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The kinetic data obtained for the cycloadditions of the permanganate ion to a series of styrene derivatives in
dichloromethane solution in the presence of a quaternary ammonium ion were examined with two theoretical
approaches, on the assumption that the reactions proceed via a concerted [3 � 2] mechanism. The semi-quantitative
frontier molecular orbital analysis of the kinetic data shows a linear free energy relationship with better correlation
than the Hammett plot with σ values when the point for p-NO2 group is omitted. Further examination of the results
of the FMO analysis reveals that the deviation of the point for p-nitrostyrene is attributed to the transition structure
being more reactant-like than that of the other derivatives. The plot of log k2 vs. �∆G ‡ calculated by the density
functional theory (Becke3LYP) follows a straight line with the desired correlation for all the substituents. A
marked tendency was observed for the MO calculations to underestimate the ∆G ‡ value for electron-withdrawing
substituents when the calculation was carried out excluding the quaternary ammonium ion. This inconsistency was
much improved by the calculations incorporating the quaternary ammonium ion. The actual values of ∆G ‡ obtained
from the Eyring analysis are in good agreement with those calculated at the B3LYP/6-311�G(d,p)//B3LYP/
LanL2DZ level.

Introduction
It has been accepted since the end of the 19th century that
permanganate oxidation of alkenes proceeds via the transient
cyclic manganate() ester intermediate 1 (Scheme 1).1 There
have been two kinds of discussion concerning the mechanism
of this reaction in the last quarter of the 20th century. The first
is related to the question of whether a manganese intermediate
spectrophotometrically observed during the reactions in
organic solution in the presence of a quaternary ammonium
ion or in weakly acidic buffer solution is the intermediate 1
itself or not.2 The other, more contemporary controversy is
related to the mechanism of the cycloaddition step.

Two different pathways, both of which lead to the intermedi-
ate 1, have been proposed (Scheme 1). The concerted [3 � 2]
pathway, which involves a five-membered transition state, was
theoretically suggested on the basis of the frontier molecular
orbital (FMO) theory 3 and the Zimmerman treatment.4 On the

Scheme 1 Two pathways for permanganate addition to alkene.

† Electronic supplementary information (ESI) available: Additional
data. See http://www.rsc.org/suppdata/ob/b3/b302693k/

other hand, the [2 � 2] pathway in which a metallaoxetane
intermediate 2 is initially formed and then rearranges to 1 is
based on the general proposal for reactions of oxo-transition
metal reagents with alkenes by Sharpless et al.5 Similar topics
have been discussed coincidentally for the reactions between
OsO4 and alkenes.6

In a previous paper,7 we have shown that the experimentally
observed substituent effects of various types of alkenes on
permanganate oxidation are semi-quantitatively explicable on
the assumption of the [3 � 2] mechanism by using a rate equa-
tion derived from the general perturbation equation and the
FMO theory. More recently, it has been shown that the free
energies of activation of the [3 � 2] pathway calculated accord-
ing to the density functional theory for the permanganate oxid-
ation of ethylene and a series of alkenoic acids are 160 to 190 kJ
mol�1 lower than that of the [2 � 2] pathway.8 Similar results
have been reported also for the reactions of OsO4.

9

Although the [3 � 2] mechanism is favored by direct theoreti-
cal calculations, the existing studies have been limited to small
molecules and very little comparison with experimental data
has been conducted to date. In this paper, in order to clarify the
[3 � 2] mechanism in more detail, we have performed kinetic
experiments for the reactions of styrene derivatives in organic
solution in the presence of a quaternary ammonium ion, and
then analysed the results using two theoretical approaches.
First, we examined the linear free energy relationship of the
kinetic results using the semi-quantitative FMO method,7

which is employable instead of the Hammett analysis with high
enough accuracy using semi-empirical MO calculations. Sec-
ond, we calculated the Gibbs free energies of activation (∆G ‡)
for the reactions of all the derivatives using density functional
theory (DFT), and compared the resulting values with those
obtained from an Eyring plot of the kinetic results. Although
several kinetic studies on the substituent effects of aryl alkenes
have been done to explore the cycloaddition step of the per-
manganate oxidation,2c,2d,10 we chose here the reaction of simple
styrene derivatives in order to avoid the difficulty in computing
large and complex molecules.D
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Experimental
p-Chloro, m-nitro, p-nitro and non-substituted styrene were
purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan),
and p-methylstyrene from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan) and were used without any purification.
m-Chloro, m-bromo, and 3,4-dichlorostyrene were prepared
according to the standard method described in the literature.11

The kinetic experiments were performed using a spectro-
meter for the reaction between a styrene derivative and per-
manganate ion solubilised in dichloromethane by use of
tetraethylammonium chloride. The permanganate solutions
were prepared in a similar manner previously described 2g,7 and
the accurate concentration was spectrophotometrically deter-
mined immediately before use. The reactions were performed
by mixing a dichloromethane solution of permanganate ion
(2 mL, ca. 2 × 10�4 mol L) and a dichloromethane solution of a
styrene (2 mL, ca. 2–7 × 10�4 mol L�1) in a 10 mm cuvette. The
kinetics were determined by monitoring the changes in absorb-
ance at 526 nm (disappearance of permanganate ion). The
temperature was maintained at 25.0 �C with a refrigerated and
heated bath circulator. The absorbance data were corrected at
each time by subtracting the increasing background at this
wavelength (due to the formation of manganese intermediate)
estimated from the observed absorbance at 420 nm, where the
reactants have no absorption.

All the rate constants (k2) are the average of four or more
times experimental. Activation parameters for the permangan-
ate reactions of all the styrene derivatives were determined from
the plots of ln k2/T vs. 1/T using k2 values determined at 15.0,
20.0, 25.0, and 30.0 �C, respectively.

Computational procedure

DFT (Becke3LYP) 12 calculations were performed using the
program Gaussian 98.13 Geometry optimizations were carried
out using two levels of DFT calculations, B3LYP/LanL2DZ 14

and B3LYP/6-31G(d). Frequency calculations were also per-
formed at these levels and it was verified that each structure
corresponds to a minimum or transition state. The frequencies
used for the computation of the thermal corrections to Gibbs
energy and entropy calculations were scaled by 0.9804 15 for the
calculations at the B3LYP/6-31G(d) but not scaled for the cal-
culations at the B3LYP/LanL2DZ level. For these optimised
geometries the energies are also evaluated at the level of
B3LYP/6-311�G(d,p). Gibbs free energies of activation (∆G ‡)
at the 6-311�G(d,p) level are calculated based on the electronic
energies at this level and the thermal corrections calculated
at the optimization level. Orbital energies and eigenvectors of
the styrenes used for the FMO analysis were calculated by
PM3 16 in MOPAC 97. The HOMO energy of permanganate,
�8.5 eV, was adopted based on the value obtained by the
PM3(tm) method 17 in the program suit Mac Spartan 1.2 18 and
an empirical correction.7

Results and discussion

Semi-quantitative FMO analysis

Fig. 1 shows the results of the kinetic measurements in the form
of a Hammett plot against σ values. An excellent straight line

with positive slope (ρ = 0.76) is obtained when p-nitrostyrene is
omitted from the plot. The upward deviation of p-nitrostyrene
from the straight line is corrected, however, by adopting a σ�

value for p-NO2 group. These facts indicate that the reactions
involve a nucleophilic attack of permanganate ion in the rate-
determining step and the electron-withdrawing resonance effect
lowers the transition energy particularly in the reaction of
p-nitrostyrene.

We examined the kinetic data by the semi-quantitative FMO
method using the following equation (eqn. 1) we proposed pre-
viously.7 This equation provides a simple theoretical method to
evaluate the linear free energy relationship of the rate constant
(k2) for a concerted cycloaddition reaction based on the general
perturbation theory.19 

The right hand side of eqn. 1 represents the magnitude of
energy stabilization caused by the HOMO–LUMO interaction
in a concerted cycloaddition reaction where the donor compon-
ent is symmetric as MnO4

�. CSL1 and CSL2 represent the eigen-
vectors of LUMO at the atoms of the reaction site of the
unsymmetrical acceptor, i.e., styrenes in this case, and ERH �
ESL denotes the HOMO–LUMO energy difference between the
donor and acceptor. The parameter d varies from 0 to 1 with the
location of the transition state along the reaction coordinate
and is concerned with the extent of equalization and localiz-
ation of lobes extending at the atoms of the reaction site. Thus,
if one can determine the right value of d for a series of related
cycloaddition reactions where transition structures are similar,
a linear relationship could be expected between ln k2 and the
values calculated for the terms in brackets in eqn. 1. Semi-
empirical MO calculations usually give correlation coefficients
(r) as good as those of Hammet plots for the cycloaddtion
reactions such as Diels–Alder reactions.7 Table 1 shows the MO
data required for this analysis together with the experimental
rate data.

An excellent straight line (r = 0.998) very similar to that of
the Hammett plot results when d is taken as 0.74 for all the
derivatives except p-nitrostyrene which deviates strongly down-
ward (Fig. 2). This deviation suggests that the nature of the
transition state in the reaction of p-ntirostyrene is not similar to
those of other styrenes, and hence the same d value cannot
apply to its reaction. When d is taken as 0.70 instead of 0.74 for
p-nitrostyrene, the point for p-nitrostyrene moves onto the
straight line as shown in Fig. 2. According to the definition of
d, this suggests that the transition structure for p-nitrostyrene is
more reactant-like than those of other styrene derivatives. It
should be noted that the deviation of p-nitrostyrene observed in
the Hammett plot with σ values and that in the FMO plot move

Fig. 1 Hammett plot for the reactions of MnO4
�Q� with substituted

styrenes in CH2Cl2; ρ = 0.76, r = 0.98.

(1)
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in opposite directions. The upward deviation in the Hammett
plot is due to the fact that σ values are defined on the basis of
acidity constants of benzoic acids in which the resonance effect
of the p-NO2 group is not involved, and hence the σ value
underestimates the reactivity of p-nitrosyrene. On the other
hand, in the FMO analysis the resonance effect in the ground
state of p-nitrostyrene is taken into account from the first, but it
is less significant in the transition state because of the change in
hybridization from sp2 to sp3 at the reaction site. Consequently,
the calculation for p-nitrostyrene using eqn. 1 tends to over-
estimate the reactivity and causes a downward deviation when
we use the same d value as that used for other styrene deriv-
atives, for which the resonance effect is not critical, neither in
the ground state nor in the transition state.

Transition states calculated without a quaternary ammonium ion

We first calculated structures and energies ignoring the presence
of a quaternary ammonium ion in the reactants and transition
states. Structure optimizations and frequency calculations were
carried out at the level of B3LYP/LanL2DZ and B3LYP/
6-31G(d), and single-point energy calculations at the B3LYP/
6-311�G(d,p) level were performed on these optimised
structures.

In Table 2, some structural features of the calculated transi-
tion states are listed. As predicted in the above discussion on the
FMO plot (Fig. 2), all the transition structures are similar to
each other except that of p-nitrostyrene. The long distance of
C1–O1 and the small dihedral angle of C2–C1–C1�–C2�
observed for p-nitrostyrene are in good agreement with the
above prediction that the transition structure for p-nitrostyrene
is more reactant-like. Since the d value is considered to be an

Fig. 2 Plots of log k2 vs. [(1 � d)(|CSL1| � |CSL2|)
2 � 2d]/|ERH � ESL| for

the reactions of MnO4� with substituted styrenes; d = 0.74, r = 0.998.

Table 1 Second-order rate constants a for permanganate reactions and
semiempirical MO data b for styrene derivatives

X k2/mol�1 L s�1 ESL/eV

Eigen vectors

CSL1 CSL2

p-Me 0.93 ± 0.01 �0.120 0.2995 �0.4433
H 1.18 ± 0.01 �0.122 0.3088 �0.4542
p-Cl 2.31 ± 0.10 �0.375 �0.2743 0.4270
m-Cl 2.19 ± 0.06 �0.326 0.2864 �0.4387
m-Br 2.55 ± 0.04 �0.385 �0.2825 0.4372
3,4-diCl 3.55 ± 0.06 �0.536 �0.2548 0.4120
m-NO2 4.38 ± 0.08 �0.703 �0.2305 0.3584
p-NO2 10.52 ± 0.15 �1.351 0.1718 �0.3496
a Determined at 25 �C. b Calculated by PM3 in MOPAC 97 on the struc-
tures optimised at the same level. 

index of bond formation at the transition state, one can roughly
estimate the d value for p-nitrostyrene as 0.70 by multiplying the
d value (0.74) by 2.28/2.40 taking the mean distance of C1–O1
for the styrenes other than p-nitrostyrene as 2.28 Å (in the case
of B3LYP/LanL2DZ optimised structure, see Table 2). The
value 0.70 well agrees with the value adopted to correct the
deviation of p-nitrostyrene in the FMO plot (Fig. 2).

The calculated free energies of activation (∆G ‡) at the levels
of B3LYP/6-311�G(d,p)//B3LYP/LanL2DZ and B3LYP/
6-311�G(d,p)//B3LYP/6-31G(d) are shown in Table 3. In order
to review the linear free energy relationship, the plots of log k2

vs. �∆G ‡ are drawn in Fig. 3 together with that of the experi-
mental ∆G ‡ (see also Table 5). Although the calculations at
both levels give excellent straight lines, considerable discrepan-
cies are observed in the exact values of ∆G ‡ and the slopes
between theory and experiment. These apparent discrepancies
prompted us to undertake further investigation.

DFT calculations including a quaternary ammonium ion

A reason for the disagreement between the theoretical and
experimental ∆G ‡ values may be attributed to the electrostatic
effect of the quaternary ammonium ion, which was not

Table 2 Bond distances and dihedral angles in transition states
optimised at B3LYP/LanL2DZ and B3LYP/6-31G(d) without a
tetraethylammonium ion a

X

Bond distance/Å Dihedral angle/�

C1–O1 C2–O2 C1–C2 C2–C1–C1�–C2�

p-Me 2.27 (2.25) 2.07 (1.94) 1.39 (1.39) �24.4 (�26.7)
H 2.27 (2.25) 2.07 (1.94) 1.39 (1.39) �23.8 (�26.6)
p-Cl 2.29 (2.27) 2.07 (1.93) 1.39 (1.39) �24.0 (�25.7)
m-Cl 2.29 (2.27) 2.07 (1.93) 1.39 (1.39) �24.7 (�26.2)
m-Br 2.29 (2.27) 2.07 (1.93) 1.39 (1.39) �25.7 (�26.9)
3,4-diCl 2.29 (2.28) 2.07 (1.93) 1.39 (1.39) �24.9 (�26.8)
m-NO2 2.29 (2.27) 2.07 (1.93) 1.39 (1.39) �28.4 (�29.2)
p-NO2 2.40 (2.37) 2.06 (1.92) 1.39 (1.39) �15.7 (�21.5)
a Figures in parenthesis are the values for B3LYP/6-31G(d) optimised
structure. 

Table 3 Free energies of activation for [3 � 2] addition of MnO4
� to

X–PhCH��CH2 calculated excluding a quaternary ammonium ion (in kJ
mol�1 at 298.15 K)

X

∆G ‡ a

B3LYP/6-311�G(d,p) //
B3LYP/LanL2DZ

B3LYP/6-311�G(d,p) //
B3LYP/6-31G(d)

p-Me 87.4 92.9
H 84.9 89.9
p-Cl 72.1 77.3
m-Cl 71.1 76.1
m-Br 69.2 74.6
3,4-diCl 61.9 67.6
m-NO2 52.2 57.8
p-NO2 40.7 49.7
a Thermal corrections at the structure optimisation levels are used. 
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Table 4 Activation parameters calculated including a tetraethylammonium ion (in kJ mol�1 or J mol�1 K�1)

X

B3LYP/LanL2DZ //
B3LYP/LanL2DZ

B3LYP/6-311�G(d,p) //
B3LYP/LanL2DZ

B3LYP/6-31G(d) //
B3LYP/6-31G(d)

B3LYP/6-311�G(d,p) //
B3LYP/6-31G(d)

∆H‡ ∆S ‡ ∆G ‡ a ∆H‡ b ∆G ‡ a, b ∆E ‡ c ∆H‡ ∆S ‡ ∆G ‡ a ∆H‡ b ∆G ‡ a b ∆E ‡ c

p-Me 13.0 �187 68.6 23.6 79.3 21.5 29.9 �197 88.5 34.6 93.3 32.1
H 11.0 �175 63.2 21.2 73.4 19.5 28.0 �183 82.6 32.2 86.9 30.1
p-Cl 6.5 �173 58.2 17.2 68.9 15.2 24.9 �187 80.6 28.1 83.8 25.5
m-Cl 7.6 �179 61.1 17.7 67.0 15.3 25.2 �192 82.3 28.1 85.3 25.6
m-Br 7.9 �166 57.3 17.6 71.2 15.8 17.5 �200 77.0 29.0 88.5 27.5
3,4-diCl 3.0 �181 56.9 14.0 67.9 11.8 22.3 �191 79.2 24.8 81.7 22.1
m-NO2 0.1 �162 48.5 13.0 61.4 11.7 13.0 �191 69.9 18.9 75.8 18.0
p-NO2 �6.0 �173 45.6 6.7 58.3 4.9 6.9 �203 67.5 15.1 75.7 12.7
a At 298.15 K. b Calculated based on thermal corrections of geometry optimization. c Relative energies calculated using electronic energies without
any thermal corrections. 

incorporated into the above calculations. We noted the marked
inconsistency in the slopes of the plots observed between
experiment and theory (Fig. 3). It has been known that a qua-
ternary ammonium permanganate exists as an ion pair in
CH2Cl2 solutions.2d Since in the transition states the negative
charge of the permanganate ion moiety is spread over the styr-
ene moiety, the energy stabilization of the transition states
caused by ion pairing with Et4N

� would be expected to be
smaller than that of ground state Et4N

�MnO4
�. This fact

would raise the actual activation energy especially for the reac-
tion of electron-withdrawing styrenes. Therefore, calculations
using a more extensive model and taking into account ion pair-
ing with Et4N

� would result in a larger slope for the plot of log
k2 vs. �∆G ‡ than those observed in Fig. 3.

We performed optimizations of the reactants and transition
structures including a tetraethylammonium ion and calculated

Fig. 3 Plots of log k2 vs. �∆G ‡ calculated at the B3LYP/6-
311�G(d,p) level on the structures optimised at the levels indicated
below. The quaternary ammonium ion is not included in the
calculations. �: B3LYP/6-31G(d) (r = 0.98), �: B3LYP/LanL2DZ
(r = 0.99), �: experimental (r = 1.0).

Table 5 Experimental activation parameters (in kJ mol�1 K or J mol�1

K�1) a

X

Experimental

∆H‡ ∆S ‡ ∆G ‡ b

p-Me 20.3 ± 0.7 �177 ± 3 73.2
H 18.8 ± 1.5 �181 ± 5 72.7
p-Cl 15.9 ± 1.2 �185 ± 4 70.9
m-Cl 18.0 ± 1.5 �178 ± 5 71.0
m-Br 17.5 ± 1.1 �178 ± 4 70.7
3,4-diCl 10.7 ± 0.7 �199 ± 3 69.9
m-NO2 11.4 ± 1.4 �195 ± 5 69.4
p-NO2 15.6 ± 1.7 �173 ± 6 67.2

a Obtained from Eyring plots. b Calculated at 298.15 K. 

∆G ‡ as well as ∆S ‡ and ∆H‡ using the same theoretical pro-
cedure as described above. The results are indicated in Table 4.
The experimental activation parameters obtained from Eyring
plots over the temperature range from 15.0 to 30.0 �C are also
indicated in Table 5. It can be noted that the large negative
values of the experimental ∆S ‡ are well reproduced at both
levels of calculations. The plots of log k2 vs. �∆G ‡ at B3LYP/
6-311�G(d,p)//B3LYP/LanL2DZ and B3LYP/6-311�G(d,p)//
B3LYP/6-31G(d) are shown in Fig. 4 together with that of the
experimental ∆G ‡.

It can be seen that the slopes of the plots in Fig. 4 has been
significantly improved at both levels of calculation compared to
those in Fig. 3, as expected above from the electrostatic effect of
the quaternary ammonium ion. The exact values of ∆G ‡ calcu-
lated with 6-311�G(d,p) basis set on the LanL2DZ optimised
structures are in good agreement with the experimental values,
while those calculated on the 6-31G(d) optimised structures are
considerably deviated from the experimental values. Further-
more, it should be noted that the differences in calculated ∆G ‡

due to the level of geometry optimization was enlarged com-
pared to the calculations without the quaternary ammonium
ion. Nearly the same differences were observed between the
relative energies (∆E ‡, see Table 4) obtained from electronic
energies without any thermal corrections. This fact suggests
that the differences are derived mainly from electronic energies
but not from frequencies and thermal corrections.

The optimized structures of the transition state with the
counter ion are given in Fig. 5, as well as the optimised geom-
etry of Et4

�MnO4
� in Fig. 6, with some geometrical figures and

summed atomic charges of three components calculated at the
level of 6-311�G(d,p) on the LanL2DZ and 6-31G(d) opti-
mized structures, respectively. It can be seen that the differences

Fig. 4 Plots of log k2 vs. �∆G ‡ at B3LYP/6-311�G(d,p) level on the
structures optimised at the levels below indicated. The quaternary
ammonium ion is incorporated in the calculations. �: B3LYP/6-31G(d)
(r = 0.89), �: B3LYP/LanL2DZ (r = 0.96), �: experimental (r = 1.0).
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Fig. 5 Geometries of the transition states optimised at the level of B3LYP/LanL2DZ with the counter cation (hydrogen atoms are omitted for easy
seeing). Figures in roman refer to the interatomic distance (Å) specified by a dotted line. Figures in italic refer to the total atomic charge for the
component parts surrounded by a circle. The figures in parentheses are those for the B3LYP/6-31G* optimised geometries.

in the C–O bond distances due to the level of optimization are
larger than those in the transition structures calculated without
the counter ion (see Table 2), especially for C1–O1. Further-
more, considerable differences in the negative charges on
styrene parts are noted between the levels of optimization.
These factors may have worked for the LanL2DZ optimization
to be favored for giving the results closer to experiments.

Conclusions
A comparison between the results of experimental and
theoretical studies for the substituent effects of permanganate
oxidation of styrene derivatives in CH2Cl2 with tetaethyl-
ammmonium ion as a phase catalyst has been accomplished.
The [3 � 2] transition states have been optimised in the form of
an ion pair with a quaternary ammonium ion using DFT calcu-
lation. The free energies of activation as well as the activation
entropies computed for these models at the level of B3LYP/
6-311�G(d,p)//B3LYP/LanL2DZ are in good agreement with

Fig. 6 Geometry of the permanganate ion with a counter ion. See the
caption of Fig. 5 for what the figures refer to.

those obtained from kinetic experiments. To the best of our
knowledge, this is the first report where full activation param-
eters have been compared between experiment and theory
for the permanganate oxidation of alkenes. The experimental
results were also analysed by semi-quantitative frontier molecu-
lar orbital treatments. The more reactant-like geometry of the
transition state predicted for the reaction of p-nitrostyrene from
the deviation from the straight line of the semi-quantitative
FMO plot is in good agreement with that optimised by the
DFT calculation.
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