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Kinetics of hexachloroiridate(lV) reduction by some aryl
alcohols in sodium acetate-acetic acid buffer medium
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ABSTRACT: The kinetics of the reduction of hexachloroiridate(IV) by benzyl alcohol (RIGEH, some substituted

benzyl alcohols (XgH,CH,OH, where X = NQ@, Cl and OMe), and benzhydrol (F@HOH) 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(lV) 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. Copyrig®0 John Wiley & Sons, Ltd.
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INTRODUCTION pseudo-first-order rate constant was also studied at
constant [Ir(IV)] and pH of 1.1 10 *mol dm 3 and
The reactivities of some aliphatic alcohols towards 4.45, respectively, but at different temperatures. The
hexachloroiridate(lV) have been reportedbut no values ofkyps increases with increase in the substrate
attempt has been made to study the reactivities of arylconcentration. A double reciprocal plot was obtained
alcohols towards this oxidant. This paper describes anwhen 1k,,s was plotted versus 1/[X§H,CH,OH] for
investigation of the kinetics and mechanism of the each reaction. Typical plots are shown in Fig. 1. This
reduction of hexachloroiridate(IV) by benzyl alcohol and indicates that the reaction proceeds via a 1:1 intermediate
its substituted derivatives in sodium acetate—acetic acidcomplex. In addition to this kinetic evidence for complex
buffer in the pH range 3.42—-4.45. Since the substituted formation, the abrupt increase in absorbance at 488 nm
alcohols are insoluble in water, the reactions were carriedon addition of the substrates to Ir(IV) in buffer medium is
out in 15%tert-butyl alcohol under comparable experi- also suggestive of the formation of a complex between
mental conditions. the reactants. From the slope and intercept of each plot of
1/kops Versus 1/[XGH4CH,OH], the value ofK. (the
equilibrium constant for complex formation) akg (the
RESULTS AND DISCUSSION constant for the rate-limiting step) were calculated at the
four different temperatures.
The kinetics of the reactions were followed spectro-

hotometrically at 488 nm, where Ir&I absorbs to a ,
P y ¢ Table 1. Values of pseudo-first-order rate constants of the

considerably greater extent than any of the Other re"’\Ct"’lmsoxidations of aryl alcohols in 15% tert-butyl alcohol at 318 K
or products. The effect of oxidant concentration on the iih [IrClg2~] = (0.5-5.0) x 10~4mol dm~=, [aryl alcohol] =
pseudo-first-order rate constark,{) was studied by 2.0 x 10*63 mol dm~3 and pH = 4.45

varying the initial [Ir(IV)] in the range (0.5-5.0}

10~*mol dm3, keeping [aryl alcohol], pH and tempera- Substrate Kobsx 10% (s7)
ture constant at 2.8 10 >mol dm 3, 4.45 and 318K, Benzyl alcohol 1.84- 0.05
respectively. The values d&f,s were found to be inde- o-Methoxybenzyl alcohol 2.590.08
pendent of [Ir(1V)], as shown in Table 1. The fact that the M-Methoxybenzyl alcohol 1.69-0.03
konsvalues do not differ widely from each other indicates P-Methoxybenzyl alcohol 2.440.07
. o-Nitrobenzyl alcohol 1.94-0.05

that the reactions probably take place by a common y, njtrobenzyl alcohol 1.82 0.04
mechanism. p-Nitrobenzyl alcohol 1.98 0.05
The effect of variation of alcohol concentration on the o-Chlorobenzyl alcohol 1.63 0.04
m-Chlorobenzyl alcohol 1.650.04

p-Chlorobenzyl alcohol 1.72 0.05

*Correspondence toK. K. Sen Gupta, Department of Chemistry, Benzhydrol 2.25+ 0.06

Jadavpur University, Calcutta - 700 032. India.
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Figure 1. Variation of pseudo-first-order rate constant with
[benzyl alcohol]. Plots of ky,s " versus [benzyl alcohol] ™" at
different temperatures. [I'¥]=1.12 x 10~*mol dm~3, pH =
4.45

The influenceof pH on the rate of the reactionwas
studiedat [PhCHOH], [Ir(IV)] andtemperatureof 2.0
x 10 3moldm™3, 1.12x 10 *moldm—3 and 318K,
respectively, in 15% tert-butyl alcohol. The ionic
strengthof eachrun was adjustedto 0.1moldm™ by
the addition of sodium perchlorate. The change of
pseudo-first-orderate constantswith pH is insignificant
in therange3.42-4.45.

The effect of variation of solvent polarity on the
pseudo-first-orderate constantwas also studiedfor the
oxidationof benzylalcoholby iridium(lV). Thevalueof
Kows increaseswith increasein the dielectric constantof
the solvent. For compositionsof tert-butyl alcohol in
waterof 0, 15, 20, 25 and 30% (v/v), the valuesof Kgps
werefoundto be3.69x 104, 1.84x 10 4, 1.39x 10 *,
0.96x 10* and 0.73x 10 s%, respectively. The
concentrationsof reactants,pH and temperaturewere
thesameasin Table1l.

The enthalpy change (AH°) associatedwith the
equilibrium step was calculatedfrom the slope of the
plot of log K¢ versusl/T. The correspondinghangeof
entropy(AS°) wascalculatedfrom the relation

logKe = [AS’ — (AH°/T)]/2.30R (1)

The enthalpyof activation AH*, was obtainedfrom the

plot of log (ky/T) versusl/T followed by theevaluationof

theentropyof activationAS”, usingthetheoryof absolute
reactionrate, the equationbeing

kg = RT(e 2H"/RTeAS'/Ry /Nh (2)

whereR, N and h havetheir usualmeanings.The AH®,

AS, AH* andAS valuesfor the different reactionsare
recordedn Table2. Theenthalpyof activationis linearly
relatedto 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 ky versuslog ky

(r =0.9988),whereky andky are constantdor the rate-
limiting stepat 313K (T1) and318K (T,), respectively.
(Fig. 2). The isokinetic temperature was found to be
339K usingtherelationf = T, To(1—f)/(T,—Tof), wheref

is the slopeof the Exnerplot.® The valueof  which is

higherthanT, the mid-point of the experimentallyused
range of temperaturesindicatesthat the reactionsare
enthalpycontrolled?

Alcohols areknown to be weak protonacceptorsaand
sincethe presentreactionswere studiedat lower acidity
(10~*moldm™3), the possibility of the formation of
XCgH4CH,OH,™ can be discounted Consequentlythe
molecularforms of the alcoholsreactwith hexachloro-
iridate(IV), which is kinetically fairly inert?

Thereactionmay take placethroughthe intermediate
formation of a transition statein which an electronis
transferredto give [RCHOH; - IrClg>"] followed by
the deprotonationof the intermediatespeciesto give
PhCHOH andIrClg>~. However thedeprotonatiorof the
intermediateransitionstateis likely to bevery fast. The

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(lV)

Substrate AH° (kdmol™%) AS (JK tmol™) AH* (kdmol™2) AS (JK mol™)
Benzyl alcohol 27+ 4 43+ 13 484+ 2 —-156+7
o-Methoxybenzylalcohol 11+4 —-15+13 63+2 —112+7
m-Methoxybenzylalcohol 38+2 84+7 38+2 —184+7
p-Methoxybenzylalcohol 17+2 5+7 60+ 2 —-120+7
o-Nitrobenzylalcohol 67+2 180+ 7 20+2 —239+7
m:-Nitrobenzylalcohol 56+4 143+ 13 25+2 —223+7
p-Nitrobenzylalcohol 72+ 2 197+ 7 12+ 4 —261+13
o-Chlorobenzylalcohol 32+4 62+ 13 44+ 4 —168+ 13
m-Chlorobenzylalcohol 35+2 7317 4142 -177+7
p-Chlorobenzylalcohol 41+ 4 92+13 34+4 —-197+13
Benzhydrol 77+ 4 212+ 13 9+4 —286+ 13
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Figure 2. Isokinetic plots of the oxidations of aryl alcohols by
hexachloroiridate(lV) in buffer medium. (a, a’) Plot of AS*
versus AH*; (b, b’) plot of log kg versus log k4. 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

reaction therefore takes place by the alternative path
wherethe oxidationtakesplacevia an intermediatel:1
complex. The complex is most probably an unstable
seven-coordinad speciesin which the alcohol moiety
occupieshe seventtrcoordinationsite® throughthe lone
pair of electronson oxygen. There is also published
evidencé® of the rapid reversibleformation of metal—
alcoholcomplexeswith sometransitionmetalions. The
1:1 complexthendecomposeto give the free radicalin
the rate-determiningstep.The free radicalfurther reacts

6 ] I
1.6 2.0 24 2.8
log Ke

3

Figure 3. First Hammett plot of log ky4 versus log K for the
oxidations of substituted benzyl alcohols. 1-11 as in Fig. 2

Copyrightd 2000JohnWiley & Sons,Ltd.

with another Ir(IV) to give the product carbonyl
compoundand Ir(lll). The formation of free radicalsin
the presentstudy is evidencedby the formation of
polymerizedproductswhenvinyl compoundsare added
to the reaction mixtures. The kinetic patternremained
unalteredwhenthe reactionwasstudiedin the presence
of oxygenand aldehydewas found to be the reaction
product.Hencethepossibilitythatfreeradicalsreactwith
O, may bediscounted.

The free radical may be obtainedby eitherof the two
steps(3) or (4):

o»’\;hcgﬂ — > xCHtHOH + 1l + 1 (3)

)
XC6H4——T
H

H
[xcém—(':?—.(}?— ——-hckﬂ ——> XCHH0 + K + 1 (4)
H

Spin trappingstudie$ during the oxidation of benzyl
alcohol by hexachlorometallatdons (MClg?~, where
M = Ir, PdandPt) haveshowntheformationof PhCHO"
in pure alcoholic medium, whereasin alcohol-water
mixturestheradicalPhCHOH is formedeitherdirectly or
by secondaryreactionsof PhCHO", i.e. the H-atom
transfer reaction [step (5)] or the water-promoted
isomerizatiorreactiort® [step(6)]:

PhCHO + PhCHOH—PHhCHOH+ PhCHOH  (5)

PhCHO' + H,0—PhCHOH + H,0 (6)
Since the presentreactionswere studiedin alcohol-

water mixture, it is suggestedhat XCgH,CHOH reacts

with the oxidantas shownin step(9). The stepsof the
reactionareasfollows:

fast

H
XCgH4CH,0H + 1Ol _Ke o I:XCGHQ__TH___(I) ........ haéz—:l (7)
H

H
':XCGH“_TH_(I)I’QS{I :ldow> XC6H46HOH + QB + ' (8)
H

XCH,CHOH + 1Ol — 5L 3 XCH,CHO + 1O + B (9)
The reactionsobeythe following rate expression:

_dlIrCle® ] kaKe[IrClg* ][XCeHaCH,OH] (10
dt 1+ Ke[XCsHsCH,OH]

kaKe[IrClg?™][XCgH4CH,OH]
kobs = (11)
1 + Ke[XCgH4CH,OH]
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Figure 4. Plots of log k4 and log K, versus Hammett o values.
1-11 as in Fig. 2

where

1 —d[IrClg*]
[IlClg>]  dt

kobs = (12)

Therefore,

11, 1
Kobs  Kd kgKe[XCgH4CH,OH]

The plot of 1/kg,s against1/[XCegH4CH,OH] would
give a straightline with a positiveinterceptandpositive
slope.This wasfoundto be true experimentally.

The effects of substituentson the rate were studied
undercomparablexperimentatonditions.Theky values
for the slow steparefoundto follow the orderNO, > Cl
>H > OMe for the substituted benzyl alcohols. An
attemptwasalsomadeto correlatethevaluesof ky andKe
of the different substitutedalcohols.The first Hammett
plot** of log ky againstog K is shownin Fig. 3. Theplots
of log K¢ andlog kq versuss*? (the Hammettsubstituent
constants)are linear (p values —0.429 and 0.313 for
the m- and p-substitutedbenzyl alcohols, respectively)
(Fig. 4).

(13

According to the mechanisticscheme the electron-
donatingor electron-withdrawingcharacterof the sub-
stituentX shouldhavea markedeffecton the rateof the
reaction™>'*When X is the electron-donatingnethoxy
group,formationof theintermediatecomplexis favoured
owing to greateravailability of the lone pair of electrons
on the oxygen of the alcohol's OH group. This is
supportedy the high K¢ andlow kg valuesfor theo- and
p-methoxy alcohols. The m-methoxy alcohol shows
higherky andlower K¢ valuesthanits o- and p-isomers
becaus¢he m-methoxygroupdoesnot haveanelectron-
donating mesomericeffect’* On the other hand, the
electron-withdrawig nitro group lowers the K. values
for the nitro-substitutedbenzyl alcohols. The radical
intermediateXC¢gH,CHOH formed in the slow stepis
highly stabilizedby theelectron-withdrawig NO, group.
Consequently, the rate of decommposition of the
complexes with electron-withdrawing substituentsis
likely to be higher. This explainsthe relatively higher
kqy values for the NO, derivatives. The effect of
substituenton the valuesof ky and K is alsoreflected
in the V-shapedplot obtainedwhen log ky is plotted
againstlog K. for the oxidationsof aryl alcoholsby this
oxidant (Fig. 3). The formation of the highly stabilized
radicalPh,COH in theslow stepof benzhydrobxidation
providesthe driving force for the reactionand accounts
for its high reactivity.

EXPERIMENTAL

NalrClg (Aldrich) and the aryl alcohols (Aldrich or
Lancaster)were used.Inorganic materialswere of the
highestavailablepurity. Hexachloroiridate(IV)solutions
were standardizegpectrophotometricallat the absorp-
tion maximum for IrClg>~.2® All solutionswere made
with doubly distilled water. The absorbanceswere
measuredon a Systronics (India) spectrophotonter,
the cell compartmentof which was kept at constant
temperature*H and**C NMR spectravererecordecbna
BrukerDPX 300spectrometeMelting-pointdetermina-

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)
Benzyl alcohol 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-orer conditions with the
concentrationof the aryl alcoholsin large excessover
that of Ir(IV). Requisitevolumesof the reactantswvere
mixed andthe mixture wasimmediatelytransferredo a
cell of pathlength1 cm. Pseudo-first-ordelateconstants
werecalculatedrom log A (A = absorbanceyersustime
plots. Duplicate measurementsvere reproducible to
+3%. Runswere madein a room illuminated partly by
fluorescentights anddiffuse daylight; the resultsdid not
seemto be affectedappreciablyby suchlighting.?

Product studies. |dentificationof carbonylcompoundss
the reactionproductswhen IrClg?~ is presentin excess
over substratesequiresthe following stoichiometry:

XCgH4CH,OH + 2Ir(IV) — XCgH4CHO

+ 2Ir(llly + 2H* (14
whereX =H, OMe, NO, andCl. *H and**CNMR of the
oxidationproductof benzylalcoholin CDCl; showedhe
CHO peakat 9.95 and 192.4ppm, respectively.These
valuesare closeto the literature values® of 9.98 and
192ppm reportedfor the CHO proton of benzaldehyde
andconfirmthepresencef a CHOgroupin theoxidation
product.

Thereactionproductswerecharacterizedstheir 2,4-
dinitrophenylhylrazone derivatives. The yields and
melting points'’ of the derivativesarerecordedn Table
3. The methoxybenzaldehyddmingmoresusceptiblgo
oxidation* theyields of their 2,4-DNPderivativeswere
lower than thoseof the chloro and nitro derivatives.In
anothersetof experimentsa fixed aliquotof thereaction
mixture containingbenzylalcohol(in water)andlr(lV) at
pH 4.45wastakenat differenttime intervals treatedwith
an excessof 2,4-DNP solution and the yields of the
derivatives formed were plotted againsttime. It was
foundthattheamountof benzaldehydérmedincreased
with time. This indicatesthat the oxidationof benzalde-

CopyrightD) 2000JohnWiley & Sons,Ltd.

hyde to benzoicacid is insignificantduring the kinetic
studies:®

Test for free radicals. Acrylamide[40% (v/v)] wasadded
during the courseof the reactions.The appearancef a
white polymeric suspensioron addition of an excessof

dioxaneto the reactionmixture containingacrylamide
indicatesthat free radicalsare generatedn the solution.
A blank experimentfrom which either the substrateor

Ir(IV) wasexcludedgaveno polymericsuspension.
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