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Kinetics and mechanism of cerium(lV) oxidation of primary
and secondary alcohols catalysed by chromium(lll)

Laxman V. Nimbalkar, Anant M. Chavan and Gavisiddappa S. Gokavi*

Department of Chemistry, Shivaji University, Kolhapur 416004, India

Received 7 January 1997; revised 10 November 1997; accepted 5 December 1997

ABSTRACT: The cerium(IV) oxidation of isobutanol, isoamy! alcohol isopropyl alcohol, and secondary butanol
catalysed by chromium(lll) was studied in sulphuric and perchloric acid mixture°&.3lhe 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 pbfHhe reaction is
attributed to the formation of active species, HCef{gOand HAlcohol", of the oxidant and alcohol, respectively.
The activation parameters were also determined and an isokinetic plot was found to belit888 John Wiley &

Sons, Ltd.

KEYWORDS: Primary alcohols; secondary alcohols; oxidation; cerium (IV); chromium(lll) catalysis

INTRODUCTION

Cerium(lV) oxidations are known to be catalysed by
inorganic ions such as Ag(l), Mn(l1) and Ru(Ith2 In

EXPERIMENTAL

Materials. All chemicals were of reagent grade and
doubly distilled water was used throughout. Stock

our earlier studies we observed that these oxidations carsolutions of catalyst, oxidant and the product, cerium(lIl),

also be catalysed by chromium(fifj to the extent that
kinetic determination at the mg mi level was possi-
ble® The results of another stuflyon chromic acid
oxidation of isopropy! alcohol in sulphuric acid showed
that there was no effect of isopropyl alcohol on the
initial rate of chromium(lll) oxidation by cerium(lV)

were prepared and standardized as in an earlier $tudy.
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

even when present in large excess. Our preliminary sodium carbonate (Loba, GR) and perchloric acid.

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(lll) was found to catalyse the oxidation of
alcohol by cerium(1V). 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(lll).

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 dMnThe pseudo-
first-order rate constant%,,s were obtained from the

Therefore, in order to understand the mechanism of linear plots of log[Ce(IV)] against time. The kinetic data

chromium(lll) 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(lll) was carried out.

*Correspondence toG. S. Gokavi, Department of Chemistry, Shivaji
University, Kolhapur 416004, India.
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were reproducible in all cases to withimd%.

Stoichiometry and product analysis. The stoichiometry
was studied by keeping cerium(lV) in excess over the
alcohol in the presence of 1:010~3 mol dm > catalyst.
The reaction mixture was kept in a thermostat &t®@or
about 8h 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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catalystchromium(lll), remainecdunchangedh all cases,
as found by measuring the absorbanceat 580nm
(¢ =15.4dm* mol~tcm™1). The stoichiometryfor IBA
andlAA wasfoundto be4 mol of cerium(IV) permoleof
alcohol, and the products would be isobutyric and
isovalericacid,respectivelyasfoundfor the uncatalysed
reaction® For IPA andSBA the stoichiometrywas2 mol
of oxidant per mole of alcohol and the productswould
thereforebe acetoneand ethyl methyl ketone, respec-
tively. The ketoneproductswere confirmedby compar-
ison of the melting points of their phenylhydrazone
derivatives.

Test for free radicals. When acrylonitrile was addedto
the reaction mixture containing catalyst, copious pre-
cipitation occurred.The precipitationdueto polymeriza-
tion of acrylonitrile indicates the formation of free
radicalsin thereaction Freeradicalsarealsoproducedn
the uncatalysedreaction; therefore, to verify their
interventionin the catalysedpath, the time requiredfor
the precipitationwas studied.The polymerizationin the
presenceof catalystwas delayedby 5 min for IPA and
2min for IAA, andby 2-5min for otheralcohols.

RESULTS

Sincethe uncatalysedeactionratewasvery slow (about
5-6% of the catalysedreactionrate),its contributionto

the total rate was not takeninto account.The pseudo-
first-orderplotsof log[Ce(IV)] againstimewerelinearin

all cases,indicating a first-order dependenceon the
oxidant.Theordersin all alcoholswerefoundto beabout
0.75 as determinedfrom logk.ps againstlog(concen-
tration) plots in the concentration range 0.02—
0.12mol dm™3. The effectsof oxidantconcentratioron

thevaluesof kyp,saregivenin Tablel. Theplotsof 1/kgps
vs 1/[alcohol] were also found to be linear for all the
alcoholsstudiedand are shownin Fig. 1. The effect of

perchloricacidwasstudiedin theconcentratiomange0.4
—2.0mol dm 3 keepingall otherconcentrationsonstant.
The rate of the reactionincreasedasthe perchloricacid
concentrationincreasedand the order in hydrogenion

concentratiowasfoundto bemorethanunity. Theorder
with respecto the catalystwasfoundto beabout0.5 for

each alcohol in the concentrationrange 2.0 x 10~ %~

2.0x 10 3moldm 2 (Table 2). Adding cerium(lll) at
concentration®f 2.0 x 10°-6.0x 10> moldm 3 was
foundto decreasehe rate steadily.

DISCUSSION

The first-order dependencef the rate on the oxidant
concentration,as evident from the linearity of the
log[Ce(IV)] vs time plots, and the decreasen the rate
in thepresencef addedoroduct,cerium(lll), indicatethe
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Figure 1. Plot of 1/kys against  1/[Alcohol].
[Ce(V)]=4.0 x 1073 [Cr(l)]=2.0 x 1074, [HCIO4]=2.0
[H,S04]=6.0 x 1072 and /=2.1 mol dm~>; temperature,
30°C.

involvementof both, in reversibleequilibrium with the
catalyst.Theoxidationof chromium(lll) by cerium(IV)is
knownto involve suchanequilibriumwith theformation
of a chromium(lV) intermediaté followed by its slow
conversionto chromium(V) due to a changein the
coordinationnumberfrom 6 to 4. Thefractionalorderin
alcohol concentrationand the linearity of Michaelis—
Mentenplot may be dueto complexformationbetween
alcohol and labile chromium(lV) rather than inert
chromium(111).X° The complexthus formedwill further
undergoeither one-electrorexchanggH atomtransfer)
or two-electronexchange(hydride ion transfer)** The
former pathleadsto the formation of a free radical, but
thelattergivesriseto chromium(ll), which reactsrapidly
with anotheroxidant molecule, regeneratingthe cata-
lyst.**121n the presentcase,sincecerium(IV) is a one-
electronoxidant, the uncatalysedeactionalso produces

Table 1. Effect of cerium(IV) concentration on the values of
kops at 30°C with [Cr(l)]=2.0 x 104, [HClO,] = 2.0,
[H5S04]1=6.0 x 1072 and /= 2.1 mol dm~>

Kobs x 10%(s ™)

[Ce(IV) x 10° [Alcohol]

(moldm™3)  (moldm™3) IBA IAA IPA SBA
2.0 0.04 548 6.93 298 4.08
3.0 0.04 475 6.10 240 3.28
4.0 0.04 405 534 203 276
5.0 0.04 460 471 166 2.34
6.0 0.04 3.25 435 147 2.07
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Table 2. Effect of catalyst on the reaction at 30°C with
[Ce(V)=4.0 x 1073 [Alcohol] =4.0 x 1072, [HCIO4]=2.0
[H,S04]1=6.0 x 107% and /=2.1 mol dm~3

kobs X 104(3_1)

[Cram)] x 10
(mol dm™3) IBA IAA IPA  SBA
2.0 4.14 535 205 279
4.0 6.60 7.90 3.07 452
6.0 8.36 981 389 592
8.0 9.70 11.39 449 721
10.0 11.06 1230 552 7.68
12.0 11.99 1403 581 853
14.0 12.63 1471  6.17 9.04
16.0 13.23 15.09 6.51 9.38
18.0 14.14 16.39 691  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

free radicalsand the rate law for both the mechanisms
will not be different.

In orderto distinguishbetweenthe two mechanisms,
thetime requiredfor polymerizationwasexaminedand
it wasfoundthatprecipitationin theuncatalysedeaction
occursat an earliertime thanfor the catalysedeaction.
The time difference was maximum for secondary
alcoholscomparedwith the primaryalcohols.Therefore,
from the delay in polymerizationin the presenceof
catalystit could be concludedthat free radicals are
producedin the uncatalysedreaction. Although the
uncatalysedeactionoccursto a very small extent, the
numberof free radicalsproducedmight be sufficientto
initiate the polymerization.On the other hand, if the
catalysedpath proceedghroughhydrogenatomtransfer
the precipitation due to polymerization would have
occurredwell beforethe time requiredfor the uncata-
lysed reaction. The estimatedenergy differencé” be-
tweentheformationof chromium(ll)andthefreeradicals
is reported to be small, but certainly favouring the
hydride ion transfermechanismln view of the above
observation,we conclude that the catalysed path is
throughinterventionof chromium(ll),but experimentso
trap this with a cobalt(ll)-aminé® complex were not
successful.

The overall mechanisnmay thereforebe generalized
as the formation of chromium(lV) in a reversible
equilibrium, which then complexeswith alcohol. The
complexwill thenundergointernal oxidation—reduction
in arate-determiningtepto producealdehydeor ketone
andregeneratéhe catalyst.Furtherreactionof aldehyde
with the oxidantin fast stepsgive rise to the respective
acid.

The effectof perchloricacid on the valuesof kypsmay
be due to the existenceof different cerium(lV) and
alcoholspeciesn acidicmedium.The orderin hydrogen
ion concentratiorof morethanunity andthe plot of kyps
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Figure 2. Plot of kops against [H']%. [Ce(V)]=4.0 x 1032
[Alcohol]=4.0, [H,S04]=6.0 x 1072, [Cr(lN]=2.0 x
10~*and /=2.1 mol dm~3; temperature, 30°C.

against[H"]? (Fig. 3) indicatesthe involvementof two
protonationsprior to equilibria. In solutionscontaining
sulphate cerium(IV) will be predominantly* presentas
Ce(SQ)s*>~ andis further protonated as shownby the
equilibrium (1), andthe protonationequilibrium (2) may
be considered as that of alcohol. Simultaneously,
chromium(lll) will be involved in pre-associatiorwith

Table 3. Effect of temperature on the reaction and the
values of K. obtained with [Ce(V)]=4.0 x 1073,
[Alcohol] =4.0 x 1072, [Cr(l)=2.0 x 10-*[HCIO4] = 2.0
[H,S04]=6.0 x 10"%?and /=2.1 mol dm~>

kobs X 104 (S_l)

TemperaturgK) IBA IAA IPA SBA
298 2.60 3.18 133 171
303 4.13 5.35 206 2.76
308 6.26 8.49 3.16 4.22
313 10.2 14.2 464 6.91
Activation parameters

Ea (kJmol™) 70.84 76.58 65.24 71.12
Ax 108(sh 6.72 85.1 036 5.0
AH* (kI mol™%) 67.9 75.2 62.9 69.5
—AS* (JK mol™) 857 59.6 108 83.9
AG* (KI mol™) 93.9 93.2 95.6 94.9
Ke 7.63 105 6.49 10.1
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sulphate*® forming an inactive ion pair resultingin the
overallfractionalorder of the catalyst.

Ce(SQy);> +H = HCe(SQy),- Ki (1)

Alcohol + H" = HAIcohol* Kz (2

The general mechanismin terms of these active
speciesfor primary and secondaryalcoholsis given by
Schemel andthe rate law by Eqgn (3), wheren is the
stoichiometricfactor of the reaction,K. andKp arethe
formationconstantf the catalyst—alcohotomplexand
chromium(lll)—sulphateion pair, respectively,and k is
the rate constantfor the slow decompositionof the
complex;the equilibrium constantfor reversibleoxida-
tion of chromium(ll) is denotedKy.

The first term of rate law (3) is dueto the catalyst—
substrateomplexformation,whichis verifiedkinetically
(Fig. 1), and the formation constantsdeterminedfrom
Fig. 1 aregivenin Table3. Thesecondermis dueto the
concentrationof active speciesof the oxidant and the
substraten termsof their total concentrationsOwing to
the pseudo-first-ordeconditionsemployedin this study,
the chromium(lV) formed reacts preferentially with
alcohol, which is in large excess,thus making the
occurrenceof back-oxidationof cerium(lll) negligible.
Therefore no deviationwasobservedn the pseudo-first-
orderplotsfor any of the runs.Furtherthe chromium(ll)
producedwill reactwith anotheroxidant moleculé*°
andits reactionwith oxygenis reportedto be slowerand
to involve the formation of stablé® CrO*". The
activation parametersvere calculatedfrom the depen-
denceof Kqps 0n temperatureat four differenttempera-
tures,and the dataare given in Table 3. The isokinetic
plot of AH* againsASF wasfoundto belinear,indicating
the operationof similar mechanismdor the alcohols
studied,andthe isokinetic temperaturavas found to be
240K. The higher positive valuesfor the enthalpy of
activationmay bedueto the hydrideion transfer,andthe
large negative entropy of activation might be due to
formation of a complexand the attainmentof a cyclic
transitionstatebetweerthe alcoholandchromium(1v) 1°

0 1998JohnWiley & Sons,Ltd.

Cri* + 8042 =2 50 Kip
HCe(SO,)3-+ Cr¥* === Cré* + HCe(SO,) + 350, Kox
Cr#* + HAIcohol* === Complex K¢
Complex — 3  Cr2* + aldehyde or ketone +2H* K
Cr2t + Cett —>  Cr¥*  +Ce¥ Fast
Aldehyde +2Ce#* — > 2Ce3* + acid + 2H* Fast
Scheme 1
1dCe*]
n dt

B { k K¢ Kox Kip [CPT] [CEHT] [Alc.] }
~[CE] (1+K, [Ale.]) (1+Kp[CPH)

Ky Ky [H]?
" {<1+ KHT) (1+ Kz[Hﬂ)} )
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