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ABSTRACT: The kinetics of the reduction of hexachloroiridate(IV) by benzyl alcohol (PhCH2OH), some substituted
benzyl alcohols (XC6H4CH2OH, where X = NO2, Cl and OMe), and benzhydrol (Ph2CHOH) to give benzaldehyde,
the corresponding substituted benzaldehydes and benzophenone, respectively, were investigated in sodium acetate–
acetic acid buffer medium. A mechanism is proposed involving the formation of an intermediate 1:1 complex
between iridium(IV) and the alcohol, followed by the decomposition of the complex to give products through the
formation of free radicals. Thermodynamic parameters associated with the equilibrium step and activation parameters
associated with the rate-determining step were also evaluated. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The reactivities of some aliphatic alcohols towards
hexachloroiridate(IV) have been reported,1 but no
attempt has been made to study the reactivities of aryl
alcohols towards this oxidant. This paper describes an
investigation of the kinetics and mechanism of the
reduction of hexachloroiridate(IV) by benzyl alcohol and
its substituted derivatives in sodium acetate–acetic acid
buffer in the pH range 3.42–4.45. Since the substituted
alcohols are insoluble in water, the reactions were carried
out in 15%tert-butyl alcohol under comparable experi-
mental conditions.

RESULTS AND DISCUSSION

The kinetics of the reactions were followed spectro-
photometrically at 488 nm, where IrCl6

2ÿ absorbs to a
considerably greater extent than any of the other reactants
or products.2 The effect of oxidant concentration on the
pseudo-first-order rate constant (kobs) was studied by
varying the initial [Ir(IV)] in the range (0.5–5.0)�
10ÿ4 mol dmÿ3, keeping [aryl alcohol], pH and tempera-
ture constant at 2.0� 10ÿ3 mol dmÿ3, 4.45 and 318 K,
respectively. The values ofkobs were found to be inde-
pendent of [Ir(IV)], as shown in Table 1. The fact that the
kobsvalues do not differ widely from each other indicates
that the reactions probably take place by a common
mechanism.

The effect of variation of alcohol concentration on the

pseudo-first-order rate constant was also studied at
constant [Ir(IV)] and pH of 1.12� 10ÿ4 mol dmÿ3 and
4.45, respectively, but at different temperatures. The
values ofkobs increases with increase in the substrate
concentration. A double reciprocal plot was obtained
when 1/kobs was plotted versus 1/[XC6H4CH2OH] for
each reaction. Typical plots are shown in Fig. 1. This
indicates that the reaction proceeds via a 1:1 intermediate
complex. In addition to this kinetic evidence for complex
formation, the abrupt increase in absorbance at 488 nm
on addition of the substrates to Ir(IV) in buffer medium is
also suggestive of the formation of a complex between
the reactants. From the slope and intercept of each plot of
1/kobs versus 1/[XC6H4CH2OH], the value ofKe (the
equilibrium constant for complex formation) andkd (the
constant for the rate-limiting step) were calculated at the
four different temperatures.

Table 1. Values of pseudo-®rst-order rate constants of the
oxidations of aryl alcohols in 15% tert-butyl alcohol at 318 K
with [IrCl6

2ÿ] = (0.5±5.0)� 10ÿ4 mol dmÿ3, [aryl alcohol] =
2.0� 10ÿ3 mol dmÿ3 and pH = 4.45

Substrate kobs�104 (sÿ1)

Benzyl alcohol 1.84� 0.05
o-Methoxybenzyl alcohol 2.59� 0.08
m-Methoxybenzyl alcohol 1.69� 0.03
p-Methoxybenzyl alcohol 2.44� 0.07
o-Nitrobenzyl alcohol 1.94� 0.05
m-Nitrobenzyl alcohol 1.82� 0.04
p-Nitrobenzyl alcohol 1.98� 0.05
o-Chlorobenzyl alcohol 1.63� 0.04
m-Chlorobenzyl alcohol 1.65� 0.04
p-Chlorobenzyl alcohol 1.72� 0.05
Benzhydrol 2.25� 0.06
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The influenceof pH on the rate of the reactionwas
studiedat [PhCH2OH], [Ir(IV)] and temperatureof 2.0
� 10ÿ3 mol dmÿ3, 1.12� 10ÿ4 mol dmÿ3 and 318K,
respectively, in 15% tert-butyl alcohol. The ionic
strengthof eachrun was adjustedto 0.1mol dmÿ3 by
the addition of sodium perchlorate. The change of
pseudo-first-orderrateconstantswith pH is insignificant
in the range3.42–4.45.

The effect of variation of solvent polarity on the
pseudo-first-orderrateconstantwasalsostudiedfor the
oxidationof benzylalcoholby iridium(IV). Thevalueof
kobs increaseswith increasein the dielectric constantof
the solvent. For compositionsof tert-butyl alcohol in
waterof 0, 15, 20, 25 and30% (v/v), the valuesof kobs

werefoundto be3.69� 10ÿ4, 1.84� 10ÿ4, 1.39� 10ÿ4,
0.96� 10ÿ4 and 0.73� 10ÿ4 sÿ1, respectively. The
concentrationsof reactants,pH and temperaturewere
thesameasin Table1.

The enthalpy change (DH°) associatedwith the
equilibrium step was calculatedfrom the slope of the
plot of log Ke versus1/T. The correspondingchangeof
entropy(DS°) wascalculatedfrom the relation

logKe � ��S� ÿ ��H�=T��=2:303R �1�

The enthalpyof activationDH≠, wasobtainedfrom the
plot of log (kd/T) versus1/T followedby theevaluationof
theentropyof activationDS≠, usingthetheoryof absolute
reactionrate,theequationbeing

kd � RT�eÿ�H 6�=RTe�S6�=R�=Nh �2�

whereR, N andh havetheir usualmeanings.TheDH°,
DS°, DH≠ andDS≠ valuesfor the different reactionsare
recordedin Table2.Theenthalpyof activationis linearly
related to the entropy of activation (r = 0.9973). This
indicates that all the aryl alcohols follow the same
mechanisticpathway.The isokinetic behaviouris also
supportedby the linear plot of log kd versuslog kd'
(r = 0.9988),wherekd andkd' areconstantsfor the rate-
limiting stepat 313K (T1) and318K (T2), respectively.
(Fig. 2). The isokinetic temperatureb was found to be
339K usingtherelationb = T1T2(1ÿf)/(T1ÿT2f), wheref
is the slopeof the Exnerplot.3 The valueof b which is
higher thanT, the mid-point of the experimentallyused
rangeof temperatures,indicatesthat the reactionsare
enthalpycontrolled.4

Alcohols areknown to be weakprotonacceptorsand
sincethe presentreactionswerestudiedat lower acidity
(10ÿ4 mol dmÿ3), the possibility of the formation of
XC6H4CH2OH2

� can be discounted.Consequently,the
molecularforms of the alcoholsreactwith hexachloro-
iridate(IV), which is kinetically fairly inert.5

The reactionmay takeplacethroughthe intermediate
formation of a transition state in which an electron is
transferredto give [RC

.
HOH2

�....IrCl6
3ÿ] followed by

the deprotonationof the intermediatespeciesto give
PhC

.
HOH andIrCl6

3ÿ. However,thedeprotonationof the
intermediatetransitionstateis likely to bevery fast.The

Figure 1. Variation of pseudo-®rst-order rate constant with
[benzyl alcohol]. Plots of kobs

ÿ1 versus [benzyl alcohol]ÿ1 at
different temperatures. [IrIV] = 1.12� 10ÿ4 mol dmÿ3, pH =
4.45

Table 2. Thermodynamic data associated with the 1:1 complex formation and activation parameters associated with the slowest
step of the oxidations of aryl alcohols by iridium(IV)

Substrate DH° (kJmolÿ1) DS° (J Kÿ1 molÿ1) DH≠ (kJmolÿ1) DS≠ (J Kÿ1 molÿ1)

Benzylalcohol 27� 4 43� 13 48� 2 ÿ156� 7
o-Methoxybenzylalcohol 11� 4 ÿ15� 13 63� 2 ÿ112� 7
m-Methoxybenzylalcohol 38� 2 84� 7 38� 2 ÿ184� 7
p-Methoxybenzylalcohol 17� 2 5� 7 60� 2 ÿ120� 7
o-Nitrobenzylalcohol 67� 2 180� 7 20� 2 ÿ239� 7
m-Nitrobenzylalcohol 56� 4 143� 13 25� 2 ÿ223� 7
p-Nitrobenzylalcohol 72� 2 197� 7 12� 4 ÿ261� 13
o-Chlorobenzylalcohol 32� 4 62� 13 44� 4 ÿ168� 13
m-Chlorobenzylalcohol 35� 2 73� 7 41� 2 ÿ177� 7
p-Chlorobenzylalcohol 41� 4 92� 13 34� 4 ÿ197� 13
Benzhydrol 77� 4 212� 13 9� 4 ÿ286� 13
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reaction therefore takes place by the alternative path
wherethe oxidation takesplacevia an intermediate1:1
complex. The complex is most probably an unstable
seven-coordinated speciesin which the alcohol moiety
occupiestheseventhcoordinationsite,6 throughthelone
pair of electronson oxygen. There is also published
evidence7,8 of the rapid reversibleformation of metal–
alcoholcomplexeswith sometransitionmetal ions.The
1:1 complexthendecomposesto give the free radical in
the rate-determiningstep.The free radicalfurther reacts

with another Ir(IV) to give the product carbonyl
compoundand Ir(III). The formationof free radicalsin
the present study is evidencedby the formation of
polymerizedproductswhenvinyl compoundsareadded
to the reactionmixtures.The kinetic patternremained
unalteredwhenthe reactionwasstudiedin the presence
of oxygen and aldehydewas found to be the reaction
product.Hencethepossibilitythatfreeradicalsreactwith
O2 maybediscounted.

The free radicalmaybe obtainedby eitherof the two
steps(3) or (4):

Spin trappingstudies9 during the oxidationof benzyl
alcohol by hexachlorometallateions (MCl6

2ÿ, where
M = Ir, PdandPt)haveshowntheformationof PhCH2O�
in pure alcoholic medium, whereasin alcohol–water
mixturestheradicalPhC

.
HOH is formedeitherdirectlyor

by secondaryreactionsof PhCH2O�, i.e. the H-atom
transfer reaction [step (5)] or the water-promoted
isomerizationreaction10 [step(6)]:

PhCH2O
� � PhCH2OHÿ!Ph_CHOH� PhCH2OH �5�

PhCH2O
� � H2Oÿ!Ph_CHOH� H2O �6�

Since the presentreactionswere studiedin alcohol–
water mixture, it is suggestedthat XC6H4C

.
HOH reacts

with the oxidant asshownin step(9). The stepsof the
reactionareasfollows:

The reactionsobeythe following rateexpression:

ÿ d�IrCl6
2ÿ�

dt
� kdKe�IrCl6

2ÿ��XC6H4CH2OH�
1� Ke�XC6H4CH2OH� �10�

kobs� kdKe�IrCl6
2ÿ��XC6H4CH2OH�

1� Ke�XC6H4CH2OH� �11�

Figure 2. Isokinetic plots of the oxidations of aryl alcohols by
hexachloroiridate(IV) in buffer medium. (a, a') Plot of DS≠

versus DH≠; (b, b') plot of log kd versus log kd'. 1, Benzyl
alcohol; 2, o-methoxybenzyl alcohol; 3, m-methoxybenzyl
alcohol; 4, p-methoxybenzyl alcohol; 5, o-nitrobenzyl
alcohol; 6, m-nitrobenzyl alcohol; 7, p-nitrobenzyl alcohol;
8, o-chlorobenzyl alcohol; 9, m-chlorobenzyl alcohol; 10, p-
chlorobenzyl alcohol; 11, benzhydrol

Figure 3. First Hammett plot of log kd versus log Ke for the
oxidations of substituted benzyl alcohols. 1±11 as in Fig. 2
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where

kobs� 1

�IrCl6
2ÿ�
ÿd�IrCl6

2ÿ�
dt

�12�

Therefore,

1
kobs
� 1

kd
� 1

kdKe�XC6H4CH2OH� �13�

The plot of 1/kobs against1/[XC6H4CH2OH] would
give a straightline with a positiveinterceptandpositive
slope.This wasfound to be trueexperimentally.

The effects of substituentson the rate were studied
undercomparableexperimentalconditions.Thekd values
for theslow steparefoundto follow theorderNO2>Cl
>H>OMe for the substitutedbenzyl alcohols. An
attemptwasalsomadeto correlatethevaluesof kd andKe

of the different substitutedalcohols.The first Hammett
plot11of log kd againstlog Ke is shownin Fig.3.Theplots
of log Ke andlog kd versuss12 (theHammettsubstituent
constants)are linear (r valuesÿ0.429 and 0.313 for
the m- and p-substitutedbenzyl alcohols,respectively)
(Fig. 4).

According to the mechanisticscheme,the electron-
donatingor electron-withdrawingcharacterof the sub-
stituentX shouldhavea markedeffecton therateof the
reaction.13,14 WhenX is the electron-donatingmethoxy
group,formationof theintermediatecomplexis favoured
owing to greateravailability of the lonepair of electrons
on the oxygen of the alcohol’s OH group. This is
supportedby thehighKe andlow kd valuesfor theo- and
p-methoxy alcohols. The m-methoxy alcohol shows
higherkd andlower Ke valuesthanits o- andp-isomers
becausethem-methoxygroupdoesnot haveanelectron-
donating mesomericeffect.11 On the other hand, the
electron-withdrawing nitro group lowers the Ke values
for the nitro-substitutedbenzyl alcohols. The radical
intermediateXC6H4C

.
HOH formed in the slow step is

highly stabilizedby theelectron-withdrawing NO2 group.
Consequently, the rate of decommposition of the
complexes with electron-withdrawing substituentsis
likely to be higher. This explainsthe relatively higher
kd values for the NO2 derivatives. The effect of
substituentson the valuesof kd andKe is also reflected
in the V-shapedplot obtainedwhen log kd is plotted
againstlog Ke for theoxidationsof aryl alcoholsby this
oxidant (Fig. 3). The formation of the highly stabilized
radicalPh2C

.
OH in theslowstepof benzhydroloxidation

providesthe driving force for the reactionandaccounts
for its high reactivity.

EXPERIMENTAL

Na2IrCl6 (Aldrich) and the aryl alcohols (Aldrich or
Lancaster)were used.Inorganic materialswere of the
highestavailablepurity. Hexachloroiridate(IV)solutions
werestandardizedspectrophotometricallyat the absorp-
tion maximum for IrCl6

2ÿ.15 All solutionswere made
with doubly distilled water. The absorbanceswere
measuredon a Systronics (India) spectrophotometer,
the cell compartmentof which was kept at constant
temperature.1H and13C NMR spectrawererecordedona
BrukerDPX 300spectrometer.Melting-pointdetermina-

Figure 4. Plots of log kd and log Ke versus Hammett s values.
1±11 as in Fig. 2

Table 3. Yields and observed and literature melting-points of the 2,4-DNP derivatives of the oxidation products in tert-butyl
alcohol

Substrate Yield (%) M.P. of derivative(°C) Literaturem.p. (°C)

Benzylalcohol 76 235 237
o-Methoxybenzylalcohol 56 251 253
m-Methoxybenzylalcohol 58 230 232
p-Methoxybenzylalcohol 51 252–253 253
o-Nitrobenzylalcohol 74 263–264 265
m-Nitrobenzylalcohol 68 291 292
p-Nitrobenzylalcohol 62 318–319 320
o-Chlorobenzylalcohol 66 207 209
m-Chlorobenzylalcohol 77 247–248 248
p-Chlorobenzylalcohol 72 264 265
Benzhydrol 73 236–237 238
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tions were carried out on a Gallenkampmelting-point
apparatus.

Kinetic runs. The kinetic studieswere carried out at
488nm under pseudo-first-order conditions with the
concentrationof the aryl alcoholsin large excessover
that of Ir(IV). Requisitevolumesof the reactantswere
mixed andthe mixture wasimmediatelytransferredto a
cell of pathlength1 cm.Pseudo-first-orderrateconstants
werecalculatedfrom log A (A = absorbance)versustime
plots. Duplicate measurementswere reproducible to
�3%. Runsweremadein a room illuminated partly by
fluorescentlights anddiffusedaylight; theresultsdid not
seemto beaffectedappreciablyby suchlighting.2

Product studies. Identificationof carbonylcompoundsas
the reactionproductswhen IrCl6

2ÿ is presentin excess
oversubstratesrequiresthe following stoichiometry:

XC6H4CH2OH� 2Ir(IV) ÿ! XC6H4CHO

� 2Ir(III) � 2H�
�14�

whereX = H, OMe,NO2 andCl. 1H and13CNMR of the
oxidationproductof benzylalcoholin CDCl3 showedthe
CHO peak at 9.95 and 192.4ppm, respectively.These
valuesare close to the literature values16 of 9.98 and
192ppm reportedfor the CHO proton of benzaldehyde
andconfirmthepresenceof aCHOgroupin theoxidation
product.

The reactionproductswerecharacterizedastheir 2,4-
dinitrophenylhydrazone derivatives. The yields and
meltingpoints17 of thederivativesarerecordedin Table
3. Themethoxybenzaldehydesbeingmoresusceptibleto
oxidation,14 theyieldsof their 2,4-DNPderivativeswere
lower than thoseof the chloro and nitro derivatives.In
anothersetof experiments,afixedaliquotof thereaction
mixturecontainingbenzylalcohol(in water)andIr(IV) at
pH 4.45wastakenatdifferenttimeintervals,treatedwith
an excessof 2,4-DNP solution and the yields of the
derivatives formed were plotted against time. It was
foundthattheamountof benzaldehydeformedincreased
with time. This indicatesthat the oxidationof benzalde-

hyde to benzoicacid is insignificantduring the kinetic
studies.18

Test for free radicals. Acrylamide[40%(v/v)] wasadded
during the courseof the reactions.The appearanceof a
white polymericsuspensionon additionof an excessof
dioxaneto the reactionmixture containingacrylamide
indicatesthat free radicalsaregeneratedin the solution.
A blank experimentfrom which either the substrateor
Ir(IV) wasexcludedgaveno polymericsuspension.
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