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ABSTRACT: The kinetics of the oxidation of mandelic acid (MA) by permanganate in agueous alkaline medium at a
constant ionic strength of 1.0 mol driwere 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 und
different experimental conditions. The reaction was studied at different temperatures and activation parameters were

computed with respect to the slow step of the proposed mechahnisiA98 John Wiley & Sons, Ltd.
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INTRODUCTION In strongly alkaline medium, the stable reduction
product of permanganate ion is manganate ion,
Oxidation by permanganate ion has extensive applica-MnO3 . No mechanistic information is available which
tions in organic synthesés’ especially since the advent would permit one to distinguish between a direct one-
of phase-transfer catalysig;® which permits the use of  electron reduction to Mn (VI) (Scheme 1), or prior
solvents such as methylene chloride and benzene. Kineticformation of hypomanganate in a two-electron step
studies are important sources of mechanistic information followed by a fast reaction (Scheme 2).
on the reactions, as demonstrated by results referring to

unsaturated acids in both aquebtis’ and non-aqueous Mn(VII) + S -, Mn(V) + products
media: K,
The manganese chemistry involved in these multi-step Mn(VII) +Mn(V) — 2Mn(VI)

redox reactions is an important source of information as e 5 = substrate and > K,
the manganese intermediates are relatively easy to
identify when they have sufficiently long lifetimes and
the oxidation states of the intermediates permit useful Scheme 2
conclusions as to the possible reaction mechanisms,

including the nature of intermediates. Mandelic acid is used in the form of its salts as a

bacteriostatic agent for genitourinary tract infections. It
k! ] has been oxidized by different oxidants in aqueous
Mn(VIl) +S— Mn(VI) + S alkaline mediun’ and its oxiotlb]aéijon by permanganate in
.k acid medium has been repor ifferent workers have
Mn(VIT) + S — Mn(VI1) + products reported different producté for the oxidation of
mandelic acid. Although some work on the oxidation of
organic¢= and inorganit® substrates by permanganate in
agueous 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

*Correspondence tc. T. Nandibewoor, Post Graduate Departmentof T€action in order to elucidate the redox chemistry of
Studies in Chemistry, Karnatak University, Dharwad 580 003, India. permanganate in alkaline media.

where S = substrate arg > k;

Scheme 1
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EXPERIMENTAL

Materials. Stocksolutionsof mandelicacid (Mallinkrodt)
and potassiumpermanganatéBDH) were preparedby
dissolvingthe appropriateamountsof samplesn doubly
distilled water. The stock solutionof permanganatevas
standardize@gainstoxalic acid ® Potassiummanganate
solution was preparedas describedby Carringtonand
Symong?® asfollows: a solutionof potassiunpermanga-
natewasheatedo boiling above120°C in 8.0mol dm 3
potassiumhydroxide solution until a greencolour was
produced.The solid potassiummanganateformed on
coolingwasrecrystallizedfrom the samesolvent.Using
the required amountof recrystallizedsample,a stock
solution of potassium manganatewas prepared in
aqueougpotassiumhydroxide.The solutionwasstandar-
dized by measuringthe absorbanceusing a Hitachi
Model 150-20 spectrophotometewith a 1cm cell at
608nm (¢ = 1530+ 20 dm® mol~tcm ™).

All otherreagentswere of analyticalgradeand their
solutions were prepared by dissolving the requisite
amountsof the samplesn doubly distilled conductivity
water. NaOH and NaClQ, were usedto provide the
required alkalinity and to maintain the ionic strength,
respectively.

Kinetic measurements. All kinetic measurementa/ere
performed under pseudo-first-orderconditions with
mandelic acid in at least a 10-fold excess over
permanganatéon at a constantionic strengthof 1.0
mol dm 3. The reaction was initiated by mixing
previouslythermostatedolutionsof MnO4 andmandelic
acid which also containedthe necessaryquantities of
NaOH and NaClQ, to maintainthe requiredalkalinity
and ionic strength,respectively.The temperaturewas
maintainedat26 4+ 0.1°C. Thecourseof thereactionwas
followed by monitoringthe decreasén theabsorbancef
MnQOy in a 1cm quartzcell of a Hitachi model 150-20
spectrophotonter at its absorptiormaximumof 526 nm
asa function of time. Earlierit wasverified thatthereis
negligible interference from other reagents at this
wavelength The applicationof Beer’slaw to permanga-
nate at 526nm had earlier been verified, giving
¢=2083=+ 50 dm* mol~*cm™? (literatures = 2200dm°
mol~*cm ™). The first-order rate constantsk ops) Were
evaluatedy plotsof log[permangana{ versugime. The
first-orderplotsin almostall casesverelinearupto 80%
of the reactionandthe kops) valueswerereproducibleto
within £5%.

In the courseof the measurementshe colour of the
solutionchangedrom violet to blueandfurtherto green.
Thespectrunof thegreensolutionwasidenticalwith that
of MnOj . It is probablethat the blue colour originated
from the violet of permanganateand the greenfrom
manganateexcludingthe accumulationof hypomanga-
nate.

The effect of dissolvedoxygenon the rate of reaction
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was checked by preparing the reaction mixture and
following the reactionin an atmospheref nitrogen.No
significantdifferencebetweenthe resultsobtainedunder
nitrogenandin presencef air wasobservedIn 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,fresh solutionswere usedwhen
conductingthe experiments.

Stoichiometry and product analysis. The reaction
mixture containingexcesspermanganatever mandelic
acidwasmixedin the presencef 0.50mol dm~3 NaOH

adjustedto a constantionic strengthof 1.0 mol dm™>,

Whenthereactiontime hadelapsedsolid KI wasadded,
followed by acidification with 10% H,SO,. Then
remaining permanganatevas titrated against standard
sodiumthiosulphatée-3 Theresultsindicatedthat2 mol of

MnQOz consumed. mol of mandelicacidaccordingo the

equation

CeHsCH(OH)COOH+ 2Mn0O; + 20H"
— CgHsCHO + CO, + 2MnC;~ 4+ 2H,0 (1)

The main oxidation products were identified as an
aldehydé’ (by a spottest)andmanganateThe presence
of benzaldehydeas an oxidation product was also
confirmedby preparingits 2,4-dinitrophenylhydrazone
derivativeandcomparingts meltingpointwith thatof an
authenticsample.Such productswere also obtainedin
previouswork.'®

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

RESULTS
Reaction order

The reactionorderswere determinedrom the slopesof
log kobs) Versuslog(concentrationplots by varying the
concentrationof oxidant, reductantand alkali in turn,
while keepingthe othersconstant.

Effect of oxidant and substrate

Thepotassiunpermanganateoncentratiorwasvariedin
the range 9.0 x 10°-9.0x 10~* mol dm 3 and the
linearity of plots of log[MnQOy] versustime indicateda
reaction order in [MnOZz] of unity. This was also
confirmedby varying the [MnOgz], which did not show
any changein pseudo-first-orderate constantskps)
(Tablel). Thesubstratemandelicacidconcentrationvas
variedin therange9.0 x 107*-9.0x 10~ mol dm 2 at
26°C keeping all other reactant concentrationsand
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Table 1. Effect of [MA],

R. G. PANARI, R. B. CHOUGALEAND S. T. NANDIBEWOOR
[MnOz] and [OHT] on the oxidation of mandelic acid by

permanganate in aqueous alkaline medium at 26°C (/= 1.0 mol dm~3)

k(obs) X 103 (57 l)

[MA] x 10° [MnO; x 10* [OHT]

(mol dm~3) (mol dm~3) (mol dm3) 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

conditions constant(Table 1). The reaction order in
[mandelicacid]wasfoundto belessthanunity (Tablel).

Effect of alkali

The effect of alkali on the reaction was studied at
constantconcentration®f mandelicacid and potassium
permanganateand keepinga constantionic strengthof
1.0mol dm2 at 26°C. Therateconstantsncreasedvith
increasdn [alkali] (Table1).

Effect of ionic strength

The effect of ionic strengthwas studiedby varying the
sodium perchlorateconcentrationin the reaction med-
ium. The ionic strengthof the reaction medium was
varied from 0.5 to 2.0 mol dm™2 at constantconcentra-
tions of permanganatanandelicacid and alkali. It was
found that the rate constantincreasedwith increasing
concentratiorof NaClQ, andthe plot of logkops) versus
1”2 waslinear with a positive slope(Fig. 1).

Effect of solvent polarity

The relative permittivity (er) 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 theywerecomputedrom
thevaluesof pureliquids asin earlierwork.*® Therewas
no reactionof the solventwith the oxidant underthe
experimentalconditionsused. The rate constant,Kpsy
increasedvith decreaseén the dielectric constantof the
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medium.Theplot of logk ops) versusl/er waslinear (Fig.
1).

Effect of initially added products

The initially added products such as manganateand
aldehyddalid nothaveanysignificanteffecton therateof
the reaction.

Test for free radicals

The reactionmixture waskeptfor 1 h with acrylonitrile
scavengerin an inert atmosphere.On diluting with
methanol,the formation of a precipitateindicatesfree
radicalinterventionin the reaction.

Effect of temperature

The rate constantsk, of the slow stepof Scheme3 were
obtainedfrom theinterceptsof the plots of 1/kps)versus
1/[MA] at different temperaturesand usedto calculate
theactivationparameter¢Table2). Thevaluesof k were
(0.90+ 0.04)x 102, (1.67-+ 0.08)x 10 2 and (2.85+
0.14)x 10 % s ! at 26,31 and36°C, respectively.

DISCUSSION

The permanganat®n, MnOy, is a powerful oxidantin
agqueousalkaline medium. As it exhibits a multitude of
oxidationstatesthe stoichiometricresultsand pH of the
reactionmediaplay animportantrole. Underthe present
experimental conditions at pH> 12, the reduction
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Figure 1. Plots of log kiops) versus

productof Mn(VII), i.e. Mn(VI), is stableand further
reductionof Mn(VI) might be stopped-* Diode-array
rapid scanspectrophotometristudieshaveshownthatat
pH> 12, the product of Mn(VIl) is Mn(VI) and no
furtherreductionwasobservedasreportedby Simandiet
al.***However,on prolongedstandingMn(VI1) is slowly
reducedo Mn(IV) underour experimentatonditions.
Thereactionbetweemandelicacidandpermanganate

in alkaline medium has a stoichiometryof 1:2 with a
fractionalorderdependencen both alkali and mandelic
acid concentrationsand a first-order dependenceon

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

E, 65.5+ 3.5k mol™?
L?A 9.5+ 0.5

A —724+3JK tmol™?
AH* 63+ 3kJmol™?
AG* 85.5+ 4.0kJmol ™

0 1998JohnWiley & Sons,Ltd.

/1/2

and versus 1/er

permanganateoncentrationNo effect of the products
was observed.The results suggestthat first the alkali
combines with permanganateto give an alkali—
permanganateomplex® which then reactswith the
substratemandelicacid, to give anothercomplex.The
latter complexdecomposes a slow stepto give a free
radical derived from decarboxylatedmandelic acid,
which furtherreactswith anothemoleculeof permanga-
natein afaststepto yield the products(Scheme3).
The probablestructureof the complex(Cy) is

OH O 0

o 2-
L | 7 .
— CH-C—0-Mn —

I

o

Attemptsto obtainthe UV-visible spectralevidence
for the complexformationfailed. However,the interac-
tion might be feeble and such complex formation be-
tweena substrateand an oxidanthavebeenobservedn
otherstudies?* The formation of the complexis proved
kinetically, i.e. by the non-zerointerceptof the plot of
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1/Kobs)vs 1/[MA]. SinceScheme8 is in accordancavith

the generally well acceptedprinciple of non-comple-
mentary oxidations taking place in sequence®f one-
electron steps, the reaction betweenthe substrateand
oxidant would afford a radical intermediate.A free
radicalscavengingxperimentevealedsuchapossibility
(seebelow). This type of radical intermediatehasalso
been observed in earlier work’> on the alkaline
permanganatexidationof variousorganicsubstrates.

Scheme3 leadsto the following ratelaw:

ratee _ AMNO;] _  kKiKa[MA][MNO; J[OH”]
T T a4t (14 Kq[OH ] + K1K3[MA][OH])
1

452 R.G. PANARI, R. B. CHOUGALE AND S. T. NANDIBEWOOR
0
Kl g! /OH 12_
— 1 _ . c

MnO4 + OH = [ 0 Hn 0 j ( 1)
I
0

0
i_ O=—Mn — O + C H5—- CH — COOH == complex (C2) + HZO
L n i 6
0
k 2-
Complex (C2) _— C6H5 — CH + CO2 + MnO4
slow }
OH
fast 2-
— - - H.O
C6H5 CH + MnO4 + 0OH —m— C6H5CHO + MnO4 + 2
OH

Scheme 3

The terms (1 + K; Ky [MnO4] [OHT]) and (1 + K;
[MnOZ] + K1 K5 [MA] [MnQg]) in the denominatorof
Egn (2) approximateto unity in view of the low
concentration of MnO; used. Therefore, Eqn (2)

becomes
rate — _d[MnO;] B kK1K2[MA][MNnO, |[OH"]
B dt 14 Ky[OH ]+ KiKz[MA] [OH ]

(3)

* 1+ KiK2[MnO; J[OH )(1 + K1 [MnO; ] + KiKz[MA][MnO; )

0 1998JohnWiley & Sons,Ltd.
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Figure 2. Plots of 1/kiops) versus 1/[MA] and versus 1/[OH"]. Conditions as in Table 1

or

rate e kK1K2[MA] [OH7]
MnO, ]~ " T 14 Ky[OH | + K1Kz[MA] [OH ]
(4)

Equation(4) canbe rearrangedo the following form,
which is usedfor verificationof the ratelaw:

NN SN S
k(0b$ N kK1K2 [MA] [OHi] kK; [MA] k

Accordingto Eqn (5), the plots of 1/kps) Vs 1/[MA]
and 1/Kps) vs 1/[OH™] shouldbe linear, as verified in
Fig. 2. The slopesand interceptsof suchplots lead to
valuesof k, K; and K, at 26°C of (0.94 0.04)x 10 2
s ', 1.6+ 0.08 dm® mol* and 265+ 13 dm® mol %,
respectively.Using thesevalues, rate constantsunder
different experimentalconditions were calculatedand
comparedwith experimentaldata (Table 1). There is
reasonableagreementbetween them, which supports
Schemes.

0 1998JohnWiley & Sons,Ltd.

The effect of increasingionic strengthon the rate
qualitatively explains the reaction betweenthe same
chargedonsasshownin Scheme3. Theeffectof solvent
onthereactionkineticshasbeendescribedn detailin the
olderliterature?*-?8Forthelimiting caseof azeroangle
approachbetweentwo dipolesor anion—dipolesystem,
Amis® hasshownthata plot log Kips)versusl/er givesa
straightline with a negativeslopefor areactionbetween
a negativeion and a dipole or two dipoles,and with a
positiveslopefor a positiveion anddipoleinteraction.In
the presenstudy,anincreasen ratewith decreasén the
dielectric constantof the mediumwas observedwhich
cannotbe explainecby Amis theory?’ asthe presencef
a positive ion is unlikely in the alkaline medium
employed. Applying the Born equation, Laidler and
Eyring derivedthe equation

NZ2& /1 1
'”k:'”k°+2DRT<F_r_*> (6)

where kg is the rate constantin a medium of infinite
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dielectricconstantandr andr* referto the radiusof the
reactingspeciesand activatedcomplex, respectively.It

canbeseerfrom Eqn(6) thattherateshouldbegreatefin

amediumof lower dielectricconstanwhenr* > r. There
is a possibility of intramolecularhydrogenbondingthat
could stabilizethe transitionstate,increasingthe size of

activatedcomplexby attractingsolventmoleculesdueto

solvationeffect. The fairly high positive valuesof AH”

andAG” (Table2) alsoindicatethatthetransitionstateis

highly solvatedwhichresultsin anincreasen thesizeof

transitionstate.lt is likely thatr* > 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 moleculeshaving COOHandNH,, COOH
and OH groups,etc., eitheron the adjacentcarbonatom
or onthe samecarbonatomof themoleculeasfound?® in

simpleaminoacids.

The moderatevalues of AH* and AS" were both
favourablefor electrontransferprocessesThe value of
AH” wasdueto releaseof energyof solutionchangesn
thetransitionstate The negativevaluesof AS” within the
rangefor radical reactionshave beenascribed® to the
nature of electron pairing and electron unpairing
processeandto thelossof degree®f freedom formerly
available to the reactionson the formation of a rigid
transition state. It is also interestingthat the oxidant
species[MnO;] requireda pH > 12, below which the
systembecomedlisturbedandthe reactionwill proceed
further to give a reducedproduct of the oxidant as
Mn(1V), which slowly developsyellow turbidity. Hence
it becomesapparenthatin carryingout this reactionthe
role of pH in the reactionmediumis crucial. It is also
noteworthythatunderthe conditionsstudied thereaction
occurs in two successive one-electron reductions
(Scheme3) ratherthantwo-electronreductionin asingle
step(Scheme?).
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