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ABSTRACT: The kinetics of the oxidation of mandelic acid (MA) by permanganate in aqueous alkaline medium at a
constant ionic strength of 1.0 mol dmÿ3 were studied spectrophotometrically. The reaction shows first-order kinetics
in [permanganate ion] and fractional order dependences in [MA] and [alkali]. Addition of products, manganate and
aldehyde have no significant effect on the reaction rate. An increase in ionic strength and a decrease in dielectric
constant of the medium increase the rate. The oxidation process in alkaline medium under the conditions employed in
the present investigation proceeds first by formation of an alkali permanganate complex, which combines with
mandelic acid to form another complex. The latter decomposes slowly followed by a fast reaction between the free
radical of mandelic acid and another molecule of permanganate to give products. The reaction constants involved in
the mechanism were derived. There is good agreement between the observed and calculated rate constants under
different experimental conditions. The reaction was studied at different temperatures and activation parameters were
computed with respect to the slow step of the proposed mechanism. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Oxidation by permanganate ion has extensive applica-
tions in organic syntheses,1–7 especially since the advent
of phase-transfer catalysis,3,4,6 which permits the use of
solvents such as methylene chloride and benzene. Kinetic
studies are important sources of mechanistic information
on the reactions, as demonstrated by results referring to
unsaturated acids in both aqueous1,3–7 and non-aqueous
media.8

The manganese chemistry involved in these multi-step
redox reactions is an important source of information as
the manganese intermediates are relatively easy to
identify when they have sufficiently long lifetimes and
the oxidation states of the intermediates permit useful
conclusions as to the possible reaction mechanisms,
including the nature of intermediates.

Mn�VII � � Sÿ!k
0
1 Mn�VI� � S�

Mn�VII � � S� ÿ!k
0
2 Mn�VI� � products

where S = substrate andk02� k01

Scheme 1

In strongly alkaline medium, the stable reduction
product9 of permanganate ion is manganate ion,
MnO2ÿ

4 . No mechanistic information is available which
would permit one to distinguish between a direct one-
electron reduction to Mn (VI) (Scheme 1), or prior
formation of hypomanganate in a two-electron step
followed by a fast reaction (Scheme 2).

Mn�VII � � Sÿ!k
0
3 Mn�V� � products

Mn�VII � �Mn�V� ÿ!k
0
4 2Mn�VI�

where S = substrate andk04� k03

Scheme 2

Mandelic acid is used in the form of its salts as a
bacteriostatic agent for genitourinary tract infections. It
has been oxidized by different oxidants in aqueous
alkaline medium10 and its oxidation by permanganate in
acid medium has been reported.11 Different workers have
reported different products12 for the oxidation of
mandelic acid. Although some work on the oxidation of
organic13 and inorganic14 substrates by permanganate in
aqueous alkaline medium has been carried out, there is no
report in the literature on the oxidation of mandelic acid
in such media. This work was carried out on such a
reaction in order to elucidate the redox chemistry of
permanganate in alkaline media.
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EXPERIMENTAL

Materials. Stocksolutionsof mandelicacid(Mallinkrodt)
and potassiumpermanganate(BDH) were preparedby
dissolvingtheappropriateamountsof samplesin doubly
distilled water.The stocksolutionof permanganatewas
standardizedagainstoxalic acid.15 Potassiummanganate
solution was preparedas describedby Carringtonand
Symons16 asfollows: a solutionof potassiumpermanga-
natewasheatedto boiling above120°C in 8.0mol dmÿ3

potassiumhydroxidesolution until a greencolour was
produced.The solid potassiummanganateformed on
cooling wasrecrystallizedfrom thesamesolvent.Using
the required amount of recrystallizedsample,a stock
solution of potassium manganatewas prepared in
aqueouspotassiumhydroxide.Thesolutionwasstandar-
dized by measuringthe absorbanceusing a Hitachi
Model 150-20 spectrophotometerwith a 1 cm cell at
608nm (e = 1530� 20 dm3 molÿ1 cmÿ1).

All other reagentswere of analyticalgradeand their
solutions were prepared by dissolving the requisite
amountsof the samplesin doubly distilled conductivity
water. NaOH and NaClO4 were used to provide the
requiredalkalinity and to maintain the ionic strength,
respectively.

Kinetic measurements. All kinetic measurementswere
performed under pseudo-first-orderconditions with
mandelic acid in at least a 10-fold excess over
permanganateion at a constantionic strengthof 1.0
mol dmÿ3. The reaction was initiated by mixing
previouslythermostatedsolutionsof MnO4

ÿ andmandelic
acid which also containedthe necessaryquantitiesof
NaOH and NaClO4 to maintain the requiredalkalinity
and ionic strength,respectively.The temperaturewas
maintainedat26� 0.1°C.Thecourseof thereactionwas
followedby monitoringthedecreasein theabsorbanceof
MnO4

ÿ in a 1 cm quartzcell of a Hitachi model150-20
spectrophotometer at its absorptionmaximumof 526nm
asa functionof time. Earlier it wasverified that thereis
negligible interference from other reagents at this
wavelength.Theapplicationof Beer’slaw to permanga-
nate at 526nm had earlier been verified, giving
e = 2083� 50 dm3 molÿ1 cmÿ1 (literaturee = 2200dm3

molÿ1 cmÿ1). The first-order rate constantsk(obs) were
evaluatedby plotsof log[permanganate] versustime.The
first-orderplotsin almostall caseswerelinearup to 80%
of thereactionandthek(obs)valueswerereproducibleto
within �5%.

In the courseof the measurements,the colour of the
solutionchangedfrom violet to blueandfurtherto green.
Thespectrumof thegreensolutionwasidenticalwith that
of MnO4

2ÿ. It is probablethat the blue colour originated
from the violet of permanganateand the green from
manganate,excludingthe accumulationof hypomanga-
nate.

Theeffect of dissolvedoxygenon therateof reaction

was checked by preparing the reaction mixture and
following the reactionin an atmosphereof nitrogen.No
significantdifferencebetweentheresultsobtainedunder
nitrogenandin presenceof air wasobserved.In view of
the ubiquitous contamination of basic solutions by
carbonate,the effect of carbonateon the reactionwas
also studied. Added carbonatehad no effect on the
reactionrate.However,freshsolutionswereusedwhen
conductingtheexperiments.

Stoichiometry and product analysis. The reaction
mixture containingexcesspermanganateover mandelic
acidwasmixedin thepresenceof 0.50mol dmÿ3 NaOH
adjustedto a constantionic strengthof 1.0 mol dmÿ3.
Whenthereactiontime hadelapsed,solid KI wasadded,
followed by acidification with 10% H2SO4. Then
remaining permanganatewas titrated againststandard
sodiumthiosulphate.13 Theresultsindicatedthat2 mol of
MnO4

ÿ consumed1 mol of mandelicacidaccordingto the
equation

C6H5CH(OH)COOH� 2MnOÿ4 � 2OHÿ

ÿ!C6H5CHO� CO2 � 2MnO2ÿ
4 � 2H2O �1�

The main oxidation products were identified as an
aldehyde17 (by a spottest)andmanganate.Thepresence
of benzaldehydeas an oxidation product was also
confirmedby preparingits 2,4-dinitrophenylhydrazone
derivativeandcomparingits meltingpointwith thatof an
authenticsample.Suchproductswere also obtainedin
previouswork.18

It was further observedthat the aldehydedoes not
undergo further oxidation under the present kinetic
conditions.

RESULTS

Reaction order

The reactionordersweredeterminedfrom the slopesof
log k(obs) versuslog(concentration)plots by varying the
concentrationof oxidant, reductantand alkali in turn,
while keepingtheothersconstant.

Effect of oxidant and substrate

Thepotassiumpermanganateconcentrationwasvariedin
the range 9.0� 10ÿ5–9.0� 10ÿ4 mol dmÿ3 and the
linearity of plots of log[MnO4

ÿ] versustime indicateda
reaction order in [MnO4

ÿ] of unity. This was also
confirmedby varying the [MnO4

ÿ], which did not show
any change in pseudo-first-orderrate constantsk(obs)

(Table1).Thesubstrate,mandelicacidconcentrationwas
varied in the range9.0� 10ÿ4–9.0� 10ÿ3 mol dmÿ3 at
26°C keeping all other reactant concentrationsand
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conditions constant (Table 1). The reaction order in
[mandelicacid]wasfoundto belessthanunity (Table1).

Effect of alkali

The effect of alkali on the reaction was studied at
constantconcentrationsof mandelicacid andpotassium
permanganateand keepinga constantionic strengthof
1.0mol dmÿ3 at 26°C. Therateconstantsincreasedwith
increasein [alkali] (Table1).

Effect of ionic strength

The effect of ionic strengthwasstudiedby varying the
sodium perchlorateconcentrationin the reactionmed-
ium. The ionic strengthof the reaction medium was
variedfrom 0.5 to 2.0 mol dmÿ3 at constantconcentra-
tions of permanganate,mandelicacid andalkali. It was
found that the rate constantincreasedwith increasing
concentrationof NaClO4 andthe plot of logk(obs) versus
I1/2 waslinear with a positiveslope(Fig. 1).

Effect of solvent polarity

The relative permittivity (eT) effect was studied by
varying the tert-butyl alcohol–water content in the
reactionmixture with all other conditionsbeing main-
tained constant. Attempts to measure the relative
permittivitiesfailed.However,theywerecomputedfrom
thevaluesof pureliquids asin earlierwork.19 Therewas
no reactionof the solvent with the oxidant under the
experimentalconditionsused.The rate constant,k(obs)'

increasedwith decreasein the dielectric constantof the

medium.Theplot of logk(obs)versus1/eT waslinear(Fig.
1).

Effect of initially added products

The initially added products such as manganateand
aldehydedid nothaveanysignificanteffectontherateof
the reaction.

Test for free radicals

The reactionmixture waskept for 1 h with acrylonitrile
scavengerin an inert atmosphere.On diluting with
methanol,the formation of a precipitateindicatesfree
radical interventionin the reaction.

Effect of temperature

Therateconstants,k, of theslow stepof Scheme3 were
obtainedfrom theinterceptsof theplotsof 1/k(obs)versus
1/[MA] at different temperaturesand usedto calculate
theactivationparameters(Table2). Thevaluesof k were
(0.90� 0.04)� 10ÿ2, (1.67� 0.08)� 10ÿ2 and(2.85�
0.14)� 10ÿ2 sÿ1 at 26, 31 and36°C, respectively.

DISCUSSION

The permanganateion, MnO4
ÿ, is a powerful oxidant in

aqueousalkaline medium.As it exhibits a multitude of
oxidationstates,thestoichiometricresultsandpH of the
reactionmediaplay animportantrole.Underthepresent
experimental conditions at pH> 12, the reduction

Table 1. Effect of [MA], [MnO4
ÿ] and [OHÿ] on the oxidation of mandelic acid by

permanganate in aqueous alkaline medium at 26°C (I = 1.0 mol dmÿ3)

[MA] � 103 [MnO4
ÿ � 104 [OHÿ] k(obs)� 103 (sÿ1)

(mol dmÿ3) (mol dmÿ3) (mol dmÿ3) Experimental Calculated

0.9 3.0 0.5 0.90 0.86
2.0 3.0 0.5 1.74 1.71
3.0 3.0 0.5 2.25 2.34
5.0 3.0 0.5 3.24 3.33
9.0 3.0 0.5 5.81 4.63
3.0 0.9 0.5 2.20 2.34
3.0 2.0 0.5 2.25 2.34
3.0 3.0 0.5 2.23 2.34
3.0 7.0 0.5 2.26 2.34
3.0 9.0 0.5 2.22 2.34
3.0 3.0 0.1 0.85 0.89
3.0 3.0 0.3 1.70 1.60
3.0 3.0 0.5 2.25 2.34
3.0 3.0 0.7 2.70 2.66
3.0 3.0 1.0 3.15 2.85
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product of Mn(VII), i.e. Mn(VI), is stableand further
reduction of Mn(VI) might be stopped.14 Diode-array
rapidscanspectrophotometricstudieshaveshownthatat
pH> 12, the product of Mn(VII) is Mn(VI) and no
furtherreductionwasobservedasreportedby Simandiet
al.14aHowever,on prolongedstandingMn(VI) is slowly
reducedto Mn(IV) underour experimentalconditions.

Thereactionbetweenmandelicacidandpermanganate
in alkaline medium has a stoichiometryof 1:2 with a
fractionalorderdependenceon bothalkali andmandelic
acid concentrationsand a first-order dependenceon

permanganateconcentration.No effect of the products
was observed.The resultssuggestthat first the alkali
combines with permanganateto give an alkali–
permanganatecomplex,20 which then reacts with the
substrate,mandelicacid, to give anothercomplex.The
latter complexdecomposesin a slow stepto give a free
radical derived from decarboxylatedmandelic acid,
which furtherreactswith anothermoleculeof permanga-
natein a fast stepto yield theproducts(Scheme3).

The probablestructureof thecomplex(C2) is

Attempts to obtain the UV–visible spectralevidence
for the complexformation failed. However,the interac-
tion might be feeble and such complex formation be-
tweena substrateandan oxidanthavebeenobservedin
otherstudies.21 The formationof the complexis proved
kinetically, i.e. by the non-zerointerceptof the plot of

Table 2. Thermodynamic activation parameters for the
oxidation of mandelic acid by alkaline permanganate
activation parameters with respect to the slow step of
Scheme 3

Parameter Value

Ea 65.5� 3.5 kJ molÿ1

LogA 9.5� 0.5
DS≠ ÿ72� 3 J Kÿ1 molÿ1

DH≠ 63� 3 kJ molÿ1

DG≠ 85.5� 4.0 kJ molÿ1

Figure 1. Plots of log k(obs) versus I1/2 and versus 1/eT
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1/k(obs)vs1/[MA]. SinceScheme3 is in accordancewith
the generally well acceptedprinciple of non-comple-
mentary oxidations taking place in sequencesof one-
electron steps,the reaction betweenthe substrateand
oxidant would afford a radical intermediate.A free
radicalscavengingexperimentrevealedsuchapossibility
(seebelow). This type of radical intermediatehasalso
been observed in earlier work22 on the alkaline
permanganateoxidationof variousorganicsubstrates.

Scheme3 leadsto the following ratelaw:

The terms (1� K1 K2 [MnO4
ÿ] [OHÿ]) and (1� K1

[MnO4
ÿ] � K1 K2 [MA] [MnO4

ÿ]) in the denominatorof
Eqn (2) approximate to unity in view of the low
concentration of MnO4

ÿ used. Therefore, Eqn (2)
becomes

rate� ÿ d�MnOÿ4 �
dt

� kK1K2�MA ��MnOÿ4 ��OHÿ�
1� K1�OHÿ� � K1K2�MA � �OHÿ�

�3�

Scheme 3

rate� ÿd�MnOÿ4 �
dt

� kK1K2�MA ��MnOÿ4 ��OHÿ�
�1� K1�OHÿ� � K1K2�MA ��OHÿ��

� 1
�1� K1K2�MnOÿ4 ��OHÿ���1� K1�MnOÿ4 � � K1K2�MA ��MnOÿ4 ��

�2�
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or

rate
�MnOÿ4 �

� k�obs� � kK1K2�MA � �OHÿ�
1� K1�OHÿ� � K1K2�MA � �OHÿ�

�4�
Equation(4) canberearrangedto the following form,

which is usedfor verificationof the ratelaw:

1
k�obs�

� 1
kK1K2 �MA � �OHÿ� �

1
kK2 �MA � �

1
k

�5�

According to Eqn (5), the plots of 1/k(obs) vs 1/[MA]
and 1/k(obs) vs 1/[OHÿ] shouldbe linear, as verified in
Fig. 2. The slopesand interceptsof suchplots lead to
valuesof k, K1 and K2 at 26°C of (0.9� 0.04)� 10ÿ2

sÿ1, 1.6� 0.08 dm3 molÿ1 and 265� 13 dm3 molÿ1,
respectively.Using thesevalues, rate constantsunder
different experimentalconditions were calculatedand
comparedwith experimentaldata (Table 1). There is
reasonableagreementbetween them, which supports
Scheme3.

The effect of increasingionic strengthon the rate
qualitatively explains the reaction between the same
chargedionsasshownin Scheme3. Theeffectof solvent
onthereactionkineticshasbeendescribedin detailin the
olderliterature.23–28For thelimiting caseof a zeroangle
approachbetweentwo dipolesor an ion–dipolesystem,
Amis27 hasshownthataplot log k(obs)versus1/eT givesa
straightline with a negativeslopefor a reactionbetween
a negativeion and a dipole or two dipoles,and with a
positiveslopefor apositiveion anddipoleinteraction.In
thepresentstudy,anincreasein ratewith decreasein the
dielectric constantof the mediumwasobserved,which
cannotbeexplainedby Amis theory,27 asthepresenceof
a positive ion is unlikely in the alkaline medium
employed. Applying the Born equation, Laidler and
Eyring derivedtheequation

ln k � ln k0� N Z2 e2

2 D R T
1
r
ÿ 1

r�

� �
�6�

where k0 is the rate constantin a medium of infinite

Figure 2. Plots of 1/k(obs) versus 1/[MA] and versus 1/[OHÿ]. Conditions as in Table 1
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dielectricconstantandr andr* refer to the radiusof the
reactingspeciesand activatedcomplex,respectively.It
canbeseenfrom Eqn(6) thattherateshouldbegreaterin
amediumof lowerdielectricconstantwhenr* > r. There
is a possibility of intramolecularhydrogenbondingthat
could stabilizethe transitionstate,increasingthesizeof
activatedcomplexby attractingsolventmoleculesdueto
solvationeffect. The fairly high positivevaluesof DH≠

andDG≠ (Table2) alsoindicatethatthetransitionstateis
highly solvated,whichresultsin anincreasein thesizeof
transitionstate.It is likely that r* > r for mandelicacid,
thus explaining the experimentalobservations.Hence
one can expect intramolecular hydrogen bonding in
mandelicacidsinceit containsOH andCOOHgroupson
the same carbon atom. Such hydrogen bonding is
commonfor moleculeshavingCOOH andNH2, COOH
andOH groups,etc.,eitheron theadjacentcarbonatom
or on thesamecarbonatomof themoleculeasfound29 in
simpleaminoacids.

The moderatevalues of DH≠ and DS≠ were both
favourablefor electrontransferprocesses.The value of
DH≠ wasdueto releaseof energyof solutionchangesin
thetransitionstate.Thenegativevaluesof DS≠ within the
rangefor radical reactionshavebeenascribed30 to the
nature of electron pairing and electron unpairing
processes,andto thelossof degreesof freedom,formerly
available to the reactionson the formation of a rigid
transition state. It is also interesting that the oxidant
species[MnO4

ÿ] requireda pH> 12, below which the
systembecomesdisturbedandthe reactionwill proceed
further to give a reducedproduct of the oxidant as
Mn(IV), which slowly developsyellow turbidity. Hence
it becomesapparentthat in carryingout this reactionthe
role of pH in the reactionmediumis crucial. It is also
noteworthythatundertheconditionsstudied,thereaction
occurs in two successive one-electron reductions
(Scheme3) ratherthantwo-electronreductionin a single
step(Scheme2).
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