surface of 4 vs 3 to complement the C-H
bonds of the guests. Whatever the reason might be, the
mobility of this fourth wall, apparently unattached to the
other three walls, is reflected in the looser binding and more
rapid in/out exchange of the guests. These dynamics should
be advantageous for turnover in potential catalytic applica-
tions, which we are currently pursuing.
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Supporting Information Available: Synthesis of cavitand
3 and 1H NMR spectra of binding experiments of cavitand
3 and 4 with different guests. This material is available free
of charge via the Internet at http://pubs.acs.org.
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Table 1. Guest Partitions in Competition Experiments with
(1:1:1) Ratio of (Cavitand 3:Cavitand 4:Guest) in Mesitylene-d12

at 300 K

guest molecule free guest (%) in 4 (%) in 3 (%)

1-adamantanecarbonitrile 50 50 0
N-(1-adamantyl)acetamide 10 90 0
2-adamantanone 20 65 15
menthol 8 92 0

Table 2. Binding Constants of Guests with 3 and 4 in
Mesitylene-d12 at 300 K

guest molecule
binding in 4

(M-1)
binding in 3

(M-1)

N-(1-adamantyl)acetamide 8,300 ( 350 330 ( 15
2-adamantanone 2,200 ( 80 640 ( 25
menthol >10,000 ( 450 80 ( 4
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