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Kinetics and mechanism of oxidative decarboxylation
of benzilic acid by alkaline permanganate using the
stopped-flow technique
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A mechanism involving the formation of complex between benzilic acid and permanganate has been proposed for
the title reaction and activation parameters for the slow step of reaction and reaction constants involved in the
mechanism were calculated and discussed. 
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The mechanism by which permanganate ion oxidises a
substrate depends not only on the nature of substrate but also on
the medium9 used for the study. In strongly alkaline medium the
stable reduction product10, 11 of permanganate ion is manganate
ion, MnO4

2-. No mechanistic information is available to
distinguish between a direct one-electron reduction to Mn (VI)
(Scheme 1) and a mechanism, in which hypomanganate
(Scheme 2) is formed in a two–electron reduction followed by
rapid oxidation of the hypomanganate ion.12

The kinetics of oxidation of benzilic acid by permanganate in
aqueous alkaline medium at a constant ionic strength of 0.50
mol/dm3 was studied spectrophotometrically. The reaction is
first order in permanganate and less than unit order both in
benzilic acid and alkali under the experimental conditions. No
significant effect was observed on the rate of the reaction by
varying ionic strength and solvent polarity. 

Permanganate ion, MnO4
-, acts as an oxidising agent in

aqueous alkaline medium. At pH >12 the reduction product of
MnO4

- viz. MnO4
2-, is stable and further reduction of product

MnO4
2- stops.20 Diode array rapid scan spectrophotometer

(DARSS) studies have shown that at pH >12, the reduction
product of MnO-

4 is MnO4
2- with no further reduction, as

reported by Simandi, et al.20 However, on prolonged standing,
the reaction mixture turns brown, indicating the reduction of
MnO4

2- to MnO2 under our experimental conditions.
Oxidation of benzilic acid by permanganate in NaOH medium
is a non-complementary reaction with oxidant undergoing one

equivalent change. The reaction between benzilic acid and
MnO4

- has a stoichiometry 1:2 with first order dependence on
MnO4

-, and fractional order dependence on both BA and OH.
The active species of permanganate in aqueous alkaline

medium may be deduced from the dependence of the rate on
[OH-] in the reaction medium. The apparent order of less than
unity, in OH- may be an indication of the formation of
permanganate species as alkali permanganate MnO4.OH 2-

from permanganate ion in a prior equilibrium step21. The
formation of MnO4.OH 2- species in alkaline medium was
further supported by the Michaelis–Menton plot (Fig. 3)
which is linear with a positive intercept. It is also known that,
permanganate ion in alkaline medium22 exists as MnO4.OH 2-

. As the pKa of benzilic acid is less than 4, it will be present
largely as the carboxylate anion23 in the present experimental
conditions. Based on the experimental results, a mechanism
can be proposed for which all the observed orders with respect
to each constituent such as oxidant, reductant and OH- may be
well accommodated. Here the alkaline permanganate species,
MnO4.OH2- reacts with the carboxylate anion of substrate to
give a complex C, which decomposes in a slow step to give a
free radical, derived from decarboxylated benzilic acid. This
radical in turn reacts with another molecule of permanganate
in a fast step to yield the products. The existence of isosbestic
points around 460 and 560 nm in the UV/Vis spectrum of
KMnO4 in an alkaline medium (Fig. 1) indicate the presence
of a metastable intermediate between the reactant and product.
The mechanism is proposed as in Scheme 3. 
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The probable structure of complex C is shown below.

Spectroscopic evidence for the complex formation between
oxidant and substrate was obtained from the UV/ vis spectra of
the MnO4

- and MnO4
- – benzilic acid mixture. A bathochromic

shift of about 10 nm from 545 to 555 nm is observed and
hyperchromicity is observed at 555 nm. Analogous effects
upon a complex formation between a substrate and an oxidant
have been observed in other investigations.24 Further the
formation of a complex is also proved kinetically by the non-
zero intercept of the plot of 1/kobs versus 1/[BA] (Fig. 3). The
observed modest enthalpy of activation and a relatively low
value of the entropy of activation, as well as a higher rate
constant for the slow step, indicates that the oxidation
presumably occurs via an inner-sphere mechanism. This
conclusion is supported by an earlier observation.25 Since
Scheme 3 is in accordance with the generally well-accepted
principle of noncomplementary oxidations taking place in
sequences of one electron steps, the reaction between a
substrate and oxidant would afford a radical intermediate. A
free radical scavenging experiment revealed such a possibility
(vide infra). This type of radical intermediate has also been
observed in earlier work26 on the alkaline permanganate
oxidation of various organic substrates. 

Scheme 3 lead to the following rate law (2)

The terms (1+ K1 K2 [MnO4
-] [OH-]) and (1+ K1 [MnO-

4] + K1
K2 [BA] [MnO-

4]) in the denominator of Eqn (2) approximate
to unity in view of the low concentration of MnO4

- used.
Therefore Eqn (2) becomes

or

Equation (4) can be rearranged to the following form, which
is used for verification of the rate law.

According to equation (5), the plots of 1/kobs versus 1/[BA] 
(r > 0.999, s ≤ 0.072) and 1/kobs versus 1/[OH-] (r > 0.998, s ≤
0.096) should be linear, as verified in Fig 2. The slopes and
intercepts of such plots lead to values of, K1, K2 and k at 25°C
as 6.1 ± 0.3 dm3 /mol, (1.05 ± 0.05) x 103 dm3 /mol and (1.30
± 0.06) x 10-2 s-1, respectively. Using these values rate
constants under different experimental conditions were
calculated and compared with experimental data (Table 1).
There is a reasonable agreement between them. The value of
K1 is in good agreement with that derived in earlier work.22

The negligible effect of ionic strength and relative
permitivity on rate are qualitatively consistent with the
reaction between an ion and a neutral molecule as in Scheme
3. The values of ∆H# and ∆S# are consistent with an electron
transfer process. The favourable enthalpy is due to release of
energy on solution changes in the transition state. The value of
∆S#, which is within the range for radical reactions, has been
ascribed27 to the nature of electron pairing and electron
unpairing processes, and to the loss of degrees of freedom,
formerly available to the reactions on the formation of rigid
transition state. The higher negative value of ∆S# indicates that
the complex is more ordered than the reactants.

Comparison of the oxidising capacity of KMnO4 between
the two media
Permanganate has a better oxidising capacity in an acid
medium28 than in an alkaline medium. The protonation of
permanganate ion shifts the Mn (VII) / Mn (VI) couple to a more
positive value (+1.3V), which makes HMnO4 a stronger
oxidising agent than MnO4

- ion. Manganate ion, MnO4
2- is

stable only in an alkaline medium whereas in acid medium it is
highly unstable. Hence it very rapidly disproportionates, leading
to the stable reduction product, Mn2+ as the final product. 

Techniques used: Spectrophotometer connected to a rapid kinetic
accessory (HI-TECH SFA-12), FT-IR and 1HNMR by Gemini-
200MHZ spectrometer with operating procedure (DOP-13) 
(in CDCl3).

References: 28

Tables 2

Figure 1: Spectroscopic changes occurring in the oxidation of
benzilic acid by permanganate

Figure 2: Order of reaction with respect to [BA] and [OH-] on the
oxidation of benzilic acid by aqueous alkaline permanganate at 25°C. 

Figure 3: Verification of rate law (4) in the form of (5) (Conditions as
in Table 1).
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