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The astonishing rate accelerations and the specificity achieved z
by enzymes is due to a combination of factors that conspire to 1. 2
.- . . N 4 o H,
stabilize the activated complex relative to the reactakitempts L A‘ _ N § { _©
to mimic these properties in synthetic systems have met with limited XQ/( 4 PN e 5@)& P G” hgz

A
succes3.0ne reason is the difficulty in quantifying the contributions N NI/C <
ey ”NX& i 7 B

of individual functional groups to catalysis in complex systems Ax-n

which complicates both the analysis of efficient catalysts and 5 x= e

incremental approaches to catalyst design. Figure 1. Complex formation changes the rate of methylatiori.of
We have been using chemical double mutant cycles to quantify os

functional group interaction energies in simple H-bonded complexes i @N _

in chloroform solutior?. We recently found that interactions between 04 ez @N

the edge of a pyridinium cation and the face of an aromatic ring 03 u =

can be up to 5 kJ mol more favorable than the corresponding In (AJA) _

pyridine—aromatic interactiod. This suggests that it might be 02 * O @”

possible to catalyze the alkylation of pyridine using thelectron ol @N

density on the face of a nearby aromatic ring (Figure 1). Indeed, . P

Dougherty reported catalysis of quinoline alkylation by macrocylic os i ; . T 2

aromatic receptors in wate# remarkable feature of the Dougherty time (h)

results i§ that the t.ransition state is more strongly bound.than either,:,-gu,e 2. Time courses for the methylation (10 mM) with Mel (1 M)
the starting material or the product, so that the system is catalytic. in the presence &, 4 and5 (1—20 mM) in deuteriochloroform solution at
The explanation proposed is that the high polarizability of the 30 °C. Under these conditiond,is 40-70% bound.

aromatic side walls of the receptor could preferentially stabilize

S . . " __Table 1. Results of the Kinetic and Binding Experiments’
the charge redistribution taking place in the transition state relative g =P

to the fully developed positive charge in the product. The double ©mplex X k(M7's™)  AG'kImol™)  KM™)  AG(kJmol™)
mutant cycle approach allows us to test such hypotheses by directly 1 1404+ 10 81.6+£0.2

quantifying the contributions of individual functional group interac- ii HOZ Szgi ‘7‘0 E;ggi 8% 13)?; ? :ﬂgi 83
tions as a function of polanz.lng substltg(_ants. Here we demonstrate 15 NMe, 1660+ 70 754+ 0.1 7645 —10.6401
that the method can be applied to transition-state as well as ground- 1.g 21644 806+01 24+3 —7.7+03

state interactions.

Preliminary!H NMR experiments showed that additiondfloes
indeed accelerate the reactionlofith methyl iodide in chloroform 1 with methyl iodide k) can easily be determined using e§ 1.
and that the accelerated reaction is first order with respect to the The results are summarized in Table 1.
concentration of thd-4 complex (Figure 1¥.In 10% DMSO, the
rate of reaction was unaffected by the presencé which shows Kobs = 0tk + (1 — a)kq )
that disruption of the H-bonding interactions responsible for
complex formation is sufficient to abolish any rate acceleration.
These experiments demonstrate that formation ofiltdecomplex
leads to an increase in the rate of methylation of the pyridine.

Moreover, the electronic properties of the aromatic ring that is
in close proximity to the pyridine in the complex have a dramatic
effect on the rate constant (Figure 2). An electron-donating group,
X = NMe,, increases the rate of reaction, and an electron-
withdrawing substituent, X= NO,, reduces the rate.

The association constants for each of the complexes were
determined byH NMR titration experiments, and these values were
used to calculate the fraction of bourld (o)) in the kinetic
experiments. Since the rate constant for methylation of fréi¢)
can be measured directly, the rate constants for the reaction of boun

The rate of reaction in the complex changes by more than an
order of magnitude as X is varied. However, there are several
interactions that may be involved in changing the energy of the
transition state. For example, differences in H-bond strength may
contribute to the rate differences. To dissect out the contribution
of the aromatic interaction to the change in the rate of reaction, we
need to construct the double mutant cycle shown in Figute 3.

The double mutant cycle in Figure 3 contains binding constants
for transition states that cannot be determined direcilg{ and
AGc). However, the free energy of complexation for a transition
state can be derived from the association constant for formation of
the ground-state complex and the rates of reaction in the free and
Jound states as illustrated in Figuré .

Thus, the association constants and rate constants in Table 1 can
t University of Sheffield. be used to construct double mutant cycles to evaluate the influence
* James Black Foundation. of the aromatic interaction on the rate of methylation of bolind
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Figure 3. Chemical double mutant cycle used to measure the interaction
in the transition state for thi-methylation ofl in complex A.

A\ A'Gy 5+ 5
$ —CN —— {—{ Ne-Me-r
AGgs “ AGTs
A 5* &
—CN sey,  §— N---Me---
— o

{

o~ <o
Figure 4. Thermodynamic cycle used to evaluate the binding constant for
the transition state complexeAGrs = AGgs + AGH, — AGH).”

Table 2. Functional Group Interaction Energies (kJ mol~1)°

— —\5" 5 S
X <\:/>N <\:\//N' Me-! @N@M: i
<X <X <X
NO, +2.1+04 +5.2+0.5 +2.3+0.6
H 2204 -4.6 0.6 -25+0.6
NMe, -3.6+0.5 -8.6+0.6 -7.8+0.8

In addition, thermodynamic double mutant cycles can be used to

evaluate the magnitude of the corresponding aromatic interactions

in the reactant and product compleXéslhe energies for the nine
different double mutant cycles are summarized in Table 2.

There are some clear trends. The=X\Me; interactions are the
most favorable, followed by X H, and the X= NO, interactions
are repulsive. This trend can be explained on the basis of electro-

static interactions between the positive hydrogens on the edge of

the pyridine/TS/pyridinium ring with the-electron density on the
face of the aniliner-system. As the aniliner-electron density

reactant or product. This could be caused by polarization effects
that preferentially stabilize a more polarizable T $lowever,
polarization does not account for the behavior of theeXNO,
system, where the aromatic interaction is unfavorable and becomes
even more unfavorable in the TS. This result implies that electro-
static effects are important as well. However, the pyridine/
pyridinium hydrogens are less positive in the TS than in the
product!! The electrostatic effects could be due to the strongly
dipolar nature of the TS and the change in the position of the leaving
group between the TS and product.

This approach represents a general method for the quantification
of weak noncovalent interactions in transition states. The results
show that the mechanism by which aromatic rings catalyze pyridine
alkylation is through electrostatic stabilization of the developing
positive charge. The interactions in the transition state are stronger
than in the product and depend strongly on substituents. The double
mutant cycle approach could also be applied to enzyme catalysis
to determine the contribution of individual functional group
interactions to transition-state stabilization, if the enzyme and
substrate were both mutat&d.
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