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Cavitands are bowl-shaped structures widely used in studies of
molecular recognition.1 Most are derived from condensation of
resorcinol with aldehydes through Ho¨gberg’s2 efficient synthesis.
The cyclic tetramers (resorcinarenes) have a history as hosts,3 but
their greater potential as modules for more elaborate structuress
carcerands,4 velcrands,5 and deeper cavitands6swas recognized by
Cram7 and Dalcanale.8 We found a way to stabilize the vase-like
conformation9 and, subsequently, a means to monofunctionalize its
rim.10 The result is a host structure that more or less surrounds a
guest and presents it with a well-positioned functional group. The
principles of molecular recognition-based catalysis are well known
and have been applied in the context of crown ethers,11 cyclodex-
trins,12 cyclophanes,13 and other synthetic receptors,14 but the
combination of inwardly directed functional group and cavitand
receptor is unique. Here we explore its consequences in catalysis.

Acetylcholine and other guests bearing a trimethylammonium
knob bind strongly to deep cavitands in organic solvents.15 This
recognition was used to position reactive centers on a guest near
functional groups known to catalyze aminolysis reactions attached
to the host. Specifically, pyridone is a known bifunctional catalyst
for the breakdown of tetrahedral intermediates.16 The aminolysis
of active esters in aprotic organic solvents proceeds through the
rapid, reversible formation of a tetrahedral intermediate followed
by its rate-determining breakdown to products.17 The mechanism
of the catalysis by pyridone is depicted in Scheme 1. The tetrahedral
intermediate of the reaction can form two H-bonds to the pyridone
of 1, while the ester reactant and amide product can form only
one. Accordingly, the higher-energy species along the reaction
coordinate are more complementary to1, a prerequisite for
minimizing product inhibition and encouraging turnover.

The cavitand1 was synthesized through condensation of the
known hexaamide diamino cavitand18 with the aldehyde3 in 47%
isolated yield. A calculated structure of1 (Maestro, Amber force
field) with the tetrahedral intermediate does allow the desired

H-bonds necessary for the catalytic action and shows some
rotational freedom of the pyridone with respect to the rim of the
cavitand. This provides some flexibility to reach the optimum
stabilization of the intermediate and, in turn, to facilitate its
breakdown to products (Figure 1).

The modeling also shows the rotation of the pyridone into and
out of the cavity to be restricted by steric clashes with the
neighboring amides.1H NOE experiments at 213 K show clear
chemical exchange between the two atropisomers of2:19 the
requiredintroVertedand the unreactiveextraVertedconformations.20

Integration of the cross-peaks gives an energetic barrier of 12.7
kcal/mol-1 for the in/out interconversion, a barrier that allows rapid
interconversion at room temperature.

For the substrate, we used the samep-nitrophenyl choline
carbonate (PNPCC) that has been used as an analogue of acetyl
choline.21 Its aminolysis can be conveniently monitored using UV
detection of the releasedp-nitrophenolate. Initial runs showed that
1 is a potent catalyst for this reaction (Table 1).

In contrast, model pyridine cavitand2, 2-pyridone itself, or a
mixture of both (entries 3, 4, and 5, respectively) proved ineffective
in catalyzing the reaction. The absence of catalysis in the presence
of the free catalytic motifs2-pyridone (entries 4 and 5)swas
somewhat puzzling. Yet, 2-pyridone is a known catalyst for the
aminolysis of esters, not carbonates. In fact, the tetrahedral

Figure 1. Energy-minimized structure of the cavitand1 with the tetrahedral
intermediate formed from PNPCC and propylamine. One of the four walls
and some atoms have been omitted for clarity.

Scheme 1. Pyridone-Catalyzed Aminolysis of Esters
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intermediate formed after the attack of the amine onto the carbonate
is less likely to form and more reactive than the one obtained from
corresponding esters.17b Consequently, the intermediate may either
undergo the uncatalyzed reaction or revert to the starting amine
and PNPCC before the pyridone can form the catalytically active
complex (Scheme 1), unless the pyridone is in close vicinity of the
intermediate as in1. These results suggest a synergy between the
recognition of the ammonium of PNPCC in the cavity of1 and the
catalytic activity brought to bear by the pyridone located on the
rim of 1.

The quantity of catalyst has a marked effect on the initial rates
of the reaction (entries 2 and 6-9).22 The reaction is accelerated
up to ca. 16 times in the presence of 2 equiv of catalyst (entry 8),
compared with the modest (10%) acceleration observed in the
presence of 2 equiv of pyridone under the same conditions
(entry 9).23 Given the very low binding constant of PNPCC to1 in
CD2Cl2/CD3CN (Ka ) 17 M-1),24 this translates into rate accelera-
tion of ca. 6000 (0.17 equiv of1) when comparing the reaction in
the bulk and the reaction inside1. The weak binding affinity of
PNPCC to1 was anticipatedsand desiredsto provide catalytic
turnover, and turnover does clearly take place. In fact, after 50%
conversion, the aminolysis rate of PNPCC in the presence of 10
mol % of 1 remains higher than theinitial rate of the reaction in
the absence of catalyst.

As suggested by the energy-minimized structure (Figure 1), bulky
primary amines such as tritylamine should experience substantial
steric hindrance in this reaction within (and outside) the cavitand.
Indeed, even though the uncatalyzed reaction with tritylamine is
2.5 times slower, no catalysis is observed in the presence of 10
mol % of1. Similarly, no catalysis is observed using the carbonate
4 as substrate. This result is expected since the sulfone function of
4 has no affinity for the cavity of1. Accordingly, we conclude
that the ammonium of PNPCCsand of its subsequent tetrahedral
intermediatesmust be recognized by the pocket of1 to experience
catalysis in the aminolysis reaction. The pyridone is poised to aid
the collapse of the tetrahedral intermediate formed from PNPCC.

In conclusion, the combination of a well-defined binding pocket
and well-positioned functional groups creates a unique environment
with catalytic properties and gives high substrate specificity in this
and alkylation reactions.25
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Table 1. Aminolysis of PNPCC in the Presence of Catalysts

entry catalyst mole % vo (µM‚min-1)b vo cat./vo uncat.

1 - 1.6 1
2 1 10 3.5 2.2
3 2 10 1.6 1
4 2-pyridone 10 1.6 1
5 2 + 2-pyridone 10 1.6 1
6 1 17 6.0 3.7
7 1 87 16.5 10.3
8 1 193 25.0 15.6
9 2-pyridone 193 1.8 1.1

a Conditions: 40µM PNPCC, 40µM propylamine, 20 mM Hu¨nig’s base,
0.5 mM TFA in CH2Cl2/CH3CN, 99/1, room temperature.b In the absence
of propylamine (bufferolysis)Vo ) 0.4 µM‚min-1.
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