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Oxidation of Alkenes by Theory and Kinetic Isotope Effects
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Permanganate hydroxylation follows the (3 + 2) cycloaddition mechanism established earlier for
osmium tetroxide. Density functional theory (Becke3LYP/6-31G*) predicts that the concerted (3 +
2) pathway is favored by about 40 kcal/mol relative to a stepwise process involving a (2 + 2)
cycloaddition. The activation energy for the (3 + 2) transition state is calculated to be only 9.2
kcal/mol. The energetics are remarkably similar to the results for osmylation, where the activation
energies are calculated to be 3.2 kcal/mol for the (3 + 2) and 44.1 kcal/mol for the (2 + 2) transition
state. Calculated kinetic isotope effects for a substituted case are in good agreement with experiment.

The mechanism of the oxidation of alkenes by perman-
ganate is believed to be similar to the oxidation of alkenes
by OsO,, even though the reaction rates are influenced
differently by donor and acceptor olefins.! The concerted
(3 + 2) mechanism was generally favored, until the
suggestion was made of a stepwise mechanism involving
a metallaoxetane intermediate.? Much discussion of
osmylations has ensued in the literature in recent years.®
For osmylations, theoretical studies predict that the (3
+ 2) mechanism is favored.* A recent study successfully
predicted the experimental Kinetic isotope effects from
calculations of the corresponding transition states by high
level density functional theory calculations, providing
strong evidence for the (3 + 2) mechanism.5® Here we
apply similar methods to the related permanganate
oxidation.

Experimental studies of the oxidative cleavage of
cinnamic acid by acidic permanganate’ gave secondary
kinetic isotope effects, ky/kp, of 0.77 (o) and 0.75 (5),
whereas a later paper from the same group on the same
reaction with quaternary ammonium permanganates®
reported very different isotope effects of 1.0 (o) and 0.91—
0.94 (), depending on the counterion. Different mecha-
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nisms were discussed in the literature® to explain the
variety of experimental results available, but the mecha-
nistic issues are unresolved.

The density functional/Hartree—Fock hybrid model
Becke3LYP¥11 implemented in GAUSSIAN-94%? has
been used throughout this study. The split valence
double-£ (DZ) basis set 6-31G* has been employed in the
DFT calculations together with a triple-£ (TZ)'2 valence
basis set for manganese. The wave functions were all
stable with respect to unrestricted (UB3LYP) calcula-
tions.

The same reaction pathways are possible for perman-
ganate as are available for osmium tetroxide. The reac-
tion can proceed as a one-step (3 + 2) reaction or a
stepwise (2 + 2) mechanism involving a rearrangement
of the manganooxetane to the five-membered intermedi-
ate, as shown in Scheme 1. Electron-transfer processes
have also been proposed for reactions of other manganese
0X0 species.

We calculated the products and transition states for
both pathways. The structures and relative energies are
shown in Figure 1.

The (3 + 2) pathway is favored by about 40 kcal/mol!
The activation energy for the (3 + 2) transition state is
calculated to be only 9.2 kcal/mol. The energetics are
remarkably similar to the results for osmylation, where
the activation energies are calculated to be 3.2 kcal/mol
for (3 + 2) and 44.1 kcal/mol for the (2 + 2) transition
state.
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Figure 1. Calculated results for both pathways. Relative energies are shown below the structures.

Table 1. Theoretical 2C/*3C and 'H/2H Kinetic Isotope Effects (298.15 K)6
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Scheme 1: Possible Reaction Pathways experimental Kinetic isotope effect data for trans-cin-
n namic acid. To model this reaction we chose trans-2,4-
I 0 pentadienoic acid as the alkene. The activation energy
M J\L D for that reaction is calculated to be 3.1 kcal/mol. This is
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O \ o\) value of 4.2 kcal/mol for trans-cinnamic acid.’
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Because the (2 + 2) adduct will not be formed, we did
not explore the rearrangement surface. DFT is capable
of predicting a (2 + 2) mechanism when it is favored; the
(2 + 2) transition state for the reaction of SO; with
ethylene is predicted by B3LYP calculations to be lower
in energy than the (3 + 2) transition state,** in accord
with experiment.t®

We also calculated the (3 + 2) transition state of a
substituted model system to compare computed with
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longer than the other. The anionic species acts as a
nucleophile, with the shorter bond g to the carbonyl
group. The reaction is still concerted, with the average
bond length equal to the bond length of the synchronous
reaction of permanganate with ethylene.

Kinetic isotope effects were calculated for the reaction
of permanganate with ethene and trans-2,4-pentadienoic
acid to compare them to published kinetic isotope effects.
The methodology used has been described elsewhere.516
On the basis of the transition states shown in Figures 1
and 2, the theoretical isotope effects were calculated. The
results are shown in Table 1.

The deuterium and carbon isotope effects for the (3 +
2) reaction of ethylene are similar to those found earlier®
for the OsO4NH5; reaction, 2.4% normal KIE for C and
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Figure 2. Transition state geometry for the (3 + 2) addition
to trans-2,4-pentadienoic acid.

4% inverse KIE for D. For the substituted case, the
asynchronicity causes the carbon isotope effect to be
larger at C;, where much more hybridization change
occurs, and somewhat smaller at C,. This explains why
an inverse secondary isotope effect was observed in the
p-position but not in the a-position of the vinylic system.

Houk and Strassner

The experimental kinetic isotope effects, kn/kp (295.15
K), are dependent on the counterion and were measured
to be 1.0 for C, and 0.91 (tetra-n-butylammonium per-
manganate) or 0.94 (p-fluorobenzyl)triethylammonium
permanganate) for Cz.8

The kinetic isotope effects reported earlier’” were
measured for oxidation in acidic solution, where the five-
membered intermediate manganate ester decomposes
rapidly to give manganese(lll) plus cleavage products.
Other reactions ensue, but these have not been studied
here.

Density functional calculations strongly favor the (3
+ 2) pathway for permanganate oxidations under basic
conditions. No direct interaction of the transition metal
with the alkene is necessary to explain the different
kinetic isotope effects for the C, and C; atoms. The
permanganate transition structure with ethene is nearly
the same as that for OsO,, and differences in substituent
effects may be attributed to charge differences between
the reagents.
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