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Rate and equilibrium constants are reported for the stepwise allylic 1,3-isomerization of
4-(4-methoxyphenyl)-2-methyl-1-butene (2) to give 4-(4-methoxyphenyl)-2-methyl-2-butene
(3) in water through a simple tertiary carbocation intermediate 11, and the data are used to
construct a free energy profile for the reaction. This profile shows that isopentenyl
pyrophosphate isomerase stabilizes the carbocation-like transition state for the stepwise
isomerization of simple alkenes by ca. 16 kcal/mol. The barriers for the deprotonation of the
tertiary carbocation 11 by solvent water are significantly smaller than those for the protonation
of simple enolates by this solvent. This difference favors a concerted mechanism for the
enzyme-catalyzed 1,3-isomerization of alkenes, which avoids the formation of a tertiary
carbocation intermediate.  1997 Academic Press

INTRODUCTION

The mechanisms by which enzymes stabilize putative bound enol(ate)s is a subject
of considerable recent interest (1–5). However, much less attention has been focused
on understanding the mechanism for the stabilization of carbocation-like transition
states of enzymatic reactions, and there have been no comparisons of the energetics
of a reaction which proceeds through an aliphatic carbocation intermediate in water
with those for the corresponding enzyme-catalyzed process. We report here the free
energy reaction coordinate profile for the nonenzymatic allylic 1,3-isomerization of
the simple alkene 2 to give 3 at pH 7.0, which proceeds through the simple tertiary
carbocation 11 (Scheme 1). This profile allows an estimate of the rate acceleration
for the reaction catalyzed by isopentenyl pyrophosphate isomerase, and it defines
the mechanistic imperatives for enzymatic catalysis of the 1,3-isomerization of sim-
ple alkenes.

EXPERIMENTAL SECTION

The materials and procedures for the synthesis of 2, along with spectral data for
this compound, are given in an earlier publication (6).
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SCHEME 1

Product and kinetic studies. These reactions were carried out in 20 : 80 (v/v) TFE/
H2O (TFE, trifluoroethanol) at 378C and a constant ionic strength of 0.80 maintained
with sodium perchlorate. The reactions were initiated by making a 100-fold dilution
of a solution of 2 in acetonitrile into the reaction mixture to give a final substrate
concentration of ca. 7 3 1024 M. The products of acid-catalyzed reactions of 2 were
identified and their yields were quantified by HPLC analysis as described in earlier
work (6). The rate constant ratios for partitioning of the reaction intermediate 11

between loss of a proton and addition of solvent was determined according to Eq.
[1], where [3]/([1-OSolv]) is the ratio of the yields of the products of 1,3-isomeriza-
tion and solvolysis reactions of 2.

k23/ks 5 [3]/([1-OSolv]) [1]

The reaction of 2 in 20 : 80 (v/v) TFE/H2O containing perchloric acid was followed
by HPLC by monitoring the decrease in the area of the peak for 2 using 9-methoxy-
fluorene (4 3 1025 M) as an internal standard. The first-order rate constants for
the disappearance of 2 were determined as the slope of a semilogarithmic plot of
reaction progress against time which covered three reaction halftimes.

RESULTS

The second-order rate constant for the acid-catalyzed reaction of 2 to form 3
and adducts to the water and trifluororethanol cosolvents (1-OSolv, Scheme 2) in
20 : 80 (v/v) TFE/H2O at 378C and I 5 0.80 (NaClO4), determined as the slope of

SCHEME 2
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a plot of kobsd against [HClO4], is (kH)obsd 5 6.5 3 1024 M21 s21. The alkene 2 was
not sufficiently soluble to allow for determination of this second-order rate constant
in water, the solvent used in studies of the isomerization reaction catalyzed by
isopentenyl pyrophosphate isomerase. However, the change from 50 : 50 (v/v) to
20 : 80 (v/v) TFE/H2O results in only a small, 20%, increase in the value of (kH)2

at 258C, from 8.1 3 1025 (6) to 9.8 3 1025 M21 s21 so that this rate constant varies
only slightly as trifluoroethanol in the solvent is replaced by water.

The yield of the alkene 3 from the acid-catalyzed reactions of 2 in 20 : 80 (v/v)
TFE/H2O is 3%. A product rate constant ratio of k23/ks 5 0.031 for partitioning
of 11 between loss of a proton to form 3 and nucleophilic addition of water to form
1-OSolv in 20 : 80 (v/v) TFE/H2O (Scheme 2) was determined from the ratio of
the yields of the products 3 and 1-OSolv from the acid-catalyzed reaction of 2 (Eq.
[1]). A product rate constant ratio of k22/ks 5 0.013 for partitioning of 11 between
loss of a proton to form 2 and nucleophilic addition of solvent in 20 : 80 (v/v) TFE/
H2O (Scheme 2) was estimated from k23/ks 5 0.031 and the product rate constant
ratio of k23/k22 5 2.4 determined as the ratio of the alkenes 3 and 2 obtained as
products of the acid-catalyzed reaction of 1-OH in 20 : 80 (v/v) TFE/H2O at 258C (6).

DISCUSSION

The rate constants for the reversible isomerization of 2 to 3 through a tertiary
carbocation reaction intermediate (Scheme 1) have been directly determined, or
estimated, from the rate and product data as follows.

(1) A value of (kH)2 5 6.6 3 1024 M21 s21 (Table 1) for protonation of 2 by
solvent to form 11 was estimated using the relationship (kH)2 5 (kH)obsd/(1 2 f2),
where f2 5 0.012 is the fraction of 11 that partitions to reform 2 (Scheme 2). This
value of f2 5 0.012 was calculated from the observed 3% yield of 3 from the reaction
of 2 and the product rate constant ratio of k23/k22 5 2.4 which is the ratio of the
alkenes 3 and 2 from the acid-catalyzed reaction of 1-OH in 20 : 80 (v/v) TFE/H2O
at 258C (6). We assume that the rate constant ratio will be the same for reactions
at 25 and 378C because the increase in temperature from 25 to 378C does not affect
the partitioning rate constant ratios for the reaction of 2 in 20 : 80 (v/v) TFE/H2O.

(2) In mostly aqueous solutions the tertiary carbocation 11 partitions between
very fast nucleophilic addition of solvent to form 1-OSolv, ks (s21), and slower
deprotonation by solvent to form 2 and 3 (6). There is good evidence that nucleo-
philic addition of solvent to 11 is so fast that the rate constant ks is limited by the
rate of rotation of a solvent molecule into a reactive conformation, so that ks 5
kreorg P 1011 s21 (7), where kreorg is the rate constant for reorganization of the local
solvation shell of the carbocation by the dielectric relaxation of solvent. The value
of ks 5 1011 s21 was combined with the product rate constant ratios k22/ks 5 0.013
and k23/ks 5 0.031 determined for the partitioning of 11 between loss of a proton
and the addition of solvent, to give k22 5 1.3 3 109 s21 and k23 5 3.1 3 109 s21 for
the deprotonation of 11 by solvent to form the alkenes 2 and 3, respectively (Table 1).

(3) The value of (kH)3 5 1.6 3 1024 M21 s21 was determined from the value of
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TABLE 1
Rate and Equilibrium Constants for the Stepwise Acid-Catalyzed

Isomerization of 2 to Give 3 through the Tertiary Carbocation 11

(Scheme 1)a

Observed value
at pH 7

Rate or equilibrium constant ([H1] 5 1027 M)

(kH)2 6.6 3 1024 M21 s21 b 6.6 3 10211 s21

k22 1.3 3 109 s21 c 1.3 3 109 s21

(kH)3 1.6 3 1024 M21 s21 d 1.6 3 10211 s21

k23 3.1 3 109 s21 c 3.1 3 109 s21

1/K2 5 (kH)2/k22 5.1 3 10213 M21 5.1 3 10220

1/K3 5 (kH)3/k23 5.2 3 10214 M21 5.2 3 10221

Kiso 5 (kH)2k23/kH)3k22 10 e

a In 20 : 80 (v/v) TFE/H2O at 378C and I 5 0.80 (NaClO4), unless
noted otherwise.

b Calculated from (kH)obsd for the reaction of 2, as described in
the text.

c Calculated from (1) ks 5 1011 s21 for the reaction of 11 with solvent
(Ref. 6) and (2) k22/ks 5 0.013 or k23/ks 5 0.031, which are the ratio
of the yields of the alkene and solvent adducts from partitioning of 11.

d Calculated from (kH)3 5 (kH)2k23/k22Kiso .
e The ratio of the concentrations of 3 and 2 at chemical equilibrium,

determined in 50 : 50 (v/v) TFE/H2O at 258C (Ref. 6).

Kiso 5 10 for the interconversion of 2 and 3 catalyzed by 1.0 M HClO4 in 50 : 50
(v/v) TFE/H2O (6) and the relationship (kH)3 5 (kH)2k23/Kisok22 (Scheme 1).

The free energy reaction coordinate profile for the stepwise acid-catalyzed isomer-
ization of 2 to give 3 in water at pH 7.0 is shown in Fig. 1. This profile was constructed
using the data in Table 1 and the Eyring equation for a reaction at 310 K [DG‡ 5
18.2 2 1.42 log k]. At pH 7.0, there is no significant uncatalyzed isomerization by
direct protonation of 2 by solvent to give 11 and lyoxide ion, followed by deprotona-
tion of 11 by lyoxide ion to give 3 because there is no significant deprotonation of
11 by 0.50 M lyoxide ion (6). If lyoxide ion cannot lower the barrier to deprotonation
of 11 below that for its deprotonation by solvent, then, by the principle of micro-
scopic reversibility, water cannot affect the barrier to the lowest energy pathway
for the formation of 11 by protonation of 2 or 3 by hydronium ion, so that only
the acid-catalyzed reaction of 2 is significant at pH 7.

The isomerization of 2 to form 3 as written in Scheme 1 ignores the fast addition
of solvent to the carbocation reaction intermediate 11 in order to permit a direct
comparison of kinetic data for solution and enzyme-catalyzed allylic isomerization
reactions. The first-order rate constant for this isomerization reaction at pH 7.0
and 378C, kiso 5 4.7 3 10211 s21, was calculated from the data in Table 1 using the
relationship kiso 5 (kH)2[H1] f 93 , where f 93 5 k23/(k22 1 k23) 5 0.71 refers to the
partitioning of 11 between deprotonation by solvent to form the alkenes 2 and 3
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FIG. 1. Free energy reaction coordinate profile for the stepwise acid-catalyzed isomerization of 2 to
give 3 in water at pH 7.0 ([H1] 5 1027 M) and 378C. The profile was constructed using the data in Table
1 and the Eyring equation (see text). (A) Activation barrier to the protonation of 2 by hydronium ion
to give the tertiary carbocation intermediate I1. (B) Activation barrier to the deprotonation of the
carbocation I1 by solvent to give the alkene 3.

(Scheme 1). This corresponds to a halftime of ca. 500 years for the nonenzymatic
isomerization reaction.

A value of kcat 5 13 s21 for the isomerization of enzyme-bound isopentenyl
pyrophosphate (IPP) by IPP-isomerase from Saccharomyces cerevisiae at 378C was
calculated from 20 emol min21 mg21 for the specific activity of IPP-isomerase
determined at a saturating concentration of IPP (8) and a molecular weight of
39,000 Da for the enzyme (9). The value of kcat 5 13 s21 corresponds to a 3 3 1011-
fold acceleration of 1,3-isomerization by the enzyme for a reaction at 378C. Studies
of tight-binding cationic transition state analogs (10, 11) have provided good evi-
dence that IPP-isomerase catalyzes isomerization either by a stepwise mechanism
through a tertiary carbocation intermediate or by a concerted mechanism through
a carbocation-like transition state (Scheme 3). By comparison, fumarase causes a
larger 3 3 1015-fold acceleration of the dehydration of malate through an enol(ate)
intermediate (12), while triosephosphate isomerase causes a smaller 106-fold acceler-
ation of aldose-ketose isomerization of acid/base-catalyzed isomerization of dihy-
droxyacetone phosphate, compared to catalysis of the same reaction by the small
buffer catalyst 3-quinuclidinone, also through an enol(ate) intermediate (13).

The data reported here allow for the following conclusions and speculations
about the mechanism for enzymatic catalysis of the formation of simple tertiary
carbocations and enolates.
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SCHEME 3

(1) The barrier to isomerization of the enzyme-bound substrate by IPP-isomerase
is ca. 16 kcal/mol lower than that for the nonenzymatic stepwise isomerization of
simple alkenes in water. An obvious source of this catalytic rate acceleration is
stabilization of the carbocation-like transition state by electrostatic interactions
with anionic residues at the enzyme active site which presumably results in the
observed tight binding of cationic transition state analogs to IPP-isomerase (9, 10).
What is not clear is whether electrostatics can account for the entire ca. 16 kcal/
mol stabilization of the enzyme-bound transition state, or whether the protein
catalyst must draw upon other resources.

(2) It has been proposed that ‘‘enolic’’ intermediates of enzymatic reactions are
strongly stabilized by the formation of single-potential or ‘‘low barrier’’ hydrogen
bonds (3, 4). However, hydrogen bonds of this type involving an enzyme-bound
tertiary carbocation intermediate are not important because they require that the
pKas of the hydrogen bond donor and acceptor be closely matched (3), while the
pKa P 212 of a simple tertiary carbocations such as 11 is much more negative than
those of any imaginable amino acid side chains.

(3) The rate constant for nucleophilic addition of a largely aqueous solvent to
11 (ks P 1011 s21) (6) is ca. 50-fold larger than its deprotonation by solvent (k22 ,
k23 , Table 1). By contrast, there have been no reports that IPP-isomerase catalyzes
the hydration of its substrates, even upon their prolonged incubation with the
enzyme (14). This requires either that there be an extraordinarily high degree of
shielding of an enzyme-bound carbocation intermediate from the nucleophilic attack
of solvent, or that the enzyme follows a concerted mechanism which avoids the
formation of this intermediate.

It is important to appreciate that the very small barriers to the deprotonation of
11 by solvent water may well prove critical in determining that the mechanism for
the enzyme-catalyzed isomerization of 2 is different from the stepwise mechanisms
observed for enzyme-catalyzed a-deprotonation of carbonyl substrates to form eno-
late reaction intermediates (15). For example, general acid catalysis of the proton-
ation of 2 (or 3) to give 11 would require that substitution of the catalyst for solvent
at the transition state for the reversible protonation of 2 results in identical decreases
in the barriers to the formation and reaction of 11. However, such catalysis can
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have only a small effect on the reaction rate because the barrier to the deprotonation
of 11 is already very small (ca. 5 kcal/mol, Fig. 1). In other words, there is a large
intrinsic advantage to utilization of a basic catalytic amino acid residue to catalyze
reversible a-carbonyl proton transfer to form an enolate, but little such advantage
to utilization of an acidic side chain to catalyze reversible protonation of isopentenyl
pyrophosphate to form a tertiary carbocation reaction intermediate.

The relative barriers to stepwise and concerted isomerization can be estimated
by inspection of the free energy profile for the stepwise reaction (Scheme 1) (16,
17). The activation barrier for a reaction in which the protonation of 2 is concerted
with the abstraction of an allylic proton ((DG†)con , Scheme 3) will be equal to the
sum of the large activation barrier to the formation of 11 (Fig. 1, A) and the much
smaller barrier to the deprotonation of this carbocation (Fig. 1, B), minus any
advantage resulting from the coupling of the two reactions in a single-step concerted
process (C, Eq. [2]) (16, 17).

(DG†)con 5 A 1 B 2 C [2]

Now, a relatively large fraction of what might be gained from the coupling of the
two proton transfers in a single step at the enzyme catalyst (C, Eq. [2]) will be
expressed as a net stabilization of the transition state for the stepwise nonenzymatic
reaction (A, Fig. 1) because of the very small barrier (B, Fig. 1) to the deprotonation
of 11. Furthermore, the protein catalyst may maximize the advantage to the coupling
of these proton transfer reactions, by minimizing the entropic price paid for organi-
zation of the proton donor and acceptor at the enzyme catalyst.
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