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ABSTRACT: The kinetics of Ru(VI)-catalyzed oxidation of 2-propanol by hexacyanoferrate(lll) 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 [F&(Q&id a complicated variation on [Ofi 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(lV) complexes,
which are reoxidized by hexacyanoferrate(lll) in subsequent steps. The theoretical rate law obtained is in complete
agreement with all the experimental observations. Copyfigh®99 John Wiley & Sons, Ltd.
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INTRODUCTION mining step to give the corresponding products of
reaction and hydrated ruthenium dioxide (Scheme 1).

The oxidation of alcohols is one of the fundamental

transformations in organic synthesis. Various reactions _ K

using transition metal oxo complexes such as oxidants RpCHOH+ Ruoﬁ = complex

are well known. The most frequently used reagents are complex LI R,CO + RUQ;, - xH,0

permanganat&,chromic acid® pentavalent vanadiurh, slow

ferraté' and, more recently, high oxidation state ruthe- RUQ; - xH,0 + 2Fe(CNE~ 4 40H" fast RuC;~

nium oxo complexes:® For several reasons (e.g.

economic, environmental), the development of catalytic +2Fe(CNE™ + (x + 2)H,0
processes for alcohol oxidation is an important goal. In
this context, the use of these higher oxides of ruthenium Scheme 1

as catalysts in combination with different co-oxidants has
become increasingly important in the oxidation of )
alcohols?™* It would be particularly useful if the The role of the co-oxidant appears to be solely the
catalytic species effected such reactions without attack-egeneration of the catalyst in a fast step. This reaction
ing sensitive linkages in the R groups of alcohols. Mechanism has been suggested in several studies using
Ruthenate ion, Rug, is sufficiently selective to be able hexacyanoferrate(lll) as the co-oxidant in a basic
to tolerate such linkages; for example, RuQioes not ~ medium. o o
appear to oxidize isolated double bonds at room This paper reports a study of the klnet!cs of oxidation
temperaturé? of 2-propanol by hexacyanoferrate(lll) in an agqueous
So far it is recognized that sodium ruthenate-catalyzed @lkaline medium, in the presence of catalytic amounts of
oxidation of primary and secondary alcohols, in agqueous RU(V1), showing original results hitherto unreported. In
alkaline media, proceeds via the formation of an Ru(VvI)— Particular, we found that the oxidation rate varies with
substrate complex, which dissociates in the rate-deter-the initial hexacyanoferrate(lll) concentration. Such be-
havior led us to the proposal of a plausible reaction
mechanism which involves oxidation of the substrate by
*Correspondence toA. E. Mucientes, Departamento de ‘@uica RuGj;~, which is followed by the catalyst reoxidation by
Fisica, Facultad de Ciencias Quicas, Universidad de Castila-La  the co-oxidant. In this way, when [Fe(CN] is high the

Mancha, Campus Universitario s/n, 13071 Ciudad Real, Spain. catalyst reoxidation is fast relative to substrate oxidation
E-mail: abalado@qifi-cr.ucim.es

Contract/grant sponsoiConsejeia de Educacioy Cultura de la Junta and the rate does not depend on [Fe(gil}l) A_t low
de Comunidades de Castilla-La Mancha. [Fe(CNE-], however, the two consecutive reactions have
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Figure 1. Dependence of w3 on [KsFe(CN)gl.

[Ru(VDl=4 x 107°Mm, /I=0.5M and T=30°C; (a) [NaOH] =
0.3 M, [2-propanol]=0.2 Mm; (b) [NaOH]=0.2 ™, [2-propa-
nol] = 0.4 M; (c) [NaOH] = 0.1 Mm, [2-propanol] = 0.5 M

comparableratesand the rate dependson [Fe(CNE-].
Moreover,this mechanismwhich is more detailedthan
those describedin the literature, involves a hydride
transferfrom the «-C—H bond of the alcohol to the
oxoligandof ruthenium.

EXPERIMENTAL

Reactants. Potassiumhexacyanoferratélll), potassium
hexacyanoferrate(ll), 2-propanol, ethanol, sodium
hydroxide and sodium perchlorate,all of analytical-
reagentgrade from Merck, were used without further
purification. Acrylonitrile, 2,4,6-tritert-butylphenol, 2-
propanolds, tert-butanolhydratedrutheniumdioxideand
sodium metaperiodate(analytical-reagenigrade) 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 literature procedure”® The orangesolution obtained
was heated slightly for ~24h to ensure complete
reduction of Ru(VIIl) to Ru(VI). Stock solutions of
sodium ruthenate were preparedby adding a small
quantity of the abovesolutionto 25cm® of 1M NaOH.
The concentrationwvas calculatedby photometricdeter-
mination, measuringthe absorbanceat 465nm, with
molar absorptivity 18201 mol~* cm~*.*" The purity of
thesesolutionswascheckedoy measuringheratio of the
absorbancat 465 and 385nm as 2.07 correspondingo
pureruthenate®

Copyright0 1999JohnWiley & Sons,Ltd.

General. All experimentsvereinitiated by the addition
of 2-propanolto other reagentsand were performedat
30.04+ 0.1°C. The ionic strengthwas kept constantat
0.5Mm by adding sodium perchlorate.An excessof 2-
propanoland hydroxideions over hexacyanoferrate(lll)
wasused.

The reactionkinetics were studiedusing a Shimadzu
UV-160 spectrophotonter equippedvith amultiple cell
carrier with temperatureaegulatedby circulating water.
The consumptiorof hexacyanoferrate(llljvasfollowed
by recordingthe absorbancat 420 nm.

Absorbance—timedata for all the kinetic runs were
fitted for a small percentageof reaction(about5% or
less}°to astraightline, A = 0 + o4t, by theleast-squares
method. The slope provides the initial rate, vo=oq =
(dA/dt)o, given in absorbanceunits. The initial rate,
Vo, expressedin I mol™ s, is given by vo=—1/e
(dAVdt)o = —(d[Fe(CNE-)/dt)o, where ¢ =1000 | mol™*
cm ! at 420nm. The methodof initial rateswas used
becausef the advantage# offers (e.g.the presenceof
competitive reactions is considerably less important
whenthe initial ratesmethodis employedandthe time
necessaryor carryingout experimentglecreasesppre-
ciably).1®

Product determinations were performed by gas
chromatographysinga Hewlett-Packarcb890 Seriesl|
gaschromatograplequippedwith a BP-21polyethylene
glycol column (50 m x 0.22um i.d., 25pum film thick-
ness). For the kinetic conditions [NaOH]=0.2Mm,
[2-propanol]= 0.5M, [Ru(V1)] =4 x 10 M,
[KsFe(CN)] =1.2x 10 3m andl =0.5Mm, it wasfound
that 2-propanonewas the only oxidation productof 2-
propanol.Hexacyanoferrate(Jlwasalsoidentified spec-
trophotometricallyasthe reductionproductof hexacya-
noferrate(lll).

The stoichiometryof the netreactionwasdetermined
spectrophotometricallypy measuring,at 420nm, the
hexacyanoferrate(lll)remaining after completion of
an experiment performed at [NaOH]=0.2m, [2-
propanol]=5 x 10 *m, [Ru(VD)] =5 x 10> M,
[KsFe(CN)] =2 x 10 3m, 1=0.5M and T=30°C,
yielding a ratio of oxidantto substrateof 2:1. The above
resultssupportthe following stoichiometricreaction:

(CHz),CHOH + 2Fe(CN§™ + 20H"
— (CHg),CO+ 2Fe(CN{™ +2H,0 (1)

RESULTS
Influence of [hexacyanoferrate(lil)]

Theplot of theinitial ratesvo, versugFe(CNE-] (Fig. 1)
shows a first-order dependencewith respect to
[Fe(CNE-] when the latter concentrationis low and a

J. Phys.Org. Chem.13, 901-908(1999)
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Figure 2. Dependence of v, on [2-propanol] at different
[K5Fe(CN)gl. [Ru(V)] =4 x 107%m, [NaOH]=0.1M, /=0.5M
and T=30°C; [KsFe(CN)g] = (a) 0.2 x 1072 (b) 0.4 x 107,
(©08x107%(d)1.2x 1077 () 1.6 x 10> M

zero-order dependenceat high concentrations.This
variation was studiedfor differentinitial concentrations
of NaOH and 2-propanol. The variation of vy as a
function of [Fe(CNE] is given by the equation

[0X
= 2
7 i+ kgox @
where [Ox] is the potassium hexacyanoferrate(lll)
concentration.

Dependence on [2-propanol]

We observedhe samedependencef the initial rateon
[2-propanol] (Fig. 2) as in the case of hexacyano-
ferrate(lll). The plots of 1/, versusl/[2-propanoljgave
straightlines with positive slopesand intercepts,which

Table 1. Parameters a and b of the plot of 1/v, versus 1/[S] at
different [K5Fe(CN)g]

[K3Fe(CNY]

(103wm) a(lCImolts™? b(10s) r
0.2 10.084+ 0.09 1.85+£0.01 0.9998
0.4 491+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 x 10 ®m; [NaOH] = 0.1m; | =0.5Mm; T =30°C.

Copyright0 1999JohnWiley & Sons,Ltd.
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Figure 3. Variation of vy with respect to [NaOH].
[RuV)]=4 x 107°M, 1=0.5M and T=30°C [KsFe(CN)g] =
04x1073M: (a) [2-propanoll=0.2 M; (b) [2-propanol] =
0.6 M. [K3Fe(CN)gl=1.2 x 1077 M: (c) [2-propanol] =0.2 m;
(d) [2-propanol] =0.6 M

correspondo the equation

where[S] is the concentratiorof 2-propanol.

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

In order to obtain a rate equationthat combinesthe
dependencef v, on both [Fe(CNE~] and[2-propanol]
we studied the variation of vy with [2-propanol] at
differenthexacyanofeate(lll) concentrationsmaintain-
ing [OH] and[RuQ;3 "] constantFig. 2). Theparameters
a andb wereobtainedfrom the plot of 1/ versusl/[S]
(Tablel). A straightline with a zeroslopeand positive
intercepfintercept= (1.85+ 0.07) x 10° s]wasobtained
by plotting b versus1/[Fe(CNE"]. The plot of a versus
1/[Fe(CNE] was linear [r=0.9976; slope=
194.96+ 0.08s and intercept= (2.71+ 0.02)x 10*
I mol~*s]. According to this, the experimental rate
equation that collects the dependenceof vy on
[Fe(CNE-] and[2-propanol]canbe expresseas

B (S
KIS + kiy[OX] + KOX][S

Vo

(4)

J. Phys.Org. Chem.13, 901-908(1999)
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Figure 4. Plot of v versus[Ru(VI)] [=0.5Mand T=30°C; (a)
[K3Fe(CN)gl = 1.2 x 1073 ™, [2- pro;oanol] =0.2mMm, [NaOH]
0.3 M; (b) [KsFe(CN)g] =0.8 x 107> ™, [2- proganol =04wm,
[NaOH] =0.2M; (c) [KsFe(CN)g]=0.8 x 10 [2-propa-
nol]=0.5 M, [NaOH]=0.1 ™m

Influence of the alkaline medium

It wasobservedFig. 3) thattheinitial ratepasseshrough
amaximumas[OH™] is varied.Moreover theinitial rate
doesnottendto zeroatverylow [OH™]. Thismaybedue
to the possible existence of other oxo species of
rutheniumin neutralor acid medium(pH 5-8Y° because
the ruthenatespecieds only stablein alkaline mediaZ®
No simplemathematicatelationshipthatmightjustify
thedependencef vo on[OH™] wasfound. Thisindicates
thatthevariationof theinitial ratewith the basicityof the
mediumis complicated andobeysthe generalequation

_ Ao+ A[OH ] + A[OHJ? +
1+ By[OH | + B2[OH J* +

()

The experimentalvalues were fitted to Eqgn. (5) by
meansof a non-linearregressiorprogram,obtainingthe
bestaverageerror (1.7%)for the expression

_ Ao + A1[OH]
1+ By[OH"] + Bo[OH 2

(6)

Effect of Ru(VI) concentration

By plotting vo versus[Ru(VD]+ (Fig. 4), straightlines
with zerointerceptswereobtained Hencetheinitial rate
showsfirst-orderkinetics with respectto [Ru(VI)], and
theuncatalyzedeactionis negligiblein comparisorwith
the catalyzedreaction.

Copyright0 1999JohnWiley & Sons,Ltd.

Influence of product concentration

Severalexperimentsverecarriedoutin orderto find out
whether the addition of different initial amounts of
hexacyanoferrate(ll)ons to the reactionmixture mod-
ified the valuesof vy. The resultsshowedthat the initial
rate of the reactionwastotally unaffectedby Fe(CN}-
concentration Also, the initial rate of a typical experi-
ment at low [Fe(CNg ] did not vary in presenceof
1x 10_ M (CH3)ch

Substituent effects

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

Isotopic effect

The oxidation initial rates of (CH3)>,CHOH
[Vo=(1.1940.03)x10°® Imol™* s and
(CD3),CDOD [Vo=(2.024+0.02)x 10" Imol™* s}
wereobtainedin H,0O, in orderto determinethe possible
existence of an isotopic effect. The experimental

conditions used  were [2-propanol]=0.5M,
[NaOH]=0.2Mm, [K3Fe(CN)| =1.2x 103w,
[Ru(Vl)] =4 x 10 ®m, 1 =0.5m and T=30°C. A sub-

stantial primary kinetic isotope effect was observed
[Vo(H)/vo(D) = 5.89], which implies the breakingof the
C—H bondin a slow step.

Detection of free radicals

Becausethe Fe(CNE~ speciesact as a one-electron
transferoxidant,thepossibleformationof freeradicalsas
intermediatesn the oxidationof organiccompoundsy
hexacyanoferrate(lll) should be tested. The results
showedthat neitherthe addition of acrylonitrile nor of
2,4,6-tritert-butylphenol(a strongemradical capturer)to
the reactionmixture hadany effect on the reactionrate.

Oxidation of cyclobutanol

We carriedout the oxidationof cyclobutanobecausg¢he

natureof the oxidationproductsfor this alcoholdepends
on the mechanism. One-electron oxidation would

produceacyclic four-carboncompoundswhich appear
to be derived from the primary free radical

‘CH,CH,CH,CHO, whereas two-electron oxidation

would producecyclobutanonalirectly 222

The reaction products were determinedunder the

following kinetic conditions: [cyclobutanol]=0.07m,
J. Phys.Org. Chem.13, 901-908(1999)
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[hexacyanoferrat(lll)] =1.0x 10 3m, [Ru(VI)] = 4.6 x

10 M, [NaOH=0.2M, | =0.5M and T=30°C. After

completereductionof hexacyanoferrate(lll)the organic
productswere separatedrom the reaction mixture by
extraction with diethyl ether. The ether solution was
analyzedby gas chromatographycyclobutanonebeing
found asthe sole product. This resultindicatesthat the
oxidation of 2-propanolby RuQ;~ occursby a two-
electrontransfermechanism.

Oxidation of 2-propanol by Ru(VI) and catalyst
regeneration by Fe(CN)3 -

We also carried out some kinetic experimentsto test
whether the oxidation of 2-propanol by catalytic
quantitiesof RuG;~ proceedsat a similar rateto that of
the reoxidationof catalystby Fe(CN§~.

The oxidation of 2-propanolby RuC;~ was followed
spectrophotontecally. The initial rate was determined
by monitoringthe increasen absorbancat 320nm. At
this wavelength the product of the reaction [which
appeargo beasolubleform of ruthenium(IV)similar to
the speciedormedduring the electrochemicateduction
of ruthenate(VI)Jconformsto Beer'slaw with ¢ = 337¢
| mol~*cm %, Under the conditions [2-propanol]=
1 x 10 M, [NaOH]=0.5m, T=30°C and [RuG? ] =
2x10%mM, the initial rate obtained was
Vo=(4.5+0.02)x 10 8 I mol~* s™*. Assuminga first-
orderdependencwith respecto 2-propanobndRuC;—,
theinitial rate(underthekinetic experimentatonditions
[RuG? 1=4x10°m,  [2-propanoll=0.4m  and
[NaOH]=0.5M) is Vo= (3.6+ 0.01)x 10 "I mol™*s ™%,

We also determined the initial rate of catalyst
reoxidation in the following way. Ruthenate(VI)
(12.5x 103 mmol) was allowed to reactat 30°C with
2-propanol(12.5x 10~>mmol), bothin 25ml of 0.5m
NaOH. When the reactionhad goneto completion(as
indicatedby the completedisappearancef any orange
color),0.08ml of thereactionmixturewasmixedwith an
appropriatevolume of a 0.01M solution Fe(CN§~ in
0.5M NaOH, so that the final concentrationsof Ru(IV)
and Fe(CNE~ were4 x 10 ® and1.0x 10 3™ respec-
tively. Under theseconditions,the initial rate obtained
wasvp = (1.3+ 0.01)x 10" I mol~* s™*. Theinitial rate
was determinedby monitoring the decreasdan absor-
banceat 420 nm.

Activation parameters

Under the conditions  [2-propanol]=0.5m,
[K3sFe(CN)] =0.4x 103 m, [NaOH]=0.1Mm,
[Ru(V)] =4 x 10~ °m, 1 =0.5M and temperaturgange
26-34°C, the experimentalactivation parametergleter-
mined were AH*=19.02+0.13kJmol™* and
AS = -261.91+ 0.45Jmol " K.

Copyright0 1999JohnWiley & Sons,Ltd.

DISCUSSION

It is known that the MO}~ speciesof the 3d transition
metalsdo not expandtheir coordinationshellsin basic
media®® However,suchexpansionganoccurto a very
small extentin 4d and5d transitionmetal oxyanions®*

During a study of the reactionbetweenperruthenate
andmanganaténsin agueouslkalinemedium,Luoma
andBrubakef® suggestedhat oneor moreanionscould
possiblyhavehydroxideions associateavith them.This
associationwith OH™ ions could be representedy the
equilibrium

MO}~ + OH™ = (MO,4OH)*"~ (7)

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

Othertransitionmetaloxyionshavebeenpostulatedo
form hydroxy—oxycomplexesthe OsQ,(OH)3~ species
has beenisolated® and mesoperrhenateReQ,(OH)3 -
canbe isolated,althoughtheir concentratiorin alkaline
solutionsof perrhenatenustbe small?’:2®

Similarly, during the kinetic study of the decomposi-
tion of perruthenatéonsin alkaline medium,Carrington
and Symon$* suggestedhat the coordinationof OH~
ions with RuQ; occurredto a lower extent, because
ruthenium representsan intermediate case between
osmiumandrhenium.Therefore ruthenatdons, Ru(V1),
may coordinatewith hydroxideionsto a lower extent.

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

RuQG~ + OH- 2 RuQ,(OH)*" (8)
RUOY(OH)*™ + OH~ <% RuQy(OH):" (9)

Moreover,in orderto explainthe vy dependencen
[OHT], it isassumedhattheactivespecie®f catalystare
RuG;~, asthe major speciespresentand RuO,(OH)*",
to amuchlower extent.

The dependenceof the initial rate on [2-propanol]
suggestshe formationof anintermediatecomplex,C2—,
betweenthe catalyst active speciesand the organic
substrateThus,we canwrite for RuO}( species:

k:
(CHg),CHOH + RuG? icﬁ- (10)

The resultsreportedby Cundaryand Dragd®® for an
MO analysis of the interaction between cis
[Ru(HN=CH—HC=NH), (NH3)(0)]** and methanol
showthat the largersize of second-rowtransitionmetal
atoms increasesthe possibility of coordinationof the
substrateto the metal via the hydroxylic oxygen. This
coordinationmpliesalargenegativeAS®, indicatingthat

J. Phys.Org. Chem.13, 901-908(1999)
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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 = system.A
similar intermediatehas been proposedin the Cro*"
reactionwith methanof?® Other authorg* also suggest
the formation of cyclic structuresastransitionstatesin
othertypesof reactionspasingthis ontheir observations
of large isotope effects and high negativeentropiesof
activation.

Therefore,C3~ could bea cyclic complexin which 2-
propanol is coordinatedto the metal via hydroxylic
oxygen and a hydrogen bond between the Ru(VI)
oxoligandandthe hydrogenof «-C is formed:

2-

(),.-'l"\C/CH3
X\z.. / NCH; cr

—0
NH

This coordinationrmay explainwhy stericallyhindered
alcohols react more slowly*° Thus, under the same
experimental conditions {[substrate}= 0.2™,
[KsFe(CN)] =1.2x 10 3m, [NaOH]=0.2 M,
[Ru(V)] =4 x 10°®m, | =0.5m andT = 30°C}, ethanol
reactsmore quickly [vo=(7.254+ 0.05)x 10~/ I mol™*
s‘l] than 2-propanol[vp = (5.62+ 0.02)x 10" | mol™*
s .

The intermediatecomplex, Cf*, thus formed under-
goesslow decompositionproducinga reducedform of
rutheniumas RuO;(OH)*~ andcarboniumion:

Cz_ ka p 3—
1 — (CH3)2C0H+ RuG;(OH) (11)

This decompositiorinvolvesa hydridetransferfrom the
a-C—H bondto the oxoligandof ruthenium

The moderateisotope effect observedsupportsthe
direct involvement of the carbon—-hydrogerbond in a
slow step. A hydride-transfermechanismwould be
supportedby the following esperimentatesults:a) the
absenceof free radicalsin the reactionmedium[it has
beenreported?33for the Ru(lll)-catalyzedoxidationsof
alcohols and diols by hexacyanoferrate(lll)that the
presencef freeradicalsin thereactionmixture involves
a hydrogen-atontransferlandb) the observatiorthatthe
oxidationof cyclobutanolproducesyclobutanonasthe
soleproduct.

The next fast step will
propanone:

be the formation of 2-

+
(CHg), COH+OH™ — (CH3),CO+H,0 (12

We havepreviouslydescribedhat the oxidationof 2-
propanol by RuCG;~, using the catalytic concentration
[RuOZ ] =4 x 10"®wm, proceedswith a similar rate to

Copyright0 1999JohnWiley & Sons,Ltd.

that of the reoxidation of Ru(lV), at that same
concentrationby 1 x 103m Fe(CNﬁ*. Hence,in order
to explain the dependenceof v, on [Fe(CNE~], we
proposethat the oxidation of the substrateby RuG;~ is
followed by the catalystreoxidationby the co-oxidant:

RUOs(OH)*™ + Fe(CNE~ S RuOy(OH)?
+ Fe(CNE~ (13

RuOs;(OH)* + Fe(CN§~ — RuQ;(OH)~
+ Fe(CNE~ (19
RuQ3(OH)” + OH™ — RuQ; + H,0 (15)

In this way, when the [Fe(CNE "] is high, the catalyst
reoxidationis fastrelativeto substrateoxidationandthe
ratedoesnotdependon [Fe(CNE]. At low [Fe(CNE],
however,the two consecutivereactions(11) and (13)
have comparable rates and the rate depends on
[Fe(CNE-].

We can write a similar reaction mechanismfor the
otheractive speciesof catalyst:

Ka
(CH3),CHOH + RuQ,(OH)*" = cs (16)
—4
3k pa 4-
C3~ = (CH3),COH + RuO3(OH); (17)

RUO(OH)Y™ + Fe(CNE~ & RuOy(OH)3
+Fe(CNE~  (18)

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

Henceaccordingo theabovereactionmechanismthe
rate equation that accountsfor the disappearancef
hexacyanoferrate(lll}s

~d[ox]

= 2ks[RUOs(OH)*7][OX]

+ 2ks[RUO3(OH); |[OX] (19)

As the amountsof RuO;(OH)~ and RuO;(OH)*~
presentare negligible at any time (by forming a part of
fast steps) the total ruthenium(VI) concentratiorcan be
expresse@s

[Ru(VI)J; = [RuC ] + [RuOy(OH)*"]
+ [RUOy(OH); ] + [C37] + [CF]
+ [RuOs(OH)* | + [RUO;(OH); ] (20)

To approacha rate equation compatible with the
experimentabne,it is necessaryo assumehe following
relations:

k k k
ke ko k_k (21)
k1 kug ko ks

J. Phys.Org. Chem.13, 901-908(1999)
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Figure 5. Plot of vy (calc) versus vy (exp)

thatis,

K1+ ko~ B(kg+Kks) ; ks + ks[OX]
~ (k2 + k3[OxX]) (22)

where f and y are constantsindependentof the
experimentakconditions.

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

Onapplyingthe steady-stateonditionswith respecto
C2-, C3~, RuOy(OH)*>" and RuO;(OH)3~, we obtained
for the rate of disappearancef hexacyanoferrate(lll)
[Egn. (19)], the following expression:

2kokg(kiks + BkskeK1[OH])
[SI[Ru(VI)],[OX] (23)
Zksks(k_1 + k2)[Ox] + [S]
(kz + k3[OX])(k3k4K1[OH7} + klke)

Vo =

whereZ = 1+ K,JOH ] + K,K,[OH ]2 Equation(23)is
in completeagreementvith all the experimentakesults
obtained,thatis, the fractional dependencef vy on [2-
propanolland[Fe(CN}"], thefirst orderin [Ru(VI)] and
thecomplicatedrariationon[OH™]. Thisequationcanbe
expresse@s

Vo — (P1 + P2[OH)[S][OX][Ru(VD)] 1
0 — — 12 (24)
(14 P3[OH™] + P4[OH"]%)[Ox] + [S]

(Ps + Pg[OH™] + P7[OX][OH~] + Pg[Ox])

The kinetic datawerefitted to Eqn. (24) usinga non-
linear regression program based on the Marquardt
algorithm?3° The valuesobtainedfor the parametersof

Copyright0 1999JohnWiley & Sons,Ltd.

(CH,),CHOH

(CH,),CO
H0 RuO > Ru0,(OH)” 2 Fe(CN)*
\ Ru0 (OH)
OH" 2 Fe(CN),*
Scheme 2.

Eqn. (24) were P;=4.63, P,=1.01x 10?, P3=
2.09x 10", P,=6.63x 10°, P5=1.02x 1072 Pg=
1.09x 1072, P;=4.27x 10" andPg=1.00x 10 . The
agreemenbetween/y(calc)andvg(exp)is satisfactoryas
observedn Fig. 5. The averageerror of Eqn. (24) was
5.42%.

CONCLUSION

We havestudiedthe ruthenium(VI)-caalyzedoxidation
of 2-propanol by alkaline hexacyanofeate(lll). We
observeda changeof order from one to zero for both
Fe(CNE~ and (CHz), CHOH speciesto increasetheir
concentrationsThereactionshowsfirst orderin [Ru(VI)]
anda complicatedvariationon [OH™].

We testedexperimentallythatthe substrates oxidized
by catalyticquantitiesof Ru(VI) ataratesimilarto thatof
the reoxidation of intermediatesRu(lV) species by
Fe(CNE~. Hencewe proposea mechanismbasedon
the catalytic cycle describedin Scheme2. The decom-
positionof intermediatecomplexC2- involvesa hydride
transfer from the «-C—H bond to the oxoligand of
ruthenium.

A similar cycle can be written for the other active
specief Ru(VI), RuO,(OH)*".
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