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Thermodynamic and kinetic studies and mechanism of manganese(VII) oxidation of
L-histidine has been studied both in the absence and presence of silver(I) in aqueous
sulfuric acid medium. Various hypotheses for the mechanism of acid catalysis have been
tested and it has been found that rate is related to the activity of water in accord with
Bunnett’s hypothesis. The energy and entropy of activation and frequency factor have
been calculated using the Arrhenius and Eyring plots. Mechanisms in agreement with the
observations are reported. The experimental rate law for the both uncatalyzed reaction
and in the presence of silver was found. The applicability of Burnett’s theory has been
tested.

Keywords: Rate laws; Bunnett’s theory

1. INTRODUCTION

The manganese(VII) oxidation of amino acids has received consider-
able attention in previous literature due to the importance of these com-
pounds in biological systems. The oxidation has been widely studied in
strong acidic media [1-9], where no noticeable auto-catalytic effects
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were found. However, in neutral or weakly alkaline medium, the
literature consulted agrees as to the appearance of the cited auto-
catalytic effect [10—14]. The purpose of this study is to analyze the
manganese(VII) oxidation of L-histidine in sulfuric acid both in the
absence and presence of silver(I). This amino acid is important for
some organisms because the dissociation of a proton from the
imidazole ring is primarily responsible for the buffering action of
proteins particularly hemoglobin in blood. The kinetic data show that
silver(I) catalyzes the reaction. The applicability of Bunnett’s theory
was also tested.

2. EXPERIMENTAL PROCEDURES
AND TECHNIQUES

2.1. Materials

All reagents used were of analytical grade from Merck, Sigma and
Fluka. L-histidine was assayed for amino acid content by standard
method [15]. The solutions were prepared in buffered medium with
sulfuric acid and potassium sulfate, with triply distilled water which
was deionized. The pH and the ionic strength of the medium were
adjusted with the required concentrations of sulfuric acid and
potassium sulfate to get the desired values and tested by the Vogel
method [16]. Sulfuric acid, potassium sulfate, potassium pyropho-
sphate, silver nitrate, and mercuric chloride were used without further
purification.

2.2. Kinetic Measurements

The course of reaction was followed by measuring the absorbance of
unreacted permanganate from time to time at 525 nm using a fw-265
spectrophotometer, supplied with a conventional thermostatic bath
(£ 0.1K). The reactions were carried out in the temperature range of
298 -323K.

The reaction was usually followed up to 50% completion, and
products of the reaction were identified as ammonia, carbon dioxide,
and the corresponding aldehyde [17]. Addition of mercuric chloride to
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the reaction system did not induce the precipitation of mercurous
chloride, indicating that no free radicals are produced in the system
[18].

3. STOICHIOMETRY

The stoichiometry of the reaction in the absence and presence of silver
(I) was determined by following the reaction for four hours and
estimating both permanganate and aldehyde before and after two
hours. Permanganate was estimated by quenching a known amount of
the reaction mixture in a known excess of iron(II) and titrating the
unreacted iron(II) against standard cerium(IV). The aldehyde was
estimated colorimetrically using chromotropic acid.

It was found that one mole of permanganate oxidized 2.5 moles of
aldehyde. The stoichiometry of the reaction is represented by the
following equation:

6H' +2MNO, + § (== CH,CHCOOH ——# 2MN? + S==T CH,CHO + SNH," + 5CO, + 3H,0

Ny NH Ny NH
+

4. RESULTS AND DISCUSSION

Under the pseudo-first-order condition of [L-Histidine] 3> [KMnOy]
in 3.2 M sulfuric acid, plots of log (absorbance) vs. time were linear,
showing that the reaction is first-order in [KMnO,] (Fig. 1). This was
further confirmed by varying [KMnO,], which did not show any
change, in the pseudo-first-order of rate constants, k; (Tab. I). The
reaction also exhibited a first-order dependence in [L-Histidine] as
could be seen from Figure 2(A) and Table II.

However, in the presence of silver(I) the order of [KMnQ,] was
unity and those of [L-Histidine] and [Ag™] were fractional Figures
2(B) and (C), Tables III-V. At constant [KMnOy),, [L-Histidine]o,
and temperature an increase in [H,SO4] increased the rate constant
k) from 1.17 x 10~ %s~! (2.9moldm 3 H,S0,) to 2.45 x 10~ *s~!
(4.3moldm 3 H,S0,) (Tab. VI). The addition of sulfate and pyro-
phosphate ions caused no significant effect on the rate (Tab. VII).
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FIGURE 1 First-order plot for histidine — permanganate reaction.

TABLE I Effect of concentration of permanganate on the rate of
oxidation in strong acid medium at 313 K*

[KMnO4)o (mol dm~3) K, x 102(s71)
1.50 x 10~ * 2.17
2,00 x 10~4 2.21
2.50 x 104 2.14
3.00 x 104 2.36

* [L-Histidine]y = 0.02 mol dm ~? and [H,50,] =3.2mo! dm ~2.

3
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FIGURE 2 (A) Order of [Histidine] in uncatalyzed reaction, plot of log kg +3 vs.
log[Histidine] 4-3. (B) Order of [Histidine] in catalyzed reaction, plot of log ki +3
vs. log[Histidine]+3. (C) Order of [Ag*] in catalyzed reaction, plot of log k% +3
vs. log{Ag *]+ 3. (D) Bunnett’s plot of log k) — log[H;SO4] vs. log an,o.
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TABLE II Effect of concentration of L-histidine on the rate of oxidation in strong acid
medium at four different temperatures®

[L-Histidinely Ky x 10 (s~

(mol dm~3) 298 K 303K 313K 323K
0.01 0.63 0.83 2.05 3.81
0.015 0.83 1.15 3.11 5.66
0.02 1.32 1.73 3.78 7.53
0.025 1.52 1.76 4.48 9.45
0.03 1.82 191 5.45 1145
0.035 1.97 2.11 6.45 12.60
0.04 2.55 2.76 7.33 15.56

*[KMnO .}, = 0.0001 mol dm ~ 3 and [H,50,] = 3.2mol dm 3.

TABLE III Effect of concentration of permanganate on the rate of oxidation in strong
acid medium in the presence of silver(I) at 303K*

[KM"04]03) k(o[zs) >(1)103 k’c& X 11)03
(mol dm™ s~ s~
1.50 x 10~* 40.47 18.77
2.00 x 1074 35.76 13.66
2.50 x 10~ 32.40 11.00
3.00 x 10~4 31.82 8.22

®[AgNO;] = 0.001 mol dm 3, [L-Histidine] = 0.02mol dm ~? and [H;S0,] = 3.2mol dm ~*.

Activation parameters are calculated using the Eyring equation k =
(RT/Nh)exp((—AH? + TAS#)/RT) plots of In (k/T) vs. (1/T) should
be linear. From the intercept and slope values of entropy AS™ and
enthalpy AH7 of activation were evaluated, respectively, and results
are given in Tables VIII and IX, respectively. Frequency factor and
experimental energy for uncatalyzed pathway were estimated by using
Arrhenius plots of kg vs. 1/T Table VIIL

In agreement with the experimental behavior, two mechanisms are
proposed to interpret the reaction pathways, uncatalyzed and cata-
lyzed, separately.

4.1. Reaction Mechanism and Activation Parameters
for the Uncatalyzed Process

The expected species on permanganate oxidation in acid solution are
manganese(IIT), manganese(IV), and manganese(VII) {19]. If manga-
nese(III) or manganese(IV) were to be the reactive species, the addition
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TABLE V Effect of concentration of silver (I) on the rate
oxidation in strong acid medium at 313K*

e,y FenT K
mo S S

1.00 x 1072 295 1.72
2.00 x 10°3 3.95 2.72
3.00 x 1073 4.56 3.33
4.00 x 10~ 3 524 4,01

8[L-Histidine]o = 0.01 mol dm ~*, [KMnOJo = 0.0001 mol dm ~ 3 and
[H;SO4)=3.2mol dm ~3.

TABLE VI Effect of concentration of sulfuric acid on the rate of oxida-
tion at 313K*

[H,804) (mol dm=3) K, x 102(s71)
2.9 1.17
3.5 1.45
3.9 1.63
43 245

® [L-Histidine]o = 0.02 mol dm ~* and [KMnO,Je0.0001 mol dm ~3,

TABLE VII Effect of concentration of sulfate and
pyrophosphate ions on the rate of oxidation at 313K*

Concentration log kops)
(mol dm™3) ¢
[S02] = 0.02 13
[P,04] = 0.02 1.29

® [L-Histidine], = 0.02 mol dm ~3, [H,S04]=3.2mol dm~? and
[KMnO,), = 0.0001 mol dm ~3.

TABLE VIII Activation parameters on the oxidation of L-histidine by permanganate
in strong acid medium at four different temperature®

Temp. K x 10° AS* AH? Eoupt

4.9] (mol ' dm®s™y (mol ' K™Y (kimol™Y) (kJmol™") Lnd
298 5.92 —~79.08 62.28 64.92 20.92
303 8.30 —79.08 62.28 64.92 20.92
313 20.5 —79.08 62.28 64.92 20.92
323 38.2 —-79.08 62.28 64.92 20.92

®[KMnO ], = 0.0001 mol dm ~ 3 and [H,S04] = 3.2mol dm ~>2.

of complexing agents like sulfate and pyrophosphate ions should have
decreased the rate. In fact there is no effect of these ions on the rate
[20], showing that only manganese(VII) is the most probable reactive
species.
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TABLE IX Activation parameters on the oxidation of L-histidine by permanganate in
strong acid medium for catalyzed path at four different temperatures

Temperature (K)

Parameter 298 303 313 323
KZjmol~! dm?®s~! 13.5 13.7 14.1 14.5
AH?[kJ mol ~! -291 —291 —291 —291
AS#ITmol ' K~! —224.2 —224.2 —2242 —224.2
Kjmo! ! dm?® 29.78 27.80 25.71 22.4

With increasing [H*], the rate enhances due to protonation of the
oxidant resulting in the formation of a more powerful oxidant,
namely, acid permanganate by the following equilibrium:

H*MnO; & HMnO,

The same explanation has also been given in the oxidation of
alcohols [19] and esters [21] by acid permanganate.

Plots of log kj vs. log [H,804] and log kg vs. Hy were found to be
linear, indicating that the reaction is acid catalyzed, but none of the
above plots gave an ideal slope of unity. In view of the departure from
the ideal behavior, the applicability of Bunnett’s theory [22] was tested.
A plot of log k — log [H,S04] vs. logan,o was linear Figure 2(D),
and the slope was found to be —1.07. According to Bunnett’s theory if
the slope of such a plot is greater than —2, it will indicate the involve-
ment of a water molecule in the rate-determining step as a proton-
abstracting base from the substrate. The values of Hammett’s acidity
function Hj and logay,o0 have been taken from the literature [23, 24].

The mechanisms consistent with the observed kinetic data is as
follows:

0 0
I K -
S = CHCH—C —OH * SM(VI) s=== 5= CHCH—C —0:>Mu(VI) ~ ()
Ny NH | fst Ny _NH I
NH; NH; H
+ +
0 0
. HOK [
5 =T CH2CH—C — 0:-SMn(VII) HQT’ SI:FCH2CH_C—O++5H30*+5MI(V) @
Ny NH l N NH

NH; H NH;
+ +
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0
I
SI=I—CHZCH—C-—O+ % 5|=—[—CHzCHO+5NH4"+5c02+5H* 3)
NxNH N NH
NHS
+
4Mn(V) ? 2Mn(VIH) + 2Mn(1II) 4)
2Mn(1I) _f_’ Mn(IV) + Mn(II) )
ast
Mn(V) + Mn(IV) —p Mn(VII) + Mn(ll) (6)
fast

The rate law for the above scheme comes out to be

—d[Mn(VII)]

7 = ko[L — Histidine][Mn(VII)]

where
ko = Kk

From the bimolecular rate constants at different temperatures 298 —
323K, activation parameters for uncatalyzed reaction were evaluated
(Tab. VIII).

4.2. Reaction Mechanism and Activation Parameters
for the Catalyzed Process

Addition of silver(I) ion to the reaction system increased the rates, and
in the presence of silver(I), the order in [L-Histidine] changed from
unity to fractional Figure 2(B), indicating that it might be involved in
complexation either with manganese(VII) or with silver(I). It is well
known that silver(I) forms colorless adducuts with oxygen containing
compounds with the lone pair of electrons on the oxygen atom [25].
It is, therefore, assumed that an adduct might be formed between
silver(I) and L-histidine in a fast step before it is oxidized by
manganese(VII) in a slow step to yield the silver(III) substrate adduct.
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This silver(I1T) adduct might then disproportionate in subsequent fast
steps to give the final product.

The reaction scheme involving L-histidine coordination could be
written as in the following steps:

K
5 ==~ CH,CHCOOH + 5Ag* === 5(adduct)* m
N§/ NH fast
NH;
+
kc"
5(adduct)* + SMn(VII) —— 5(adduct)®* + 5Mn(V) @
slow
5(adduct)™* i» 5 == CH,CHC — 0" +Ag" + 5H,0* 0
fast - 2 € 3

Ny _NH
+

— 0" Hzo +
5==1 CH,CHC—0 - 5 (== CH,CHO + 5C0, + SNH," + SH" @

Ny _NH NH, Ny _NH
+
4Mn(V) ——— 2Mn(VII) + 2Mn(Il) ©)
2Mn(1I) ———* Ma(IV) + Mn(I} ©)
Mn(V) + Mo(IV) ——s Ma(VID) + Mn(II) Q)
ast

Though catalysis is generally explained by a one-electron transfer
mechanism, we prefer a two-electron transfer mechanism since free
radical and silver(II) [26] were not detected in the system.

This type of two-electron transfer mechanism was proposed by
Harkness [27] in the oxidation of carbon monoxide by permangan-
ate in the presence of silver(I). However, a one-electron transfer
mechanism can be considered only if the silver(II) formed is assumed
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to disproportionate rapidly to elude detection by ordinary tests. In
such a case the mechanism of the reaction could be shown as in the

following steps:

K
5 =T CH,CHCOOH + 5Ag" o—= S(adduct)*

Nx _NH fast
+

k ”
5(adduct)* + SMn(VII) —l——> 5(adduct)?* + SMn(VI)
slow :

0
2+ H0 il .
S(adduct)” —p 5§ =T CH,CH—C 0" +5Ag" + SH,0"
fast N NH ’
~
N NH3
+
0
Il H,0 .
5 =T CH,CH— C — 0" + SMn(VIl) == SF_ﬁ-CHZCHO + SMn(V) + 5CO, + 5NH,’ + SH"
N NH fst Ny _NH
3

+

10Mn(VI) ———# SMn(VI]) + SMn(V)
as

4Mn(V) ——— 2Mn(VII) + 2Mn(III)
Fast

2Mn(Ill) ——# Mn(IV) +Mn(ID

Mn(V) + Mn(IV) ——= Mn(VID) + Mn(ID

)

)

()]

)

(5)

(6)

M

®

In either of the cases, the rate equation for the catalyzed path comes

out to be:
—dMn(VII)]  Kk"c[L — Histidine],{Ag*)
dt " 1+ K[L - Histidine], + K[Ag"]
= ki.[Mn(VII)]

[Mn(VII)]
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where kg is the pseudo-first-order rate constant for the uncatalyz-
ed reaction, k¢ is the bimolecular rate constant for step (2) in the
catalyzed path, and K is the formation constant of adduct. As the
observed pseudo-first-order rate constant k() in the presence of
silver(I), when plotted against [Ag™], gives an intercept on the y axis,
the uncatalyzed reaction might also be taking place along with the
catalyzed one.

Hence, the rate equation for the catalyzed reaction should include
a term for the uncatalyzed path ways.

Hence k(obs) = kg + k¢, where kg and k¢ are the pseudo-first-order
rate constants for the uncatalyzed and catalyzed path ways for the
same concentration of L-histidine.

Writing k; and kg in terms of bimolecular rate constants, the rate
equation for the catalyzed reaction comes out to be:

KkZ[L ~ Histidine],[Ag™]
1+ K[L — Histidine], + K[Ag"]

KK![L — Histidine],[Ag™]
1 + K[L — Histidine], + K[Ag™]

k(obs) = H()’[L - HlStldlne] +

k(obs) — ko [L — Histidine] +

Taking the reciprocals of Eq. (x), we get

1 1
k(obs) — ki[L — Histidine], ~ [L — Histidine],

1 1 1
X | =t |+ o
[KkZ[Agﬂ k’é] k¢[Ag?]

It is clear that the plots of (l/k(obs)_kgm_mstidine] o v (1/[L—
Histidine],) at constant [Ag™] should be linear.

Such plots were obtained in the present study for L-histidine. From
the intercept and slope values the bimolecular rate constant for the
slow step k. and the formation constant of the adduct K were
evaluated at different temperatures 298—-323K to calculate the
activation parameters (Tab. IX).

Kinetic studies on the manganese(VII) oxidation of L-histidine in
moderately acid medium was carried out in order to get an insight in
to the mechanism. The order in both [L-Histidine] and [KMnO,] was
found to be unity. The effect of complexing agents like sulfate and
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pyrophosphate ion was nil, from which manganese(VII) was
confirmed to be the reactive species.

The slope of the linear plot logky — log[H2804] vs. logan,o
(Bunnett’s plot) was found to be —1.07, indicating that involvement
of the water molecule in the rate-determining step is as a proton
abstracting base from the substrate.

A probable mechanism in which two electrons are transfered from
the substrate to the oxidant is proposed. As silver(I) was found to
catalyze this reaction, the oxidation of L-histidine was carried out in
the presence of silver(I). In the presence of silver(I) the order in
permanganate was unity and that in [L-Histidine] and [Ag™*] was
fractional. Two probable mechanisms, one involving a two-electron
transfer mechanism and the other a one-electron transfer mechanism,
have also been discussed.
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