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A cavitand stabilizes the Meisenheimer complex of SyAr reactionsy
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A deep cavitand binds amine nucleophiles and accelerates their
subsequent SnAr reactions by solvating the intermediate
Meisenheimer complex.

Deep cavitands offer hosts with an organized gradient of solvent
polarity for guests. The bottom of the cavity is composed of rigid
aromatic walls and is nonpolar, while the upper rim features
secondary amides and is polar.' The amides are capable of
donating or accepting hydrogen bonds through simple rotations
about single bonds. Accordingly, the microenvironment of the
cavitand is poised to perturb reaction rates relative to those
occurring in bulk solvent outside and we report here its effects on
nucleophilic aromatic substitution (SyAr) reactions.

These reactions have long been known to exhibit strong solvent
effects as a result of the dipolar nature of the Meisenheimer
complex intermediate and the transition states that flank it.> For
the reaction of neutral nucleophiles with electron poor aromatics,
the rates of SyAr adduct formation increase with increasing
solvent polarity:** reactions in DMSO, for example, are 50 times
faster than those in cyclohexane.> Here we compare the influence
of the supramolecular host 1 (Fig. 1) relative to reactions occurring
in the nonpolar, bulk solvent p-xylene. A clear enhancement in
rates of reaction of amine nucleophiles surrounded by 1 was
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Fig. 1 Cavitand host, wall mimic, amine guests, and aromatic substrates.
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observed. We propose this effect largely results from the ability of
the secondary amide groups of the cavitand interior to solvate the
charges developing in the transition state.

The binding of amines 3-5 (Fig. 1) in 1 was demonstrated by
proton NMR resonances in the far upfield region of the spectra.
The 8 aromatic host walls bestow magnetic shielding effects on the
amine guest. Guest 3 has low affinity, K, = 14 M~ for the host
and the larger amines 4 and 5 show K,’s of 40 M~'. Though the
affinities are low, the barriers to exchange are high and separate
signals are seen for free and bound guests in the spectra. The
patterns of the bound guest resonances require that the amine
nitrogens are near the open end of 1, in the circle of amides of the
host (Fig. 2).

The SyAr reactions were followed by "H NMR, in the absence
or presence of stoichiometric amounts of 1 in d,g-p-xylene. For
reactions in the presence of 1, separate signals were also observed
for the bound and free SyAr products (Fig. 3, example of reaction
between 4 and 6). Initial formation of SyAr adducts at sub-
millimolar concentrations led to the immediate displacement of
encapsulated amines due to the stronger binding of the products to
1 (Fig. 3). Accordingly, product inhibition precludes efficient
turnover (true catalysis). Furthermore, the generation of acid
during the course of the SNyAr reactions led to protonated amine
reactants which also compete strongly for cavitand binding (Fig. 3).
To remove this complication, all experiments were carried out in
the presence of “proton sponge” 9.

The initial rate (velocity) of product formation, V., was
0.21 mM h ! for the background reaction of piperidine 3 with 6,
and an accelerated rate, V.., of 2.7 mM h™ ' was observed in the

Fig. 2 Molecular model of encapsulated 4 with front cavitand wall
removed for viewing ease (Spartan, molecular mechanics force field).

This journal is © The Royal Society of Chemistry 2007

Chem. Commun., 2007, 1605-1607 | 1605



. A : :

M«_JL*M

Fig. 3 Progress of SyAr reaction between 4 and 6 in the presence of 1 as
followed by '"H NMR (600 MHz, d-p-xylene, 300 K). a) ¢ = 0, before
addition of 6; b) r = 17 min; ¢) = 98 min (@: methine protons of 1 vase;
¢: encapsulated 4; A: starting material 6; l: aromatic proton of bound
SnAr product; [: aromatic proton of free product; <: bound 4 in fast
exchange with protonated bound 4; V¥: encapsulated product).

presence of 1, corresponding to a 12-fold rate enhancement
(Table 1). Additionally, a V yy of 3.5 mM h™! for the reaction of 3
with 7 was obtained, while V,. was too fast to determine
accurately by NMR, indicating a significant rate enhancement
(Table 1). In order to trace the acceleration to the inner
microenvironment of 1, rather than the increased concentration
of polar amides in solution, the reaction of 3 with 6 was followed
in the presence of four equiv. of cavitand wall mimic 2 (Fig. 1). The
rate in the presence of 2 was identical to the background rate,
confirming the specific effect of the host cavity on the rate (see
supporting information).

Molecular modeling suggests hydrogen bonding interactions are
possible between the amides of 1 and the ortho NO, substituent of
the anionic portion of the intermediate formed from 6. To probe
this possibility, we investigated the influence of 1 on the reaction of
3 with 8. In 8, the para NO, substituent is too far away from the
amides of 1 to hydrogen bond. In this case, an SyAr reaction was
observed only in the presence of 1 (Table 1), indicating that rate
acceleration does not result solely from interactions with the ortho
NO, groups.

The reaction of amines 3-5 with substrate 6 in the absence of 1
had identical reaction rates (Table 1). However, with the stronger
binding nucleophiles 4 and 5, initial rate enhancements were
accelerated by ~40 to ~70-fold in the presence of 1, with the
greatest enhancement observed for the reaction of 4 with 6
(Table 1, Fig. 4). The accelerated rate constants, k,., were
determined for SyAr reactions with substrate 6 by regression
analysis using KinTekSim software* The accelerated rate
constants were 100-400 times greater than those of the
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Fig. 4 Acceleration of SyAr reaction between 4 and 6 with 1.
Conditions: [1] = 10 mM; [4] = 21 mM; [6] = 10 mM; [9] = 21 mM
(O: background reaction (ctrl) in the absence of 1; @: accelerated reaction

(acc)).

background rate constants, k.. We attribute this to the ability
of the polar amide upper rim to stabilize the dipolar TS (Fig. 5).
Cation— interactions between the aromatic walls of 1 and the
developing positive charge on the amine may also play a role.®
A mechanistic interest in the solvent dependency of SyAr
reactions is apparent in the literature.” In the present work, we
have shown for the first time the influence of a polar
supramolecular environment on these classic reactions, and report
an accelerating effect, and combined molecular recognition with
enhancement of chemical reactivity.® The stabilization of polar
transition states with polar groups in enzyme acitve sites is well-
documented,” even for  Meisenheimer intermediates.'”
Accordingly, this work is of relevance to enzyme mimetics.
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Fig. 5 SnAr reaction between 4 and 6 in 1.

Table 1 Initial rates (V) and rate constants (k) for accelerated (acc) and control (ctrl) SyAr reactions”

Rxn Vacc/mM hil Vctrl/mM hil Vacclvclrl kacc/Mil Sil “ kctrlll\/17l S ! kucc/kclrl
3+6 2.6 0.21 12 0.03 0.0003 100
3+7 n.d.” 4.4 n.d. n.d. 0.006 n.d.
3+8 0.27 n.r.” n.d. n.d. n.r. n.d.
4+6 14 0.21 67 0.12 0.0003 400
5+6 7.3 0.21 35 0.06 0.0003 200

“1In dyg-p-xylene at 300 K; accelerated reactions were carried out with stoichiometric 1. * Too fast to monitor by NMR, even at 288 K. ¢ No

reaction over 4 days.

4 Error limit +30%, as determined by fitting error.
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