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Micellar Catalysed Oxidative Decarboxylation of Butyric and
Iso-Butyric Acids by Acidic Permanganate Ions
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A.micellar catalyzed oxidative decarboxylation of butyric and
isobutyric acid by permanganate ion in moderately concentrated
acidic medium has been studied. The premicellar kinetics has been
rationalised in the light of pseudo-phase model. The positive
cooperativity index (n = 2.09) has been computed. The decarboxy-
lation reactions are acid catalysed and, therefore, various hypotheses
for the mechanism of acid catalysis were tested. Thus, the role of
water molecule as proton abstracting agent is established. On
addition of fluoride ions, a known complexing agent, there is a
decrease in the reaction rate. The effects of variation of ionic
strength and thermodynamic parameters have been computed. The
stoichiometry for the reaction is:

SCH;CH,CH,COOH + 2MnOj + 6H' —>
5CH;CH,CH,O0H + 3H;0 + 5CO; + 2Mn**

On the basis of the various observations and product charac-
terization a most plausible mechanism has been envisaged.

INTRODUCTION

A considerable amount of work on oxidative decarboxylation of various
organic substrates by permanganate ion has been studied'™ but no information
is available on the micellar catalyzed (sodium dodecyl sulfate) oxidation of
butyric acid and isobutyric acid by permanganate. Therefore, the present study is
undertaken.

EXPERIMENTAL

All chemicals used were of BDH or AnalaR. Potasium permanganate solution
was prepared in doubly distilled water as given by Vogel’. The progress of the
reaction was monitored by iodometric estimations of the reaction mixture at
various time intervals.

RESULTS AND DISCUSSION

This has been observed that in the micellar catalyzed oxidative decarboxylation
of butyric and iso-butyric acid the plot of log (a — x) versus time is a straight line.
The variation of initial concentration of permanganate has practically no effect
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on the reaction velocity and the values of pseudo first order constants k; for both
the substrates are found to be fairly constant. The order with respect to
permanganate is thus confirmed to be one.

Dependence of rate on [substrate]: With the increase in the concentration
of substrate the pseudo first order rate constants k, are found to be increased
(Table-1). Plots of log k; vs. log [substrate] give straight lines with slopes equal
to 0.99 and 1.04 for butyric and iso-butyric acid respectively. This confirms that
the order of reaction with respect to each substrate is one. Further, plots of 1/k;
vs. 1/[substrate] give straight lines passing through the origin [Fig. 1]. This
confirms again that the order with respect to substrate is one and there is no kinetic
cvidenlc: for intermediate complex formation between substrate and perman-
ganate .
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Fig.1. (a) 1/k; ve. 1/[substrate]: [KMnOg] = 1.0 x 107> mol dm™>; [H2S04]_ = 1.5 mol dm™>;
[CH3CH2CH,2COOH] = 0.1 mol dm™>; [NaDS] = 2.0 x 10 mol dm™>; Temp. = 303 K

TABLE-1
VARIATION OF SUBSTRATE CONCENTRATION

[KMnO4] = 1.0 X 10”2 mol dm™>; [H2S04] = 1.5 mol dm™>; Temp. = 303 K;
[NaDS] = 2.0 x 107* mol dm™

[Substrate] [Butyric acid] [isobutyric acid]

S-No. (mol dm™3) (ki x 10* sec™!) (ki x 10* sec™)
1. 0.1 043 0.26
2. 0.2 0.74 045
3. 03 0.98 0.62
4. 0.4 158 1.10
5. 0.5 1.97 141
6. 0.6 2.58 1.62

Dependence of rate on surfactant concentration: The reaction has been
found to be catalysed by addition of sodium dodecyl sulfate, an anionic surfactant
(Table-2). The reaction rate increases with concentration from 1.0 x 107 to 6.0
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x 107 M. The reported cmc of sodium dodecyl sulfate is 8.1 x 10~ M at 25°C.
Reports are available that the catalysis below cmc, i.e., premicellar catalysis is
also feasible''. Micelles may be formed by assembling of amphiphilic molecules
in water above a certain concentration (critical micellar concentration above cmc).
Micelles acting as a kind of micro-reactors enhance the rate of reactions. The
catalytic efficiency of micelles can be determined by the affinity of reactants
toward the micelle and among themselves. Moreover, on account of their
solubilisation capability micelles may increase the reactant concentration within
the hydrophilic or hydrophobic areas and cause a favourable orientation of the
reactants by polarity gradients. Ionic micelles can stabilize or inhibit polarized
transition states within the aggregates and therefore enhance or slow down a
reaction. In the present case the cataysis by NaDS before its cmc suggests that
the substrate promotes micellisation of the anionic surfactant or that the small
aggregates of the detergent exist below the cmc and that they catalyse the reaction.
A similar substrate promoted micellisation has been observed in the deacylation
of p-nitrophenyl benzoate'2. Also there is extensive evidence from other sys-
tems'" '3 that (i) external agents can promote micellisation, (ii) some aggregation
of detergents occurs below cmc, and (iii) these small aggregates can be
catalytically active'®. The catalysis by sodium dodecyl sulfate has therefore been
treated by a theme proposed by Piszpiwicz'®. This scheme includes the decom-
position of substrate-micelle complex into the free components, resulting in an
equation of the form (1).

log [Kobs = ko/km = Kops] = n log [D] - log Kp 1)

From Eq. (1) the plot of log [k — ko/ky, — Kepsl vs. n log [D] should be linear
with a slope = n, called the index of cooperativity. Values of n range from 1 to
6. In the present case, n = 2.09, indicating a positive cooperativity, i.e., induced
interaction of the additional substrate molecule due to the interaction of the
micelle with the first substrate molecule.
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Fig. 2. Positive co-operativity: [KMnO4] = 1.0 x 10" mol dm™3; [CH3CH2CH,COOH] = 0.1
mol dm™3; [H2S04] = 1.5 mol dm™>; Temp. = 303 K
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TABLE-2
EFFECT OF VARIATION OF SURFACTANT CONCENTRATION

[KMnO4] = 1.0x 107> mol dm™>, [H,S04] = 1.5 mol dm™>; Temp. = 303 K

S.No. [NaDS] x 10* [Butyn';: acic_i} [iscrbuty:ic aniild]

(mol dm™) (k; X 10" sec™) (k; x 10" sec™)
L. 0.0 0.43 0.22
2. 1.0 0.85 0.52
3. 2.0 1.63 0.96
4. 3.0 245 1.42
5. 4.0 3.25 1.88
6. 5.0 4.12 2.54
7. 6.0 5.01 3.01

|

Effect of variation of sulfuric acid: To observe the effect of acid concentra-
tion on the reaction, the reactions were studied at different initial concentrations
of sulphuric acid. In order to avoid complications from precipitation of MnO,
reactions were carried out in strongly acidic medium. The MnO, ion gets
protonated in accordance with the equilibrium MnOj + H'= HMnO, suported
by the spectral studies suggesting that the HMnOj, is one of the active oxidising
species“®" 1, The rate of oxidation which is strictly proportional to the concentra-
tion of the substrate indicates that HMnO, oxidizes substrate directly!’. The two
Zucker-Hammet'® plots were found linear. This indicates that the reactions are
acid catalyzed. However, none of the plots produce ideal slope values of unity
[Table-3). In view of these departures from the ideal slope values the Bunnett'®
and Bunnett-Olsen’s hypotheses®® were tested. The slope values indicate that the
water molecule should act as a proton abstracting agent in the rate determining
step'®2. The values of H, and log ay, 9 correspondmg to given acid concentration
have been taken from Paul and Long and Bunnet'>® respectively.

TABLE-3
CORRELATION OF RATE WITH H,SO4, CONCENTRATION

[KMnO4 = 1.0 ><10 3 mol dm ; [CH3CH,CH,COOH] = 0.1 mol dm>;
[NaDS] =2.0x 10~ mol dm™ ; Temp. =303 K

Slope values
Correlation
[butyric acid] [isobutyric acid]
(A) Zucker-Hammet plots . '
1. Hp vs log k) 0.62 0.70
2. log [acid] vs. log k; 1.57 1.89
(B) Bunnet plots
log k - log [acid] vs. log ap,0 6.66 6.21

(C) Bunnet-Olsen plot (LFER)
log k + Hp vs. Hg + log [acid] 1.06 1.08
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Temperature and ionic strength variation: It has been observed that
reactions follow the Arrhenius relationship. The values of entropy of activation
which are less and negative suggest that these come under the category of slow
reactions? and it also suggests a bimolecular reaction in the rate determining
step in the presence of water as a solvent and the involvement of proton transfer
during the rate determining step for the acid catalyzed reactions®. With the
increase in the ionic strength by adding sodium sulfate there is an increase in the
rate constant. Thus, positive salt effect indicates that there should be participation
of neutral molecules in the rate determining step'.

Stoichiometry and Product Analysis

Experiments for the determination of stoichiometry of the reaction were carried
out in the presence of excess of permanganate over [substrate]. After incubation
for 48 h the excess permanganate was determined iodometrically. The observa-
tions-indicate that five moles of butyric and isobutyric acid consume two moles
of permanganate in the presence of the surfactant; the stoichiometry is thus
represented as

5CH;CH,CH,COOH + 2 MnOj + 6H' — 5CH;CH,CH,O0H + 3H,0 +
5CO, + 2Mn** (2)

After ensuring the completion of reaction, the reaction mixture was separated
by diethyl ether and concentrated. The product was identified as alcohol and
carbon dioxide was identified by spot test?. Similar products have been obtained
in the oxidative decarboxylation and oxidation of butyric, iso-butyric and pyruvic
acids by Kochi and Anderson®.

Mechanism

The physical basis for micellar catalysis involves several contributing factors.
First, there is the effect of the micellar environment on the rate-controlling step
in the reaction mechanism. The relative free energies of the reactant(s) and/or the
transition state can be altered when the reaction takes place in the micellar phase
instead of the bulk water. This concept is reminiscent of catalysis by an enzyme,
and many initial studies of rates in micellar systems focussed on this possibility.
However, further studies have shown that this effect is often rather small and
cannot account for the very large rate changes in many micellar systems. A more
important consideraion is the localization of the reacting species in the relatively
small volume of the micelles compared to the bulk solution. This leads to a large
increase in the effective concentration and the observed rate (in terms of moles
per unit time per litre of the entire solution) increases accordingly. The partition-
ing (i.e., equilibrium distribution) of the reactants between the aqueous and
micellar phases worked well for organic substrates.

On the basis of experimental results and various findings the following reaction
mechanism has been suggested for the first stage. The presence of free radicals
as intermediates has been-confirmed by the induced reduction of mercuric
chloride®®. There an evidence of protonation fo MnOj to HMnO, as shown in
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Eq. (3). The aggregation of detergent molecules to form micelles is depicted in
Eq. (4). The substrate (S) and micelle bind together to form S-D, (Eq. (5)). This
is followed by the slow reaction in which the substrate-miceller entity, HMnO,
and water react producing a free radical and HMnQyj species as shown in Eq. (6).
The carboxylate free radical thus formed will undergo disproportionation into
alkyl free radical and carbon dioxide in the subsequent fast step as depicted in
Eq. (7). Eqgs. (8),(9), (10) and (11) are the usual possible reactions of free radicals.
A representitive mechanism has been given below by taking butyric acid:

K,
MnO; + H' = HMnO, )
K,
nD =D, 4
D,+S=SD, 6)
k .
S-D, + HMnO, + H,0 T‘» D, + S + HMnO; + H,0" (6)
° slow
where S is CH;CH,CH,COO »
. fast .
CH,CH,CH,CO0 — CH;CH,CH, + CO, Q)
. fast +
CH;CH,CH, + HMnO, — CH;CH,CH, + HMnO} (8)
" fast
CH;CH,CH, + H,0 — CH;CH,CH,0H + H )
R . fast \
CH;CH,CH, + CH;CH,CH, — C¢H,4 (10)

The ascertainment of role of water molecule as proton abstracting agent in the
rate determining step 1s on the basis of the slope values obtained from Bunnet
and Bunnet-Olsen plots. In case of oxidation by permanganate, catalysis by
Mn(II) ions is expected [table not given]. In fact Mn(Il) gets oxidized by
permanganate into Mn(III). This Mn(III) accelerates the reaction rate, being a
strong oxidising agent. In order to assess the validity of this view a few
experiments were carried out with initially added Mn(II). The reaction rate
increases with the increase in’ the Mn(iI) concentration. Further, to ensure the
presence and activity of Mn(IIl) as an intermediate oxidizing species, the effect
of addition of fluoride ions was tested. A sharp decrease in the reaction rate causes -
reduction in concentration of Mn(III). However, even substantial addition of .
fluoride ions does not suppress the reaction completely, indicating unequivocally
that Mn(VII) is the main oxidant and not the other intermediate- manganese
species. '

The above mechanism leads us to give the rate expression as follows:

— d[MnO,J/dt = kg, [nD][substrate][MnO,]
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