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ABSTRACT: The cerium(IV) oxidation of isobutanol, isoamyl alcohol isopropyl alcohol, and secondary butanol
catalysed by chromium(III) was studied in sulphuric and perchloric acid mixture at 30°C. The reaction was found to
proceed with the formation of a chromium(IV) intermediate followed by its complexation with alcohol. The complex
thus formed decomposed into an aldehyde or ketone by a two-electron hydride ion transfer. The formation constants
for complexes were determined from Michaelis–Menten plots. The accelerating effect of [H�] on the reaction is
attributed to the formation of active species, HCe(SO4)3ÿ and HAlcohol�, of the oxidant and alcohol, respectively.
The activation parameters were also determined and an isokinetic plot was found to be linear. 1998 John Wiley &
Sons, Ltd.
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INTRODUCTION

Cerium(IV) oxidations are known to be catalysed by
inorganic ions such as Ag(I), Mn(II) and Ru(III).1–3 In
our earlier studies we observed that these oxidations can
also be catalysed by chromium(III)4,5 to the extent that
kinetic determination at the mg mlÿ1 level was possi-
ble.6 The results of another study7 on chromic acid
oxidation of isopropyl alcohol in sulphuric acid showed
that there was no effect of isopropyl alcohol on the
initial rate of chromium(III) oxidation by cerium(IV)
even when present in large excess. Our preliminary
results in sulphuric acid also led to the formation of
chromium(VI) in the presence of isopropyl alcohol,
whereas in mixtures of sulphuric and perchloric acid
chromium(III) was found to catalyse the oxidation of
alcohol by cerium(IV). This change in the course of the
reaction prompted us to study the reaction in detail.
Moreover, the carcinogenic nature of chromium(VI) is
mainly due to the formation of unstable chromium(V),
which interacts further with biological substrates. The
intervention of higher oxidation states of chromium is
also possible during the oxidation of chromium(III).
Therefore, in order to understand the mechanism of
chromium(III) catalysis in the oxidation of organic
substrates, the present work, dealing with mechanistic
aspects of the cerium(IV) oxidation of isopropyl alcohol
(IPA), isobutanol (IBA), isoamyl alcohol (IAA) and
secondary butanol (SBA) in the presence of chromiu-
m(III) was carried out.

EXPERIMENTAL

Materials. All chemicals were of reagent grade and
doubly distilled water was used throughout. Stock
solutions of catalyst, oxidant and the product, cerium(III),
were prepared and standardized as in an earlier study.4

The alcohols were fractionally distilled and dissolution of
known volumes gave stock solutions. Perchloric acid
(Merck, AR) was used to study the effect of acid on the
reaction. The ionic strength was maintained using sodium
perchlorate obtained by mixing equivalent amounts of
sodium carbonate (Loba, GR) and perchloric acid.

Kinetic measurements. The reaction was initiated by
mixing thermostated solutions of reactants also contain-
ing catalyst and other constituents. Aliquots of the
reaction mixture were withdrawn at different time
intervals and the oxidant concentration was determined
iodometrically. Kinetic runs were carried out under
pseudo-first-order conditions with the alcohol concentra-
tion in large excess over that of the oxidant. The lonic
strength was maintained at 2.1 mol dmÿ3. The pseudo-
first-order rate constants,kobs, were obtained from the
linear plots of log[Ce(IV)] against time. The kinetic data
were reproducible in all cases to within�4%.

Stoichiometry and product analysis. The stoichiometry
was studied by keeping cerium(IV) in excess over the
alcohol in the presence of 1.0� 10ÿ3 mol dmÿ3 catalyst.
The reaction mixture was kept in a thermostat at 60°C for
about 8 h with a condenser. The concentration of
unreacted oxidant was determined iodometrically. When
alcohol was present in excess over the oxidant, the
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catalyst,chromium(III),remainedunchangedin all cases,
as found by measuring the absorbanceat 580nm
(e = 15.4 dm3 molÿ1 cmÿ1). The stoichiometryfor IBA
andIAA wasfoundto be4 mol of cerium(IV)permoleof
alcohol, and the products would be isobutyric and
isovalericacid,respectively,asfoundfor theuncatalysed
reaction.8 For IPA andSBA thestoichiometrywas2 mol
of oxidant per mole of alcohol and the productswould
thereforebe acetoneand ethyl methyl ketone,respec-
tively. The ketoneproductswereconfirmedby compar-
ison of the melting points of their phenylhydrazone
derivatives.

Test for free radicals. When acrylonitrile wasaddedto
the reaction mixture containing catalyst, copious pre-
cipitationoccurred.Theprecipitationdueto polymeriza-
tion of acrylonitrile indicates the formation of free
radicalsin thereaction.Freeradicalsarealsoproducedin
the uncatalysed reaction; therefore, to verify their
interventionin the catalysedpath, the time requiredfor
the precipitationwasstudied.The polymerizationin the
presenceof catalystwasdelayedby 5 min for IPA and
2 min for IAA, andby 2–5min for otheralcohols.

RESULTS

Sincetheuncatalysedreactionratewasvery slow (about
5–6%of the catalysedreactionrate), its contributionto
the total rate was not taken into account.The pseudo-
first-orderplotsof log[Ce(IV)] againsttimewerelinearin
all cases,indicating a first-order dependenceon the
oxidant.Theordersin all alcoholswerefoundto beabout
0.75 as determinedfrom logkobs against log(concen-
tration) plots in the concentration range 0.02–
0.12mol dmÿ3. The effectsof oxidantconcentrationon
thevaluesof kobsaregivenin Table1. Theplotsof 1/kobs

vs 1/[alcohol] were also found to be linear for all the
alcoholsstudiedandare shownin Fig. 1. The effect of
perchloricacidwasstudiedin theconcentrationrange0.4
–2.0mol dmÿ3 keepingall otherconcentrationsconstant.
The rateof the reactionincreasedasthe perchloricacid
concentrationincreasedand the order in hydrogenion
concentrationwasfoundto bemorethanunity. Theorder
with respectto thecatalystwasfoundto beabout0.5 for
each alcohol in the concentrationrange 2.0� 10ÿ4–
2.0� 10ÿ3 mol dmÿ3 (Table 2). Adding cerium(III) at
concentrationsof 2.0� 10ÿ3–6.0� 10ÿ3 mol dmÿ3 was
found to decreasethe ratesteadily.

DISCUSSION

The first-order dependenceof the rate on the oxidant
concentration,as evident from the linearity of the
log[Ce(IV)] vs time plots, and the decreasein the rate
in thepresenceof addedproduct,cerium(III), indicatethe

involvementof both, in reversibleequilibrium with the
catalyst.Theoxidationof chromium(III)by cerium(IV) is
knownto involve suchanequilibriumwith theformation
of a chromium(IV) intermediate9 followed by its slow
conversion to chromium(V) due to a change in the
coordinationnumberfrom 6 to 4. Thefractionalorderin
alcohol concentrationand the linearity of Michaelis–
Mentenplot may be dueto complexformationbetween
alcohol and labile chromium(IV) rather than inert
chromium(III).10 The complexthus formed will further
undergoeitherone-electronexchange(H atomtransfer)
or two-electronexchange(hydride ion transfer).11 The
former path leadsto the formationof a free radical,but
thelattergivesriseto chromium(II),which reactsrapidly
with anotheroxidant molecule, regeneratingthe cata-
lyst.11,12 In the presentcase,sincecerium(IV) is a one-
electronoxidant,the uncatalysedreactionalsoproduces

Figure 1. Plot of 1/kobs against 1/[Alcohol].
[Ce(IV)] = 4.0 � 10ÿ3 [Cr(III)] = 2.0� 10ÿ4, [HCIO4] = 2.0
[H2SO4] = 6.0� 10ÿ2 and I = 2.1 mol dmÿ3; temperature,
30°C.

Table 1. Effect of cerium(IV) concentration on the values of
kobs at 30°C with [Cr(III)] = 2.0� 10ÿ4, [HClO4] = 2.0,
[H2SO4] = 6.0� 10ÿ2 and I = 2.1 mol dmÿ3

[Ce(IV)� 103 [Alcohol] kobs� 104(sÿ1)

(mol dmÿ3) (mol dmÿ3) IBA IAA IPA SBA

2.0 0.04 5.48 6.93 2.98 4.08
3.0 0.04 4.75 6.10 2.40 3.28
4.0 0.04 4.05 5.34 2.03 2.76
5.0 0.04 4.60 4.71 1.66 2.34
6.0 0.04 3.25 4.35 1.47 2.07
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free radicalsand the rate law for both the mechanisms
will not bedifferent.

In order to distinguishbetweenthe two mechanisms,
the time requiredfor polymerizationwasexamined,and
it wasfoundthatprecipitationin theuncatalysedreaction
occursat an earlier time thanfor the catalysedreaction.
The time difference was maximum for secondary
alcoholscomparedwith theprimaryalcohols.Therefore,
from the delay in polymerization in the presenceof
catalyst it could be concluded that free radicals are
produced in the uncatalysedreaction. Although the
uncatalysedreactionoccursto a very small extent, the
numberof free radicalsproducedmight be sufficient to
initiate the polymerization.On the other hand, if the
catalysedpathproceedsthroughhydrogenatomtransfer
the precipitation due to polymerization would have
occurredwell before the time requiredfor the uncata-
lysed reaction. The estimatedenergy difference11 be-
tweentheformationof chromium(II)andthefreeradicals
is reported to be small, but certainly favouring the
hydride ion transfermechanism.In view of the above
observation,we conclude that the catalysedpath is
throughinterventionof chromium(II),butexperimentsto
trap this with a cobalt(III)–amine13 complex were not
successful.

The overall mechanismmay thereforebe generalized
as the formation of chromium(IV) in a reversible
equilibrium, which then complexeswith alcohol. The
complexwill thenundergointernaloxidation–reduction
in a rate-determiningstepto producealdehydeor ketone
andregeneratethecatalyst.Furtherreactionof aldehyde
with the oxidant in fast stepsgive rise to the respective
acid.

Theeffectof perchloricacidon thevaluesof kobsmay
be due to the existenceof different cerium(IV) and
alcoholspeciesin acidicmedium.Theorderin hydrogen
ion concentrationof morethanunity andtheplot of kobs

against[H�]2 (Fig. 3) indicatesthe involvementof two
protonationsprior to equilibria. In solutionscontaining
sulphate,cerium(IV) will be predominantly14 presentas
Ce(SO4)3

2ÿ and is further protonated,as shownby the
equilibrium(1), andtheprotonationequilibrium(2) may
be considered as that of alcohol. Simultaneously,
chromium(III) will be involved in pre-associationwith

Table 2. Effect of catalyst on the reaction at 30°C with
[Ce(IV) = 4.0 � 10ÿ3,[Alcohol] = 4.0 � 10ÿ2, [HCIO4] = 2.0
[H2SO4] = 6.0 � 10ÿ2 and I = 2.1 mol dmÿ3

[Cr(III)] � 104 kobs� 104(sÿ1)

(mol dmÿ3) IBA IAA IPA SBA

2.0 4.14 5.35 2.05 2.79
4.0 6.60 7.90 3.07 4.52
6.0 8.36 9.81 3.89 5.92
8.0 9.70 11.39 4.49 7.21

10.0 11.06 12.30 5.52 7.68
12.0 11.99 14.03 5.81 8.53
14.0 12.63 14.71 6.17 9.04
16.0 13.23 15.09 6.51 9.38
18.0 14.14 16.39 6.91 9.95
19.0 14.58 16.65 7.48 10.48
20.0 14.58 16.91 7.48 10.47
22.0 – 17.63 7.48 10.47

Figure 2. Plot of kobs against [H�]2. [Ce(IV)] = 4.0 � 10ÿ3

[Alcohol] = 4.0, [H2SO4] = 6.0 � 10ÿ2, [Cr(III)] = 2.0 �
10ÿ4 and I = 2.1 mol dmÿ3; temperature, 30°C.

Table 3. Effect of temperature on the reaction and the
values of Kc obtained with [Ce(IV)] = 4.0 � 10ÿ3,
[Alcohol] = 4.0 � 10ÿ2, [Cr(III) = 2.0 � 10ÿ4,[HCIO4] = 2.0
[H2SO4] = 6.0 � 10ÿ2 and I = 2.1 mol dmÿ3

kobs � 104 (sÿ1)

Temperature(K) IBA IAA IPA SBA

298 2.60 3.18 1.33 1.71
303 4.13 5.35 2.06 2.76
308 6.26 8.49 3.16 4.22
313 10.2 14.2 4.64 6.91
Activationparameters
Ea (kJ molÿ1) 70.84 76.58 65.24 71.12
A � 10ÿ8 (sÿ1) 6.72 85.1 0.36 5.0
DH‡ (kJ molÿ1) 67.9 75.2 62.9 69.5
ÿDS‡ (J Kÿ1molÿ1) 85.7 59.6 108 83.9
DG‡ (KJ molÿ1) 93.9 93.2 95.6 94.9
Kc 7.63 10.5 6.49 10.1
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sulphate,15 forming an inactive ion pair resultingin the
overall fractionalorderof thecatalyst.

Ce�SO4�32ÿ � H� � HCe�SO4�3ÿ K1 �1�

Alcohol� H� � HAlcohol� K2 �2�
The general mechanismin terms of these active

speciesfor primary andsecondaryalcoholsis given by
Scheme1 and the rate law by Eqn (3), wheren is the
stoichiometricfactor of the reaction,Kc andKIP are the
formationconstantsof thecatalyst–alcoholcomplexand
chromium(III)–sulphateion pair, respectively,and k is
the rate constant for the slow decompositionof the
complex;the equilibrium constantfor reversibleoxida-
tion of chromium(III) is denotedKox.

The first term of rate law (3) is due to the catalyst–
substratecomplexformation,whichis verifiedkinetically
(Fig. 1), and the formation constantsdeterminedfrom
Fig. 1 aregivenin Table3. Thesecondtermis dueto the
concentrationof active speciesof the oxidant and the
substratein termsof their total concentrations.Owing to
thepseudo-first-orderconditionsemployedin this study,
the chromium(IV) formed reacts preferentially with
alcohol, which is in large excess,thus making the
occurrenceof back-oxidationof cerium(III) negligible.
Therefore,nodeviationwasobservedin thepseudo-first-
orderplots for anyof theruns.Furtherthechromium(II)
producedwill react with anotheroxidant molecule5,10,
andits reactionwith oxygenis reportedto beslowerand
to involve the formation of stable10 CrO2

2�. The
activation parameterswere calculatedfrom the depen-
denceof Kobs on temperature,at four different tempera-
tures,and the dataare given in Table 3. The isokinetic
plot of DH‡ againstDS‡ wasfoundto belinear,indicating
the operationof similar mechanismsfor the alcohols
studied,andthe isokinetic temperaturewasfound to be
240K. The higher positive values for the enthalpyof
activationmaybedueto thehydrideion transfer,andthe
large negativeentropy of activation might be due to
formation of a complexand the attainmentof a cyclic
transitionstatebetweenthealcoholandchromium(IV).10

ÿ 1d�Ce4��
n dt

� �

� k Kc Kox KIP �Cr3�� �Ce4�� �Alc.�
�Ce3�� �1� Kc �Alc.�� �1� KIP�Cr3���

� �

� K1 K2 �H��2
�1� K1�H��� �1� K2�H���

( )
�3�
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