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One goal of research in supramolecular chemistry is the inves-
tigation of reactivity of guests in the inner space of host molecules.
Here we describe a host with an inwardly directed methyl ester
and its reaction with a series of tertiary amine guests. A sizable
rate acceleration of the methyl transfer reaction is observed; it can
be understood as a phenomenon of molecular recognition.

The alkylation of amines by esters is more than 100 years old.
Although the reaction stayed out of the mainstream of organic
chemistry, its investigators did not: Willstar! Hammett (eq 15,
Newmans Eliel (eq 2)# Joullie® and Zaug§had, at various times,
studied the process. The reaction appeared, unintentionally and in
an intramolecular context, in our laboratories as well (e¢ B)e
reaction is sluggish given a typical tertiary amine and methyl ester,
taking hours to days, even at temperatures above°@(rhere
are understood exceptions: Joutiports that methyl trihaloacetates
react within minutes, and the intramolecular case mentioned above
(eq 3) has a half-life of hours at ambient temperature.
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The introverted acid cavitantla (Figure 1) features a unique R R R
arrangement of functionalityThe carboxyl group is directed into .
a cavity that more or less surrounds small amines. These guests R=Et
fill appropriate amounts of space within the binding site and provide 1a R=H 2a R=H
basic complements to the carboxylic acid. Accordingly, high binding 1b R=CH, 2b R=CH,
affinities are seen. With suitable amines, the inversion dynamics 1c R=0© 2¢c R=©
at nitrogen are profoundly affected by complexatfon. Figure 1. Introverted acid cavitantia, control acic?a, and their derivatives.
Treatment oflawith an ethereal solution of diazomethane yields
guantitatively introverted methyl ester cavitabd in less than 3 We treatedlb with a series of tertiary amines under ambient
min at ambient temperature. In an attempt to observe the NMR conditions (Table 1). Striking differences in reactivity were
spectrum of the complex of quinuclidine witth (Figure 2) in observed. Competitive binding experiments carried out by NMR

mesitylened;,, we were instead presented with the spectrum of at 240 K revealed that the reactivity of the amine is weakly
N-methylquinuclidinium andlc as soon as the mixture could be correlated with its suitability for complex formation. For example,
placed in the spectrometer. The identity of this complex was 2-(dimethylamino)ethanol (an amine whose quarternization yields
established by comparison to an authentic sampN-ofethylqui- choline) has a 3-fold higher binding constant than DABCO,
nuclidinium tetrafluoroborate and the sodium sallofFigure S3 although DABCO is at least 400-fold more reactive. The complex
in Supporting Information). In further confirmation of this result, of DABCO with 1b is predisposed to reach the transition state of

N-methylquinuclidinium and.a could be clearly identified by ESI-  the methyl transfer reaction. DABCO binds in an orientation
MS. No reaction is observed in chloroform or other small solvents analogous to that of quinuclidine (Figure 2), positioning a tertiary
which compete to occupyb. amine in near ideal alignment for rectilinear attack on the methyl
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Figure 2.  AMBER-minimized model of the complex of quinuclidine with
1b. Ethyl groups have been shown as methyl groups, and one cavity wall
has been removed for clarity.

Table 1. Reaction of Methyl Ester Cavitand 1b with Tertiary
Amines?

1b + RN R;N—CH," 1c” complex

amine Ko kiIM~1s7t tup
quinuclidine c >0.4 <3 min
DABCO 1.0 >0.4 <3 min
trimethylamine d 0.05(1) 26(4) min
N-methylpiperidine 0.3 0.004(2) 5(2)h
2-(dimethylamino)ethanol 3 9(x 104 25(5)h
triethylamine <0.02 5@3)x 10* 2(1)d
pyridine 0.6 e e
N-methylmorpholine 1 e e
(9-(—)nicotine f e e
N,N-diisopropylethylamine f e e
2-(diisopropylamino)ethyl benzoate f e e

a All reactions were carried out in an NMR tube usihf (1.3 umol)
and amine (5.7%mol) in mesitylened;» (600 L) at ambient temperature.
b Relative association constants of amineslto prior to reaction. See
Supporting Information¢ Too reactive to determini,e. @ Too volatile to
accurately determink. ¢ No reaction detected iH spectrum at 10 days.
fNot bound by1b.

group. The smaller and less structurally rigid 2-(dimethylamino)-
ethanol does not possess these binding constraints.

A comparison ofN-methylpiperidine andN-methylmorpholine
further supports this model. AlthougR-methylmorpholine is a
better guest thahl-methylpiperidine, it is not quaternized .
Low-temperature NMR experimentdH{ 1D and NOESY) showed
thatN-methylmorpholine is bound with the amine oriented toward
the bottom of the cavity, and thus quaternization is precluded.

The reaction mechanism involves several steps: an unfolding
of the vase-like conformation dfo shown in Figure 1, displacement
of the resident solvent, complexation of the amine, and refolding.
The unfolding process involves the breaking of the seam of three
hydrogen bonds stabilizing the vase-like conformation; typical
activation barriers for this unfolding process are approximatéhy
= 13 kcal mofL? Finally, a nucleophilic attack of the amine
nitrogen on the methyl carbon leads directly to the product complex.
The Eyring plot from a kinetic study of the reaction bl with

2-(dimethylamino)ethanol yielded the activation parametar
= 25.14 0.5 kcal mot? and ASF = 12 + 2 cal molt K1 (see
Supporting Information}®

Kemp’s triacid derivativeb, outfitted with a sterically compar-
able wall, was prepared as a control. We were unable to observe
quaternization of quinuclidine bgb even after heating at 100C.

A sample ofN-methylquinuclidinium tetrafluoroborate and Ra
in CDCl; (chosen in place of mesitylertk; for solubility) showed
no formation of2b, confirming that this could not be attributed to
a change in equilibrium.

What causes the rate acceleration? First, a high local concentra-
tion of nucleophile exists in the host. The volume of the cavity
approximately 160 A and one molecule within this space is present
at a concentration of 10 M. Second, the Ghiiteractions between
host and guest position the reacting centers on a trajectory ready
for an §2 reaction. Third, after complex formation, there are no
solvent molecules involved; instead, the aromatic surfaces of the
cavity itself provide fixed solvation. Reorganization of solvent
molecules is known to contribute to activation enerdfe$he
reaction is known to be sensitive to solvent polarity with slower
reactions in hydrocarbons and faster reactions in polar solvents.
The rim of the cavitand resembles DMF as a solvent, while the
depths of the cavitand are more like benzene in nature. The sum
of these factors leads to a rate acceleration of greater thad @
fold.13
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