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ABSTRACT: The kinetics of Ru(VI)-catalyzed oxidation of 2-propanol by hexacyanoferrate(III) was investigated in
alkaline media using a spectrophotometric technique. The reaction shows first order in [Ru(VI)], a Michaelis–
Menten-type dependence on [2-propanol], a fractional order in [Fe(CN)3ÿ

6 ] and a complicated variation on [OHÿ]. A
reaction mechanism which involves two active catalytic species is proposed. Each of these species forms an
intermediate complex with the substrate. These complexes decompose slowly, producing ruthenium(IV) complexes,
which are reoxidized by hexacyanoferrate(III) in subsequent steps. The theoretical rate law obtained is in complete
agreement with all the experimental observations. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

The oxidation of alcohols is one of the fundamental
transformations in organic synthesis. Various reactions
using transition metal oxo complexes such as oxidants
are well known. The most frequently used reagents are
permanganate,1 chromic acid,2 pentavalent vanadium,3

ferrate4 and, more recently, high oxidation state ruthe-
nium oxo complexes.5–8 For several reasons (e.g.
economic, environmental), the development of catalytic
processes for alcohol oxidation is an important goal. In
this context, the use of these higher oxides of ruthenium
as catalysts in combination with different co-oxidants has
become increasingly important in the oxidation of
alcohols.9–11 It would be particularly useful if the
catalytic species effected such reactions without attack-
ing sensitive linkages in the R groups of alcohols.
Ruthenate ion, RuO2ÿ4 , is sufficiently selective to be able
to tolerate such linkages; for example, RuO2ÿ

4 does not
appear to oxidize isolated double bonds at room
temperature.12

So far it is recognized that sodium ruthenate-catalyzed
oxidation of primary and secondary alcohols, in aqueous
alkaline media, proceeds via the formation of an Ru(VI)–
substrate complex, which dissociates in the rate-deter-

mining step to give the corresponding products of
reaction and hydrated ruthenium dioxide (Scheme 1).
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Scheme 1

The role of the co-oxidant appears to be solely the
regeneration of the catalyst in a fast step. This reaction
mechanism has been suggested in several studies using
hexacyanoferrate(III) as the co-oxidant in a basic
medium.13–16

This paper reports a study of the kinetics of oxidation
of 2-propanol by hexacyanoferrate(III) in an aqueous
alkaline medium, in the presence of catalytic amounts of
Ru(VI), showing original results hitherto unreported. In
particular, we found that the oxidation rate varies with
the initial hexacyanoferrate(III) concentration. Such be-
havior led us to the proposal of a plausible reaction
mechanism which involves oxidation of the substrate by
RuO2ÿ

4 , which is followed by the catalyst reoxidation by
the co-oxidant. In this way, when [Fe(CN)3ÿ

6 ] is high the
catalyst reoxidation is fast relative to substrate oxidation
and the rate does not depend on [Fe(CN)3ÿ

6 ]. At low
[Fe(CN)3ÿ6 ], however, the two consecutive reactions have
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comparableratesand the rate dependson [Fe(CN)3ÿ6 ].
Moreover,this mechanism,which is moredetailedthan
those describedin the literature, involves a hydride
transfer from the a-C—H bond of the alcohol to the
oxoligandof ruthenium.

EXPERIMENTAL

Reactants. Potassiumhexacyanoferrate(III), potassium
hexacyanoferrate(II), 2-propanol, ethanol, sodium
hydroxide and sodium perchlorate,all of analytical-
reagentgrade from Merck, were usedwithout further
purification. Acrylonitrile, 2,4,6-tri-tert-butylphenol,2-
propanol-d8, tert-butanolhydratedrutheniumdioxideand
sodium metaperiodate(analytical-reagentgrade) were
providedby Aldrich Chemical.Waterusedfor solutions
was obtained from an OSMO BL-6 from SETA
PurificationSystems.

Sodium ruthenate solution was obtained by the
oxidation of hydratedruthenium dioxide with sodium
metaperiodateand reducing the ruthenium tetraoxide
producedby the action of sodiumhydroxide,following
the literatureprocedure.10 The orangesolutionobtained
was heated slightly for �24h to ensure complete
reduction of Ru(VIII) to Ru(VI). Stock solutions of
sodium ruthenatewere preparedby adding a small
quantity of the abovesolution to 25cm3 of 1 M NaOH.
The concentrationwascalculatedby photometricdeter-
mination, measuringthe absorbanceat 465nm, with
molar absorptivity 1820l molÿ1 cmÿ1.17 The purity of
thesesolutionswascheckedby measuringtheratioof the
absorbanceat 465 and385nm as2.07correspondingto
pureruthenate.18

General. All experimentswereinitiated by the addition
of 2-propanolto other reagentsand were performedat
30.0� 0.1°C. The ionic strengthwas kept constantat
0.5M by adding sodium perchlorate.An excessof 2-
propanolandhydroxideions over hexacyanoferrate(III)
wasused.

The reactionkinetics werestudiedusinga Shimadzu
UV-160spectrophotometerequippedwith amultiple cell
carrier with temperatureregulatedby circulating water.
The consumptionof hexacyanoferrate(III)wasfollowed
by recordingtheabsorbanceat 420nm.

Absorbance–timedata for all the kinetic runs were
fitted for a small percentageof reaction(about 5% or
less)19 to astraightline, A = a0� a1t, by theleast-squares
method. The slope provides the initial rate, v0 = a1 =
(dA/dt)0, given in absorbanceunits. The initial rate,
v0, expressedin l molÿ1 sÿ1, is given by v0 =ÿ1/�
(dA/dt)0 =ÿ(d[Fe(CN)3ÿ6 ]/dt)0, where � = 1000 l molÿ1

cmÿ1 at 420nm. The methodof initial rateswas used
becauseof the advantagesit offers (e.g. the presenceof
competitive reactions is considerably less important
whenthe initial ratesmethodis employedand the time
necessaryfor carryingout experimentsdecreasesappre-
ciably).19

Product determinations were performed by gas
chromatographyusinga Hewlett-Packard5890SeriesII
gaschromatographequippedwith a BP-21polyethylene
glycol column (50 m� 0.22mm i.d., 25mm film thick-
ness). For the kinetic conditions [NaOH] = 0.2M,
[2-propanol]= 0.5M, [Ru(VI)] = 4� 10ÿ6 M,
[K3Fe(CN)6] = 1.2� 10ÿ3 M and I = 0.5M, it wasfound
that 2-propanonewas the only oxidation productof 2-
propanol.Hexacyanoferrate(II) wasalsoidentifiedspec-
trophotometricallyas the reductionproductof hexacya-
noferrate(III).

The stoichiometryof the net reactionwasdetermined
spectrophotometricallyby measuring,at 420nm, the
hexacyanoferrate(III) remaining after completion of
an experiment performed at [NaOH] = 0.2M, [2-
propanol]= 5� 10ÿ4 M, [Ru(VI)] = 5� 10ÿ5 M,
[K3Fe(CN)6] = 2� 10ÿ3 M, I = 0.5M and T = 30°C,
yielding a ratio of oxidantto substrateof 2:1.Theabove
resultssupportthe following stoichiometricreaction:

�CH3�2CHOH� 2Fe(CN)3ÿ6 � 2OHÿ

! �CH3�2CO� 2Fe(CN)4ÿ6 � 2H2O �1�

RESULTS

In¯uence of [hexacyanoferrate(III)]

Theplot of theinitial rates,v0, versus[Fe(CN)3ÿ6 ] (Fig.1)
shows a first-order dependence with respect to
[Fe(CN)3ÿ6 ] when the latter concentrationis low and a

Figure 1. Dependence of v0 on [K3Fe(CN)6].
[Ru(VI)] = 4� 10ÿ6

M, I = 0.5 M and T = 30°C; (a) [NaOH] =
0.3 M, [2-propanol] = 0.2 M; (b) [NaOH] = 0.2 M, [2-propa-
nol] = 0.4 M; (c) [NaOH] = 0.1 M, [2-propanol] = 0.5 M
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zero-order dependenceat high concentrations.This
variationwasstudiedfor different initial concentrations
of NaOH and 2-propanol. The variation of v0 as a
functionof [Fe(CN)3ÿ6 ] is givenby theequation

v0 � �Ox�
k01� k02�Ox� �2�

where [Ox] is the potassium hexacyanoferrate(III)
concentration.

Dependence on [2-propanol]

We observedthe samedependenceof the initial rateon
[2-propanol] (Fig. 2) as in the case of hexacyano-
ferrate(III). Theplotsof 1/v0 versus1/[2-propanol]gave
straightlines with positiveslopesand intercepts,which

correspondto theequation

1
v0
� a� b

�S� �3�

where[S] is theconcentrationof 2-propanol.

Dependence on both [hexacyanoferrate(III)] and
[2-propanol]

In order to obtain a rate equation that combinesthe
dependenceof v0 on both [Fe(CN)3ÿ6 ] and [2-propanol]
we studied the variation of v0 with [2-propanol] at
differenthexacyanoferrate(III) concentrations,maintain-
ing [OHÿ] and[RuO2ÿ

4 ] constant(Fig.2).Theparameters
a andb wereobtainedfrom theplot of 1/v0 versus1/[S]
(Table1). A straightline with a zeroslopeandpositive
intercept[intercept= (1.85� 0.07)� 105 s] wasobtained
by plotting b versus1/[Fe(CN)3ÿ6 ]. The plot of a versus
1/[Fe(CN)3ÿ6 ] was linear [r = 0.9976; slope=
194.96� 0.08s and intercept= (2.71� 0.02)� 104

l molÿ1 s]. According to this, the experimental rate
equation that collects the dependenceof v0 on
[Fe(CN)3ÿ6 ] and[2-propanol]canbeexpressedas

v0 � �Ox��S�
k03�S� � k04�Ox� � k05�Ox��S� �4�

Figure 2. Dependence of v0 on [2-propanol] at different
[K3Fe(CN)6]. [Ru(VI)] = 4� 10ÿ6

M, [NaOH] = 0.1 M, I = 0.5 M

and T = 30°C; [K3Fe(CN)6] = (a) 0.2� 10ÿ3; (b) 0.4� 10ÿ3;
(c) 0.8� 10ÿ3; (d) 1.2� 10ÿ3; (e) 1.6� 10ÿ3

M

Table 1. Parameters a and b of the plot of 1/v0 versus 1/[S] at
different [K3Fe(CN)6]

[K3Fe(CN)6]
(10ÿ3 M) a (105 l molÿ1 sÿ1) b (105 s) r

0.2 10.08� 0.09 1.85� 0.01 0.9998
0.4 4.91� 0.01 1.95� 0.01 0.9996
0.8 2.88� 0.01 1.98� 0.01 0.9998
1.2 2.21� 0.01 1.82� 0.01 0.9999
1.6 1.17� 0.03 1.76� 0.01 0.9983

[Ru(VI)] = 4� 10ÿ6
M; [NaOH] = 0.1M; I = 0.5M; T = 30°C.

Figure 3. Variation of v0 with respect to [NaOH].
[Ru(VI)] = 4� 10ÿ6

M, I = 0.5 M and T = 30°C [K3Fe(CN)6] =
0.4� 10ÿ3

M: (a) [2-propanol] = 0.2 M; (b) [2-propanol] =
0.6 M. [K3Fe(CN)6] = 1.2� 10ÿ3

M: (c) [2-propanol] = 0.2 M;
(d) [2-propanol] = 0.6 M
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In¯uence of the alkaline medium

It wasobserved(Fig.3) thattheinitial ratepassesthrough
amaximumas[OHÿ] is varied.Moreover,theinitial rate
doesnot tendto zeroatvery low [OHÿ]. Thismaybedue
to the possible existence of other oxo species of
rutheniumin neutralor acidmedium(pH 5–8)20 because
the ruthenatespeciesis only stablein alkalinemedia.10

No simplemathematicalrelationshipthatmight justify
thedependenceof v0 on[OHÿ] wasfound.This indicates
thatthevariationof theinitial ratewith thebasicityof the
mediumis complicated,andobeysthegeneralequation

v0 � A0� A1�OHÿ� � A2�OHÿ�2 � . . .

1� B1�OHÿ� � B2�OHÿ�2� . . .
�5�

The experimentalvalueswere fitted to Eqn. (5) by
meansof a non-linearregressionprogram,obtainingthe
bestaverageerror (1.7%)for theexpression

v0 � A0� A1�OHÿ�
1� B1�OHÿ� � B2�OHÿ�2 �6�

Effect of Ru(VI) concentration

By plotting v0 versus[Ru(VI)]T (Fig. 4), straight lines
with zerointerceptswereobtained.Hencetheinitial rate
showsfirst-orderkinetics with respectto [Ru(VI)], and
theuncatalyzedreactionis negligiblein comparisonwith
thecatalyzedreaction.

In¯uence of product concentration

Severalexperimentswerecarriedout in orderto find out
whether the addition of different initial amounts of
hexacyanoferrate(II)ions to the reactionmixture mod-
ified the valuesof v0. The resultsshowedthat the initial
rateof the reactionwastotally unaffectedby Fe(CN)4ÿ6
concentration.Also, the initial rate of a typical experi-
ment at low [Fe(CN)3ÿ6 ] did not vary in presenceof
1� 10ÿ4 M (CH3)2CO.

Substituent effects

A tertiary alcohol (0.2M tert-butanol) was unreactive
under kinetic conditions, implying the necessarypre-
senceof ahydrogenonthea-carbonof thealcoholfor the
reactionto occur.

Isotopic effect

The oxidation initial rates of (CH3)2CHOH
[v0 = (1.19� 0.03)� 10ÿ6 l molÿ1 sÿ1] and
(CD3)2CDOD [v0 = (2.02� 0.02)� 10ÿ7 l molÿ1 sÿ1]
wereobtainedin H2O, in orderto determinethepossible
existence of an isotopic effect. The experimental
conditions used were [2-propanol]= 0.5M,
[NaOH] = 0.2M, [K3Fe(CN)6] = 1.2� 10ÿ3 M,
[Ru(VI)] = 4� 10ÿ6 M, I = 0.5M and T = 30°C. A sub-
stantial primary kinetic isotope effect was observed
[v0(H)/v0(D) = 5.89], which implies the breakingof the
C—H bondin a slow step.

Detection of free radicals

Becausethe Fe(CN)3ÿ6 speciesact as a one-electron
transferoxidant,thepossibleformationof freeradicalsas
intermediatesin the oxidationof organiccompoundsby
hexacyanoferrate(III) should be tested. The results
showedthat neither the addition of acrylonitrile nor of
2,4,6-tri-tert-butylphenol(a strongerradicalcapturer)to
the reactionmixture hadanyeffect on the reactionrate.

Oxidation of cyclobutanol

Wecarriedout theoxidationof cyclobutanolbecausethe
natureof theoxidationproductsfor this alcoholdepends
on the mechanism. One-electron oxidation would
produceacyclic four-carboncompoundswhich appear
to be derived from the primary free radical
.CH2CH2CH2CHO, whereas two-electron oxidation
would producecyclobutanonedirectly.21,22

The reaction products were determinedunder the
following kinetic conditions: [cyclobutanol]= 0.07M,

Figure 4. Plot of v0 versus [Ru(VI)]. I = 0.5 M and T = 30°C; (a)
[K3Fe(CN)6] = 1.2� 10ÿ3

M, [2-propanol] = 0.2 M, [NaOH] =
0.3 M; (b) [K3Fe(CN)6] = 0.8� 10ÿ3

M, [2-propanol] = 0.4 M,
[NaOH] = 0.2 M; (c) [K3Fe(CN)6] = 0.8� 10ÿ3

M, [2-propa-
nol] = 0.5 M, [NaOH] = 0.1 M
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[hexacyanoferrate(III)] = 1.0� 10ÿ3 M, [Ru(VI)] = 4.6�
10ÿ6 M, [NaOH= 0.2M, I = 0.5M and T = 30°C. After
completereductionof hexacyanoferrate(III),theorganic
productswere separatedfrom the reactionmixture by
extraction with diethyl ether. The ether solution was
analyzedby gaschromatography,cyclobutanonebeing
found as the soleproduct.This result indicatesthat the
oxidation of 2-propanolby RuO2ÿ

4 occurs by a two-
electrontransfermechanism.

Oxidation of 2-propanol by Ru(VI) and catalyst
regeneration by Fe(CN)6

3ÿ

We also carried out some kinetic experimentsto test
whether the oxidation of 2-propanol by catalytic
quantitiesof RuO2ÿ

4 proceedsat a similar rateto that of
the reoxidationof catalystby Fe(CN)3ÿ6 .

The oxidationof 2-propanolby RuO2ÿ
4 wasfollowed

spectrophotometrically. The initial rate was determined
by monitoringthe increasein absorbanceat 320nm. At
this wavelength the product of the reaction [which
appearsto bea solubleform of ruthenium(IV)similar to
the speciesformedduring the electrochemicalreduction
of ruthenate(VI)]conformsto Beer’slaw with � = 33708

l molÿ1 cmÿ1. Under the conditions [2-propanol]=
1� 10ÿ3 M, [NaOH] = 0.5M, T = 30°C and [RuO2ÿ

4 ] =
2� 10ÿ4 M, the initial rate obtained was
v0 = (4.5� 0.02)� 10ÿ8 l molÿ1 sÿ1. Assuminga first-
orderdependencewith respectto 2-propanolandRuO2ÿ

4 ,
theinitial rate(underthekinetic experimentalconditions
[RuO2ÿ

4 ] = 4� 10ÿ6 M, [2-propanol]= 0.4M and
[NaOH] = 0.5M) is v0 = (3.6� 0.01)� 10ÿ7 l molÿ1 sÿ1.

We also determined the initial rate of catalyst
reoxidation in the following way. Ruthenate(VI)
(12.5� 10ÿ3 mmol) was allowed to reactat 30°C with
2-propanol(12.5� 10ÿ3 mmol), both in 25ml of 0.5M

NaOH. When the reactionhad gone to completion(as
indicatedby the completedisappearanceof any orange
color),0.08ml of thereactionmixturewasmixedwith an
appropriatevolume of a 0.01M solution Fe(CN)3ÿ6 in
0.5M NaOH, so that the final concentrationsof Ru(IV)
andFe(CN)3ÿ6 were4� 10ÿ6 and1.0� 10ÿ3 M respec-
tively. Under theseconditions,the initial rate obtained
wasv0 = (1.3� 0.01)� 10ÿ7 l molÿ1 sÿ1. Theinitial rate
was determinedby monitoring the decreasein absor-
banceat 420nm.

Activation parameters

Under the conditions [2-propanol]= 0.5M,
[K3Fe(CN)6] = 0.4� 10ÿ3 M, [NaOH] = 0.1M,
[Ru(VI)] = 4� 10ÿ6 M, I = 0.5M and temperaturerange
26–34°C, the experimentalactivationparametersdeter-
mined were DH* = 19.02� 0.13kJmolÿ1 and
DS* =ÿ261.91� 0.45Jmolÿ1 Kÿ1.

DISCUSSION

It is known that the MOxÿ
4 speciesof the 3d transition

metalsdo not expandtheir coordinationshells in basic
media.23 However,suchexpansionscanoccurto a very
small extentin 4d and5d transitionmetaloxyanions.24

During a study of the reactionbetweenperruthenate
andmanganateionsin aqueousalkalinemedium,Luoma
andBrubaker25 suggestedthatoneor moreanionscould
possiblyhavehydroxideionsassociatedwith them.This
associationwith OHÿ ions could be representedby the
equilibrium

MOxÿ
4 �OHÿ � �MO4OH��x�1�ÿ �7�

whereM is Ru or Mn andx = 1 or 2, dependingon the
stateof oxidation.

Othertransitionmetaloxyionshavebeenpostulatedto
form hydroxy–oxycomplexes:the OsO4(OH)2ÿ2 species
has been isolated26 and mesoperrhenatesReO4(OH)3ÿ2
canbe isolated,althoughtheir concentrationin alkaline
solutionsof perrhenatemustbesmall.27,28

Similarly, during the kinetic studyof the decomposi-
tion of perruthenateionsin alkalinemedium,Carrington
and Symons24 suggestedthat the coordinationof OHÿ

ions with RuOÿ4 occurred to a lower extent, because
ruthenium representsan intermediate case between
osmiumandrhenium.Therefore,ruthenateions,Ru(VI),
maycoordinatewith hydroxideions to a lower extent.

On the basisof literaturedata,we proposeasthe first
stepof the reactionthe coordinationof ruthenateion to
hydroxideions,accordingto theequilibria:

RuO2ÿ
4 �OHÿ �K1

RuO4�OH�3ÿ �8�
RuO4�OH�3ÿ �OHÿ �K2

RuO4�OH�4ÿ2 �9�

Moreover, in order to explain the v0 dependenceon
[OHÿ], it is assumedthattheactivespeciesof catalystare
RuO2ÿ

4 , asthe major speciespresent,andRuO4(OH)3ÿ,
to a muchlower extent.

The dependenceof the initial rate on [2-propanol]
suggeststheformationof an intermediatecomplex,C2ÿ

1 ,
between the catalyst active speciesand the organic
substrate.Thus,we canwrite for RuO2ÿ

4 species:

�CH3�2CHOH� RuO2ÿ
4 �

k1

kÿ1

C2ÿ
1 �10�

The resultsreportedby Cundaryand Drago29 for an
MO analysis of the interaction between cis-
[Ru(HN=CH—HC=NH)2 (NH3)(O)]2� and methanol
showthat the largersizeof second-rowtransitionmetal
atoms increasesthe possibility of coordinationof the
substrateto the metal via the hydroxylic oxygen.This
coordinationimpliesa largenegativeDS*, indicatingthat
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a strongly associatedcomplex exists in the rate-
determiningstep.Furthermore,this complexundergoes
further stabilizationfrom the increasein the interaction
betweenthe C—H bond and the Ru—O p system.A
similar intermediatehas been proposedin the CrO2�

reactionwith methanol.30 Other authors31 also suggest
the formation of cyclic structuresas transitionstatesin
othertypesof reactions,basingthis on their observations
of large isotopeeffects and high negativeentropiesof
activation.

Therefore,C2ÿ
1 couldbea cyclic complexin which 2-

propanol is coordinatedto the metal via hydroxylic
oxygen and a hydrogen bond between the Ru(VI)
oxoligandandthehydrogenof a-C is formed:

Thiscoordinationmayexplainwhy stericallyhindered
alcohols react more slowly.30 Thus, under the same
experimental conditions {[substrate]= 0.2M,
[K3Fe(CN)6] = 1.2� 10ÿ3 M, [NaOH] = 0.2 M,
[Ru(VI)] = 4� 10ÿ6 M, I = 0.5M andT = 30°C}, ethanol
reactsmore quickly [v0 = (7.25� 0.05)� 10ÿ7 l molÿ1

sÿ1] than2-propanol[v0 = (5.62� 0.02)� 10ÿ7 l molÿ1

sÿ1].
The intermediatecomplex,C2ÿ

1 , thus formed under-
goesslow decompositionproducinga reducedform of
rutheniumasRuO3(OH)3ÿ andcarboniumion:

C2ÿ
1 !

k2 �CH3�2C
�

OH� RuO3�OH�3ÿ �11�

This decompositioninvolvesa hydridetransferfrom the
a-C—H bondto theoxoligandof ruthenium

The moderateisotope effect observedsupportsthe
direct involvement of the carbon–hydrogenbond in a
slow step. A hydride-transfermechanismwould be
supportedby the following esperimentalresults:a) the
absenceof free radicalsin the reactionmedium[it has
beenreported32,33for theRu(III)-catalyzedoxidationsof
alcohols and diols by hexacyanoferrate(III)that the
presenceof freeradicalsin thereactionmixtureinvolves
ahydrogen-atomtransfer]andb) theobservationthatthe
oxidationof cyclobutanolproducescyclobutanoneasthe
soleproduct.

The next fast step will be the formation of 2-
propanone:

�CH3�2 C
�

OH�OHÿ ! �CH3�2CO� H2O �12�

We havepreviouslydescribedthat theoxidationof 2-
propanol by RuO2ÿ

4 , using the catalytic concentration
[RuO2ÿ

4 ] = 4� 10ÿ6 M, proceedswith a similar rate to

that of the reoxidation of Ru(IV), at that same
concentration,by 1� 10ÿ3 M Fe(CN)3ÿ6 . Hence,in order
to explain the dependenceof v0 on [Fe(CN)3ÿ6 ], we
proposethat the oxidationof the substrateby RuO2ÿ

4 is
followed by thecatalystreoxidationby theco-oxidant:

RuO3�OH�3ÿ � Fe(CN)3ÿ6 !
k3 RuO3�OH�2ÿ

+ Fe(CN)4ÿ6 �13�
RuO3�OH�2ÿ � Fe(CN)3ÿ6 ! RuO3�OH�ÿ

+ Fe(CN)4ÿ6 �14�
RuO3�OH�ÿ �OHÿ ! RuO2ÿ

4 � H2O �15�

In this way, when the [Fe(CN)3ÿ6 ] is high, the catalyst
reoxidationis fast relativeto substrateoxidationandthe
ratedoesnot dependon [Fe(CN)3ÿ6 ]. At low [Fe(CN)3ÿ6 ],
however, the two consecutivereactions(11) and (13)
have comparable rates and the rate depends on
[Fe(CN)3ÿ6 ].

We can write a similar reactionmechanismfor the
otheractivespeciesof catalyst:

�CH3�2CHOH� RuO4�OH�3ÿ�k4

kÿ4

C3ÿ
2 �16�

C3ÿ
2 !

k5 �CH3�2C
�

OH� RuO3�OH�4ÿ2 �17�
RuO3�OH�4ÿ2 � Fe(CN)3ÿ6 !

k6 RuO3�OH�3ÿ2
�Fe(CN)4ÿ6 �18�

The next stepswould be similar asthoseof reactions
(12), (14) and(15).

Hence,accordingto theabovereactionmechanism,the
rate equation that accountsfor the disappearanceof
hexacyanoferrate(III)is

ÿd[Ox]
dt
� 2k3�RuO3�OH�3ÿ�[Ox]

� 2k6�RuO3�OH�4ÿ2 �[Ox] �19�

As the amounts of RuO3(OH)ÿ and RuO3(OH)2ÿ

presentarenegligibleat any time (by forming a part of
fast steps),the total ruthenium(VI)concentrationcanbe
expressedas

�Ru(VI)�T � �RuO2ÿ
4 � � �RuO4�OH�3ÿ�

� �RuO4�OH�4ÿ2 � � �C2ÿ
1 � � �C3ÿ

2 �
� �RuO3�OH�3ÿ� � �RuO3�OH�4ÿ2 � �20�

To approacha rate equation compatible with the
experimentalone,it is necessaryto assumethefollowing
relations:

k2

kÿ1
� k5

kÿ4
;

k3

k2
� k6

k5
�21�
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that is,

kÿ1� k2 � ��kÿ4� k5� ; k5 � k6[Ox]
� 
�k2� k3[Ox]� �22�

where b and g are constants independent of the
experimentalconditions.

In accordancewith Hammond’spostulate,34 we can
considerthat the relations(21) for the parallel reaction
sets(10), (11) and (16), (17), and (11), (13) and (17),
(18) are not extremelyaffected,althoughthe real rate
constantsmaydiffer significantlyfrom eachset.

Onapplyingthesteady-stateconditionswith respectto
C2ÿ

1 , C3ÿ
2 , RuO3(OH)3ÿ and RuO3(OH)4ÿ2 , we obtained

for the rate of disappearanceof hexacyanoferrate(III)
[Eqn. (19)], the following expression:

v0 �
2k2k6�k1k3� �k4k6K1�OHÿ��

[S][Ru(VI)] T[Ox]
Zk3k6�kÿ1� k2�[Ox] � [S]

�k2� k3[Ox]��k3k4K1�OHÿ� � k1k6�
�23�

whereZ = 1� K1[OHÿ] � K1K2[OHÿ]2. Equation(23) is
in completeagreementwith all the experimentalresults
obtained,that is, the fractionaldependenceof v0 on [2-
propanol]and[Fe(CN)3ÿ6 ], thefirst orderin [Ru(VI)] and
thecomplicatedvariationon[OHÿ]. Thisequationcanbe
expressedas

v0 � �P1� P2�OHÿ��[S][Ox][Ru(VI)] T

�1� P3�OHÿ� � P4�OHÿ�2�[Ox] � [S]
�P5� P6�OHÿ� � P7[Ox][OHÿ� � P8[Ox]�

�24�

The kinetic datawerefitted to Eqn. (24) usinga non-
linear regression program based on the Marquardt
algorithm.35 The valuesobtainedfor the parametersof

Eqn. (24) were P1 = 4.63, P2 = 1.01� 102, P3 =
2.09� 101, P4 = 6.63� 102, P5 = 1.02� 10ÿ2, P6 =
1.09� 10ÿ2, P7 = 4.27� 101 andP8 = 1.00� 10ÿ3. The
agreementbetweenv0(calc)andv0(exp)is satisfactory,as
observedin Fig. 5. The averageerror of Eqn. (24) was
5.42%.

CONCLUSION

We havestudiedthe ruthenium(VI)-catalyzedoxidation
of 2-propanol by alkaline hexacyanoferrate(III). We
observeda changeof order from one to zero for both
Fe(CN)3ÿ6 and (CH3)2 CHOH speciesto increasetheir
concentrations.Thereactionshowsfirst orderin [Ru(VI)]
anda complicatedvariationon [OHÿ].

We testedexperimentallythatthesubstrateis oxidized
by catalyticquantitiesof Ru(VI) ataratesimilar to thatof
the reoxidation of intermediatesRu(IV) species by
Fe(CN)3ÿ6 . Hence we proposea mechanismbasedon
the catalytic cycle describedin Scheme2. The decom-
positionof intermediatecomplexC2ÿ

1 involvesa hydride
transfer from the a-C—H bond to the oxoligand of
ruthenium.

A similar cycle can be written for the other active
speciesof Ru(VI), RuO4(OH)3ÿ.
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