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Osmium(VIIl)/ruthenium(lll) Catalysis of periodate
oxidation of acetaldehyde in aqueous alkaline medium
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ABSTRACT: Os(VIIIl) and Ru(lll) catalysis of the periodate oxidation of acetaldehyde in aqueous alkaline medium
was investigated. The catalytic efficiency is Ru(K)Os(VIIl). The product of oxidation in both cases is acetate and
I03™. The stoichiometry is the same in both catalyzed reactions, i.g. [I{CHs;CHO] = 1:1. Probable mechanisms

are proposed and discussed. The reaction constants involved in the mechanisms arelddrd@8iJohn Wiley &
Sons, Ltd.
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INTRODUCTION study of the reactions is reported here with a discussion of
the mechanisms.

Periodate is widely employed as a diol cleaving readent.

Periodate is a less potent oxidant in alkaline than in acidic

med!a. Inan alka!lne.medlqm, perlqdate is I_<|_’10\_/vn to_eX|st EXPERIMENTAL

as different species involving multiple equilibfiand it

is necessary to know the active form of oxidant in the

reaction.

Acetaldehyde is used in the manufacture of acetic acid,
which is employed as a solvent in some mechanistic
studies. It is also used in the preparation of phenolic
resins in the manufacture of dyes and rubber. The
oxidation of acetaldehyde by variety of oxidahssich as
bromine, chromium(V1), iron(lll), cerium(lV), perman-
ganate, chloramine-T and peroxodisulfate has been
studied.

In recent years, the use of transition metal ions such as
osmium, ruthenium and iridium, either alone or as binary

Reagent grade chemicals were used. Doubly distilled
water was used throughout. A 30-35% solution solution
of acetaldehyde (S.D. Fine Chemicals) was distilled
using a 1.3 m fractionating column and collected at 30—
32°C in ice-cold water, then standardiZeay mixing a
known volume of solution with hydroxylamine hydro-
chloride in 90% methanol and titrating the liberated
hydrochloric acid against standard alkali solution. A
stock standard solution of O was prepared by
dissolving a known weight of KIQ(Riedel-de Hémr) in

hot water and used after keeping for 24 h. Its concentra-
tion was ascertained iodometricdllyat neutral pH

attracted considerable interest. The role of osmium(VIIl) S;T;?Lr,:it;;ni? gszc?ll)pulgsspg?éia?g;f egy ,gissstglc\:lli(n;t%;doard
as a catalyst in some redox reactions has been reViéwed'(Johnson Matthey) in 0.50 mol di NaOH. The

Although the mechanism of catalysis depends on the
nature of the substrate, the oxidant and other experi-
mental conditions, it has been shdatthat metal ions act

concentration was ascertaiffecy determining the
unreacted [Fe(CN)*~ with standard Ce(IV) solution in

an acidic medium. A stock standard solution of Ru(lll)

as catalysts by one of these different paths such as th%vas prepared by dissolving Ru@B.D. Fine Chemicals)
formation of complexes with reactants or oxidation of the in 0.20 mol dm?3 HCI. The concentration was deter-

substrate itself or through the formation of free redicals. . @ bv EDTA titrati
. . . titration.
Osmium(VIIl) and ruthenium(lll) catalysis in redox minec by ration

. . ; S KlO3; (Reechem) was used to prepare an iodate
reactions involves several complexes, different oxidation s ( ) hrep

t\?volution. Distilled and appropriately diluted acetic acid

. . L as neutralized with alkali and the resulting salt solution

ofsmlu;nl(zi/IIfI}) gnokl) ruthe_ngjr?(l!l) clita}!yse thg_ OX|dat|do?h was used to study the effect of acetate ion on the reaction.

ot acetaldenhyde by periodate in alkaline medium and i€y oy ang Kel (AnalaR, BDH) were employed to
maintain the required alkalinity and ionic strength,

*Correspondence to: Department of Post-Graduate Studies in resp_ec_tlvely. The temperature was maintained constant

Chemistry, Karnatak University, Dharwad 580 003, India. to within +0.10°C.
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Kinetic Measurements. Kinetic runs were initiated by
mixing the previouslythermostatedeactantsolutionsof
10,4, CH3CHO [which also contained the required
amountof Os(VIII) or Ru(lll)], KOH andKCI. Aliquots
of the reaction mixture were removed by pipette at
regular time intervals and pouredinto an iodine flask
containing5% Kl anda suitableamountof 5% KH,P O,
just sufficientto neutralizethe alkali andto bring the pH
of solutionto 5-5.5.The liberatediodine was titrated’
againstNa,S,05 solution using starchas an indicator.
Undertheseconditions,jodatehadno effectontheadded
iodideandthe lO,~ wasquantitativelyreducedo 105™.
Kinetic runswerecarriedundersecond-ordeconditions
at25+ 0.10° C unlessstatedotherwise.

The apparentsecond-orderrate constant. ks, was
obtainedfrom plots of 1/(a—x) versustime from runs
involving equivalentconcentrationsf reactantswherea
and x arethe initial concentrationof 10,~ and amount
reactedat time t, respectively.The initial rateswere
obtainedfrom the slopesof concentrationversustime
graphsin the initial stagesof the reactionsby the plane
mirror method. The rates were reproducibleto within
+6%.

Stoichiometry and product analysis. Different sets of

reactionscontaining excesslO,  over CH;CHO with

constantconcentration®f Os(VIII) or Ru(lll) andOH™

were kept for 24h at 298K and then analyzed.The
unreactedoxidant was assayedodometrically as men-
tionedearlier! Otherproductacetatavasfoundby aspot
test’® There was no perceptible reaction between
periodate and acetatein alkaline medium under the
conditionsemployed.The resultsshowed1:1 stoichio-
metry accordingto the equation

CH3;CHO + 10, + KOH

Os(VII)/Ru(lll) B
e CHsCOOK+10; + H,O (1)

RESULTS

Osmium(VIIl) catalysis

The reactionorderswere obtainedfrom log—log plots of
initial rates versus concentration. The reaction was
carried out varying the concentration of oxidant,
reductant,catalystand alkali in turn while keepingall
otherconditionsconstan{Tablesl and2). The Os(VIII)-
catalyzedoxidationof acetaldehydéy 10, wasshown
to be nearly secondorderasthe plot of 1/[10,7] versus
time was linear beyondtwo half-lives of completionof
the reactionwhen[CH3CHO]=[104]. However,when
[CH3CHO] # [1047] while varying the CH;CHO and
10, concentrationsf wasfoundthatthekg valueswere
not constantUndersuchconditions thelog—log plots of

0 1998JohnWiley & Sons,Ltd.

initial ratesversusconcentration®f CH;CHO and10,~
showedthat the orderin [CH;CHO] waslessthan unity
(Ca 0.8) whereasthe orderin [IO4] was nearly unity
overtherangeof concentrationstudied(Tablesl and?2).
Henceinitial rateswere given for variation of acetalde-
hyde and periodate. For variation of the alkali and
catalyst, second-orderate constants(a=b) and initial
rates were determined(Table 2). The order in alkali
concentratiorwasfoundto belessthanunity andthatin
[Os(VIII)] was unity over the range of concentrations
studied(Table 2).

Initially added products,acetateand iodate, in the
concentratiomrangel.0 x 1072 — 1.0 x 103 mol dm™3,
did not haveany significanteffect on the reactionrate.
The ionic strength of the medium was varied from
1.0x 102t0 1.0 x 102 mol dm 3 with KCI atconstant
concentration®f oxidant,reduotantalkali and catalyst.
Theresultsshowedhationic strengtthasno effectonthe
reactionrate. The dielectric constant(D) of the reaction
mediumwasvariedby varyingthe contentof tert-butanol
(its earlier found inertnesstowards oxidant was con-
firmed). Theresultsshowedthatthe plot of log ks versus
1/D was linear with a positive slope. The dielectric
constantsvere calculatedfrom valuesof pureliquids as
given earlier!*

Test for free radicals

To testfor free radicals,the reactionmixture containing
acrylonitrilewaskeptfor 24 h in aninertatmosphereOn
dilution with methanolno precipitateresultedjndicating
the absenceof intervention of free radicals in the
reaction.

Table 1. Effect of variation of [periodate] and [acetaldehyde]
on osmium(Vlll)-catalyzed oxidation of acetaldehyde by
periodate in agueous alkaline medium at 25°C, with
[OH™]=0.05, [Os(VII)] =2.0 x 10°° and /=0.06 mol dm~3
(error + 6%)

Ratex %07 )
[0,]x 16  [CHsCHO] x 10° (moldm ~s )
(mol dm~3) (mol dm™3) Exptl Calcdf
0.30 1.00 1.16 1.09
0.60 1.00 2.33 2.16
0.80 1.00 3.03 2.90
1.00 1.00 3.80 3.63
2.00 1.00 6.89 7.26
3.00 1.00 9.08 10.96
1.00 0.50 2.00 1.96
1.00 0.80 2.80 2.99
1.00 1.00 3.80 3.63
1.00 2.00 6.73 6.30
1.00 3.00 8.80 8.35
1.00 5.00 12.20 11.28

& Calculationof rate constantsare on the basisof rate law (5) using
Ki=24.8+0.5dm® mol™%, K3=325+ 12 dm® mol* andk; =1.19
x 10°+£50dm® mol~* s,
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Table 2. Effect of variation of [alkali] and [osmium(VIIl)] on osmium(VIll)-catalyzed oxidation of acetaldehyde by periodate in
aqueous alkaline medium at 25°C, with [I0,7]=1.0 x 1073, [CH3CHO] = 1.0 x 1072 and /= 0.06 mol dm~>(error + 6%)

Ratex 10" (mol dm3s™%)

[OH] x 10 [Os(VIIN] x 10° Rateconstantks
(mol dm™3) (mol dm™3) Exptl Calcd (dm®*mol~ts™)
0.20 2.00 2.29 1.09 0.15
0.50 2.00 3.80 3.63 0.45
0.70 2.00 4.10 4.06 0.54
1.00 2.00 4.43 4.46 0.69
1.50 2.00 4.90 4.85 1.00
2.00 2.00 5.51 5.83 1.10
0.50 1.00 1.73 1.81 0.25
0.50 2.00 3.80 3.63 0.45
0.50 3.00 4.66 5.45 0.69
0.50 4.00 9.01 9.08 1.19
0.50 5.00 12.01 12.71 2.41
0.50 10.00 18.00 18.16 3.05

Therateconstantgk;) of the slow stepof Schemel (see
Discussion)were obtainedfrom interceptof [Os(VIII)]

[0, J/rate versus[CH3CHO]* plots at four different
temperaturesand were used for the calculation of
activation parametersThe values of k; (dm*® mol™?*
s are 1.19x10°, 1.30x10% 1.46x10° and

1.68x 10° at 298, 302, 308 and 315K, respectively.

Thesedataled to valuesof AH*, AG* andAS” of 15+ 1
kdmol™t, 54+ 3 kImol* and—137+ 6 JK~* mol™2,
respectively.

Ruthenium(lll) catalysis

The Ru(lll)-catalyzed oxidation of CH;CHO by 10,4~
was followed by varying the concentration®f oxidant,
substratealkali, ruthenium(lll) and KCI; one at a time
while all the otherswerekeptconstantTables3 and4).
The orderin 10,4~ concentratiorwas found to be zero,

Table 3. Effect of variation of [periodate] and [acetaldehyde]
on ruthenium(lll)-catalyzed oxidation of acetaldehyde by
periodate in aqueous alkaline medium at 25°C, with
[OH]=0.10, [Ru(lN]=5.0x10"° and /=0.11 mol
dm~3(error + 6%)

since the initial rateswere independentof the initial

concentratiorof 10, andthe concentratiorversustime
plots were linear and parallel. The orderin [CH;CHO]

wasfoundto benearlyunity from theplot of log kg (zero-
orderrateconstantiersudog [CH3CHO] overtherange
of concentrationstudied.The orderin Ru(lll) wasunity
whereas the order in [alkali] was less than unity
{concentrationsasgivenin Table4}.

Initial addition of products(iodate and acetate)and
ionic strengthdid not haveany significanteffect on the
reaction.Regardingthe effect of dielectric constanton
thereactionjt wasfoundthattheplot of log ko versusl/D
waslinearwith anegativeslope.Thetestfor freeradicals
wasnegative.

The rate constantgk,) of the slow stepof Schemel
were obtainedfrom interceptof [CHs; CHO] [Ru(ll]/
rateversusfOH ] ~* plots at four differenttemperatures.
The values of k, (dm® mol™* s7%) are 2.77x 107,
5.0x 107, 8.33x 10° and 18.18x 107 at 298, 304, 308

Table 4. Effect of variation of [alkali] and [ruthenium(lIl)] on
ruthenium(lll)-catalyzed oxidation of acetaldehyde by period-
ate in aqueous alkaline medium at 25°C, with
[10,7]1=1.0 x 1073 [CH3CHO]=1.0x 10" and /=0.11
mol dm~3(error + 6%)

ko x 10" (mol dm3s7*

ko x 107 (mol dm™3s7Y

[1047] x 10° [CH;CHO] x 10° [OH7] x 10"  [Ru(ll)] x 10°

(mol dm™3) (mol dm™3) Exptl Calcd (mol dm™3) (mol dm™3) Exptl. Calcd.
0.30 1.00 10.32 10.50 0.10 5.00 03.30 03.33
0.50 1.00 10.46 10.50 0.30 5.00 06.88 06.70
0.80 1.00 10.43 10.60 0.50 5.00 08.41 08.46
1.00 1.00 10.45 10.50 0.70 5.00 09.00 09.50
1.50 1.00 10.50 10.50 0.90 5.00 10.41 10.25
2.00 1.00 10.24 10.50 1.00 5.00 10.46 10.50
1.00 0.50 04.91 05.23 1.00 1.00 02.24 02.10
1.00 0.80 08.12 08.37 1.00 1.50 03.30 03.14
1.00 1.00 10.46 10.50 1.00 2.00 04.33 04.20
1.00 2.00 21.00 21.00 1.00 3.00 05.92 06.30
1.00 3.00 28.83 30.00 1.00 5.00 10.46 10.50
1.00 5.00 51.33 51.75 1.00 10.00 19.66 21.01
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Figure 1. Verification of rate laws (5) and (6). Conditions as
given in Tables 1-4

and313K, respectively Thesedataled to valuesof AH,
AG* and AS® of the slow step of 100+ 4 kJ mol™?,
56+ 2 kJmol~t and147+ 6 JK~* mol™, respectively.

DISCUSSION

Osmium (VIIl)-catalyzed reaction

Thereactionhasl:1 stoichiometryandacetateand O3~
arethemain productsof thereaction.Theorderin [IO4]
and[Os(VIIN] is unity andthatin [CH;CHO]and[OH]
is fractional(Tablesl and2). Theuncatalyzedeactionis
very slow underthe experimentakonditionsused.
Osmium(VIIl) is knownto form differentcomplexesat
differentOH™ concentrationsasshownin equationq?2)
and(3), wherethe equilibrium constantd<; andK, have
valuesof 24 and6.8 dm® mol~* respectively*?

OsQy(OH); + OH™ = OSQOHR +H:0 (2)

OSQ(OHR™ + OH™ =X OSQOHP® + H,0 (3)

At higherconcentratiorof OH™ i.e. >0.15mol dm 3,

equilibrium (3) is significant.At lower concentrationsf
OH™, asemployedn the presenstudy,andsincetherate
of oxidation increasedwith increasein [OHT], it is

0 1998JohnWiley & Sons,Ltd.

reasonabléo assumehatequilibrium (2) wasoperative.
The main osmium(VIIl) species is likely to be
OsQy(OH),*~ andits formationby equilibrium (2) is of
importance in the reaction. This conclusion is in
agreementvith earlierwork.**2

The results of our study on the osmium(VIII)-
catalyzedreactionsuggestthe formation of a complex
between the catalyst and substratefollowed by its
reactionwith 104~ in the rate-determiningstepto give
the products. Attempts to obtain UV-visible spectral
evidencefor the intermediatecomplexof CH;CHO and
Os(VIII) were not successfulHowever,the interaction
may be weak and suchcomplexformation betweenthe
catalystand substratehasalso beenobservedn earlier
studies' The evidence for complex formation is
restrictedto kinetic data.The orderof lessthanunity in
[acetaldehydetevealsthe possibility of the involvement
of complexformationbetweenhe substrateand catalyst
in thereactionsystemin the pre-equilibriumstep.All the
experimentaresultsarein agreementith Schemel.

K
OsQy(OH); + OH™ = 0SQy(OH?™ + H,0
K
OsQ(OH)2 + CH;CHO = complex(C)
C+ |o;|k—s> 103 + CHsCOOH-+ Os(VIII)
slow

Scheme 1.
The probablestructureof complex(C) may be
H

|
[CH; — C =0 — OsQy(OH),]*
Schemel leadsto the following ratelaw:
 ksK1K3[Os(VHN][IO ,][CH3;CHOJ[OH] (4)
1+ K4[OH™] + K;K3[CH;CHO][OH]

For verification of this rate law, it is necessaryto
rearrangeequation(4) to

rate

[Os(VIIO;] 1
rate  kKiKa[OH J[CHLCHO]
1 1
Fieka[cH,cHol Tk )

Fromtheslopesandinterceptof thelinearplotsof the
left-handsideof equation(5) versusl/[CH;CHO] and 1/
[OH™], the values of K;, K3 and kg at 298K were
calculatedto be 24.8+ 0.5 dm® mol~%, 325+ 12 dm?®
mol ! and1.19x 10® + 50 dm® mol~* s7%, respectively
(Fig. 1). The value of K; was found to be in good
agreementwith that reportedearlier’® Thesevaluesof
K1, K3 and ks were utilized for the calculationof rates
undervariousexperimentatonditionsandwerefoundto
be in reasonableagreementvith the experimentalrates
(Tablel).
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The negligibly small effect of ionic strengthon the
reactionis consistenwith reactionbetweenneutraland
chargedspeciesasin Schemel. The effect of dielectric
constanbnthereactionis alsoasexpectedor areaction
betweenan ion and a neutralmolecule'* The sizeable
negative value of the entropy of activation indicates
complexformationduring the reaction.

Ruthenium(lll)-catalyzed reaction

In the ruthenium(lll)-catalyzedreaction, the order in
[CHXCHO] and [Ru(lll)] is unity in eachand that in
[1047] is zero, unlike the casewith Os(VIII) catalysis
(seeabove)(Table3). Therateincreasedvith increasing
[OH™] (Table4). The productsareacetateandlO3;~ and
stoichiometryis 1:1 asin the Os(VIIl)-catalysedeaction.
No producteffectwasobserved.

The spectrunof Ru(lll) in alkalinemedium(Fig. 2) is
differentto thosein aqueousieutralandacidic media’®
It is also observedthat the absorbanceof Ru(lll)
increaseswith increasein [OH™] and finally remains
constantThis indicatesthe predominancef onespecies
of Ru(lll), presumabljfjRu(H,0)sOH]*". For this reason
and the fact that the rate increaseswith increasein
[OHT], with lessthan unity orderin [OH™], the main
Ru(lll) speciesis likely to be [Ru(H,0)sOH]>" andits
formationin the following equilibrium is of importance
in the reaction:

[Ru(H,0)s]*" + OH™ = [Ru(H,0)sOHIZ" + H,0

Also, asseenfrom the spectraof Ru(lll), theexistence
of one or more isobesticpointsin a systemis a good
indication of an equilibrium betweenthe two species.
This conclusionis in agreementith earlier work*®=*8
and the value of the equilibrium constantobtainedfor
such an equilibrium for this reactionalso agreeswith
earlierwork.*®

Electronic spectra of Ru(lll)

The weak band observedaround530nm is assignedo
the spin-forbidden*T1g «— 2T2g transition. The band
around390nm is attributedto spin-allowed?A2g «—
2T2gand®T1g«— °T2gtransitionswhich havesimilar
energies.The bandsobservednear225 and 280nm are
charge-transfebands.

All the experimentalresults are in agreementwith
Scheme2.

K
[Ru(H,0)s]*" + OH™ = [Ru(H,0)sOHI>" + H,0
[Ru(H,0)sOH*" + CH3CHOIL>Ru(I) + CH3COOH
slow
2H" + Ru(l) + IO;ﬁRu(III) +103 + H,0
as’

Scheme 2.

0 1998JohnWiley & Sons,Ltd.
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Figure 2. Spectra of Ru(lll) at various [OH™]. Ruthenium(lll)
catalysis of oxidation of acetaldehyde by periodate in
aqueous alkaline medium at 25°C, (1) in aqueous medium,
(2) at [OH ]=5.0x 1073, 3) at [OH ]=1.0 x 1072, (4) at
[OH]=5.0 % 1072 and (5) at [OH7]=10.0 x 107* mol
dm™

Ruthenium(lll) is known to form complexeswith
hydroxidein basicmedia,suchasRu(OHY", Ru(OH), "
and Ru(OH). However, for the reasonsalreadygiven,
the main active speciesof Ru(lll) is understoodto be
Ru(OHY" atthe hydroxideconcentrationstudiedin this
work. The slow step (k step) involves interaction of
hydroxylatedspecieswith acetaldehydeesultingin the
formationof Ru(l) andaceticacid product.However,in
view of the very low concentrationof Ru(lll) used,no
kinetic evidencecould be obtainedfor the formation of
Ru(l). The formation of Ru(l) is in accordancewith
earlierwork.® ThethusformedRu(l) is oxidizedby 10,~
in the fast stepto regeneratéru(lll) andto form 105™.

The abovemechanisnieadsto the ratelaw

—d[I0;]  KK[CH,CHOJ[Ru(III)][OH ]

rate=—g = 11 K[OH | (6)
Rearrangemenrtf equation(6) gives
[CH3CHOJ[Ru(11)] _ 1 1 )
rate kKK[OH™] kK

According to equation(7), the plots of [CH;CHOQO]
[Ru(llh]/rate versusl/[OH"] shouldbe linear, andthey
werefoundto beso(Fig. 1). Fromtheslopeandintercept,
thevaluesof K andk werederivedas31+ 2 dm® mol™*
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and2.8x 10° + 10 dm® mol~* s %, respectively.Using
thesevalues, the calculatedrate constants(ky) are in
reasonableagreementwith the experimental values
(Tables3 and4). The value of K obtainedkinetically is
in the neighbourhoo@f anearlierreported® valueanda
value obtainedconductometrically’

The negligibleeffectof ionic strengthmight be dueto
the presenceof neutral moleculesin the reaction.
However the effect of the dielectricconstanis not easy
to interpret. The positive value of the entropy of
activation suggestghat the transition stateis lessrigid
than the reactantsand no complexis involved in the
mechanisn{Scheme?).

Theenthalpyandfreeenergyof activationindicatethat
Os(VIII) is moreefficientthanRu(lll) asacatalystfor the
oxidationof acetaldehydey |0, . TheRu(lll)-catalyzed
reactionis slower probably owing to the inability of
Ru(lll) to act acrossa double bond. The Os(VIII)-
catalysedeaction however s reasonablyastin view of
the readines®f Os(VIII) to actacrossa doublebond.
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