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Oxidation of allyl alcohol by alkaline periodate in the
presence of micro amounts of palladium(ll)
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ABSTRACT: The oxidation of allyl alcohol by alkaline species of periodatg(®~, was found to be catalysed by
micro amounts of Pd(l1) in 0.2 mol dnf alkali solution. The active species of the catalyst was found to be'PdClI
mechanism involving the interaction of the catalyst and substrate in prior equilibria leading to the formation of a
complex is proposed and the rate is deriviedl998 John Wiley & Sons, Ltd.
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INTRODUCTION excess. A palladium(ll) stock solution was prepared by
dissolving a known weight of palladium(ll) chloride
Allyl alcohol finds a number of industrial applications in  (Fischer) in 0.20 mol dm® hydrochloric acid and
the preparation of resins, plasticizers, pharmaceuticalsstandardizeflagainst EDTA. For some kinetic runs in
and many organic compounds. Kinetic studies on the the absence of chloride, the chloride ion in the
oxidation of allyl alcohol with different oxidants such as palladium(ll) stock solution was precipitated with
potassium permanganate, chromic acid, vanadium(V)AgNOs; and removed by repeated centrifugation. The
and chloramine-T have been reporfedn alkaline resulting clear palladium(ll) solution contained less than
medium, periodate is known to exist as different species 1.0 x 10~° mol dm 3 CI~ and Ag". Such extremely low
involving multiple equilibri and it is necessary to know  concentrations of Cl and Ag™ were found to have no
the active form of the oxidant in the reaction system. significant effect on the reaction. The required chloride
Palladium(ll) is known to catalyse various reactidns. concentration between 0:510° and 1.5x 10~ mol
Most studies using palladium(ll) as a catalyst have dm 3 was maintained with NaCl. lodate solution was
employed it in the form of palladium(ll) chloridand the prepared by dissolving a known amount of potassium
nature of its active form in such reactions remains iodate (Rechem) in water. NaCJ@nd NaOH were used
obscure. Hence the effect of chloride on the reaction wasto maintain the required ionic strength and alkalinity,
studied in order to establish the active species of the respectively.
catalyst.

Kinetics
EXPERIMENTAL

Runs were followed under pseudo-first-order conditions
Reagent-grade chemicals and doubly distilled water wereat a constant temperature of 25:®.1°C. The reaction
used throughout. Stock solutions of periodate were was initiated by addition of an allyl alcohol solution
prepared by dissolving a known weight of KJQBDH) containing the required amounts of sodium hydroxide
and used after keeping for 24 h. The solution was and sodium perchlorate to the periodate solution which
standardized iodimetrically.Allyl alcohol was purified also contained palladium(ll) at the desired concentration.
by the standard procedure and its concentration in The reaction was followed by measuring the decrease in
aqueous solution was checlduly addition of an excess periodate concentration titrimetrically using sodium
of chloramine-T followed by iodometric estimation of the thiosulphat&. Such titrations were carried out at regular

intervals.

The reaction was generally followed over a period

*Correspondence toS. T. Nandibewoor, Department of Chemistry, Onger than three half-lives. The first-order rate constants
Karnatak University, Dharwad 580003, India. were obtained from the slope of log [}J versus time
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plots. The rate constantswere reproducibleto within
+5%. The effect of dissolvedoxygenon the rate of the
reactionwas checkedby preparingthe reactionmixture

and following the reactionin a nitrogen atmosphere.

Therewas no significantdifferencebetweenthe results
obtainedin the presencef nitrogenandin the presence
of air.

RESULTS
Stoichiometry

Different setsof reactionmixtures containingdifferent
amountsof reactantsat constantalkalinity and ionic
strengthwere allowed to reactfor about24h in closed
containers.When [10,7] > [AA], the remaining 10,
was assayedodometrically® whereasunderthe condi-
tion, [AA] >[I0, ], whenthelO,4 ™ hadfully reactedthe
unreactedallyl alcohol was estimated as mentioned
above. Under the condition [I047] > [AA], the total
oxidantwasdeterminedy iodometryand,afteraccount-
ing for the remaining oxidant concentration the con-
centrationof 105~ formed was derived. Acrolein was
found to be the main product, as evidencedby a spot
test®® and test for acrylic acid® was negative. The

results showeda ratio of consumptionof oxidant to
reductantof 1:1 [equation(1)].

CH, = CHCH,0H + 10; "% cH,

= CHCHO+ 103 + H,0 (1)

The concentrationof the catalyst, palladium (l1),
remainedunchangeat the endof thereaction,asfound
by estimatingit as the palladium azide complex’ at
315nm (¢ = 12000dm® mol~* cm™* + 10%)).

Reaction orders

As the periodateoxidation of allyl alcoholin alkaline
mediumproceededavith ameasurableatein theabsence
of palladium(ll), the catalysedreactionis understoodo
occurin parallel pathswith contributionsfrom both the
catalysedand uncatalysedpaths. Thus, the total rate
constant(ky) is equalto the sumof the rate constantof
the catalysed(kc) and uncatalysed(ky) reactions,so
ke = kt — ky. Hencetheorderof reactionwasfoundfrom
log—log plots of ke versusconcentration.The orderin
both[I0, ] and[Pd(Il)] wasfoundto beunity, whereast
waslessthanunity for substrateandalkali in theranges
given (Tablel).

Table 1. Effect of variations in [AA], [I074], [Pd(I)] and [OH™] on palladium(ll)-catalysed periodate oxidation of allyl alcohol in
aqueous alkaline medium at 25°C and ionic strength 0.6 mol dm—>

10%c (s
107AA] 10710 4] 10°[Pd(I1)] 10[0OH] 10%r 10°%ky
(moldm™3) (moldm™3)  (moldm™3)  (moldm3) (s (s Expt Calc?
2.0 4.0 6.8 2.0 14.6 3.37 1.1 11
4.0 4.0 6.8 2.0 28.5 6.47 2.2 2.1
6.0 4.0 6.8 2.0 41.7 9.50 3.2 3.3
10.0 4.0 6.8 2.0 66.2 15.0 5.1 53
15.0 4.0 6.8 2.0 93.4 21.0 7.2 7.8
20.0 4.0 6.8 2.0 117.3 26.2 9.1 10.2
30.0 4.0 6.8 2.0 157.9 28.9 12.9 13.5
40.0 4.0 6.8 2.0 195.6 31.6 16.4 16.9
4.0 1.0 6.8 2.0 28.47 6.47 2.2 2.1
4.0 2.0 6.8 2.0 28.50 6.40 2.2 2.1
4.0 3.0 6.8 2.0 28.46 6.46 2.2 2.1
4.0 4.0 6.8 2.0 29.50 6.48 2.3 2.1
4.0 6.0 6.8 2.0 28.67 6.47 2.2 2.1
4.0 10.0 6.8 2.0 28.97 6.47 2.2 2.1
4.0 4.0 0.35 2.0 7.97 6.47 0.2 0.1
4.0 4.0 0.70 2.0 9.47 6.47 0.3 0.2
4.0 4.0 1.00 2.0 10.47 6.47 0.4 0.3
4.0 4.0 5.00 2.0 22.80 6.47 1.6 1.6
4.0 4.0 6.9 2.0 28.47 6.47 2.2 2.1
4.0 4.0 10.0 2.0 39.47 6.47 3.3 3.2
4.0 4.0 6.8 0.5 10.18 2.38 0.8 0.7
4.0 4.0 6.8 1.0 18.12 4,12 14 1.3
4.0 4.0 6.8 15 23.70 5.40 1.8 1.8
4.0 4.0 6.8 2.0 28.47 6.47 2.2 2.1
4.0 4.0 6.8 3.0 36.10 8.10 2.8 2.7
4.0 4.0 6.8 5.0 45.30 10.00 3.5 3.4

@ Calculationof rate constantsvason the basisof ratelaw (12) andKs = 3.30dm® mol™2, K¢ =1.85dm® mol~* andk = 126 dm® mol~* s7%,
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Table 2. Effect of [CI7] on [Pd(Il)] species® and rate constant on palladium(ll)-catalysed periodate oxidation of allyl alcohol in

aqueous alkaline medium at 25°CP

10° [CI7] (mol dm™3) %o 10, 10, 10%5 1070, 10k (s71)
0.0 1.00 - - - - 5.5
0.5 0.95 4.8 0.07 0.01 0.001 9.2
1.0 0.91 9.1 0.28 0.05 0.012 12.8
5.0 0.64 31.7 4.90 4.30 5.150 29.3

10.0 0.43 43. 13.40 23.30 56.150 42.3

15.0 0.31 46.6 21.70 56.70 204.700 47.5

& 0, 01, Op, 03 andoc% arethefractionsof the total [Pd(I1)] of the speciesPd?”, PdCI", PdCh, PdCL~ andPdCl>~, respectively Error +3%.

P10, ]1=4.0x 10~

Effect of added chloride

Although, the stock solution of palladium(ll) contained
chloride, for this seriesof runsa palladium(ll) solution
which did not contain chloride was used. When the
chloride content of the reaction mixture containing
palladium(ll) was increased gradually, the rate of
reaction also increased,which is ascribableto the
formation of chloride complexesof palladium(ll). The
orderin CI™ concentrationunder such conditionswas
found to be lessthan unity (Table 2). Palladium(ll) is
known to form different chloride complexe&? of the
generaformulaPd(CI},* ™" with n havingvaluesfrom
1 to 4, asshownin the equilibria (2) — (5).

PE* +CI- = pdcH 2)
PdCI* + CI™ = PdCh 3)
PdCh + CI- = PdCl (4)
PdCK, + CI- = PdCE (5)

Thetotal palladium(ll) concentration[Pd(Il)]+, is the
sumof the different palladium(ll) speciesPdf™, PdCI",
PdChb, PdCk~ and PdCL?", the complexes having
cumulative equilibrium constant¥, fs, fs, f- and fg
having values of 1.0x 10%, 3.0x 10/, 5.4x 10° and
1.3x 10*, respectively, and the total palladium(ll)
concentratiorbeing calculatedusingthe equation

[PA(ID]r = [Pd(I]s (1 + Bs [CI7] + 6 [CI 7] +
Bz [CITT° + B [CI7]%) (6)

The approximateconcentration®f chloridespecieof
palladium(ll) were calculatedafter accountingfor the
competingequilibrial® The variationsof the concentra-
tions of suchspecieswith increasingchloride concentra-
tion are given in Table 2 along with the ratesof the
respectivecatalysedeactionsandit is foundthatthereis
a parallelismonly betweenratesand PdCI" concentra-
tions [written asPd(ll) in the mechanisnfor brevity].

Initial additionof theproductsJO;™ andacrolein,each
in the concentratiorange1.0x 103 —8.0x 103 mol
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. [AA] =4.0x 1072, [Pd(Il)] =5.2 x 10~°, [OH "] =0.2, mol dm ™2 andionic strengthl = 0.6 mol dm™3.

dm~3, did not affectthe rateof thereactionsignificantly.
The variationin the ionic strengthof the mediumled to
no substantialincreasein the rate of the reaction.The
effect of solventpolarity of the mediumwas studiedby
increasing the tert-butanol content in the reaction
medium,which showeda negligible changein the rate
of thereaction.

Test for free radicals

The intervention of free radicalsin the reaction was
examinedas follows. The reactionmixture to which a
known quantity of acrylamidehad beenaddedinitially

waskeptfor 24 hin aninertatmosphereOn diluting the
reaction mixture with methanola copious precipitate
resulted, suggesting the possibility of free radical
interventionin the reaction.

DISCUSSION

The activity of periodateas an oxidizing agentvaries
greatly as a function of pH and is capableof subtle
control.In acidic solution, it is oneof the mostpowerful

oxidizing agentknown,whereasn alkalinesolutionit is

slighly lessso.However,in anaqueouslkalinemedium
and in the pH range employedin the presentstudy,

periodatecannotexist as H4lOg~ becausejn aqueous
solution,periodatas involvedin thefollowing equilibria,

dependingon the pH of the solution:

HglOg = H4lOg™ + HT )
HalOg~ = H3lOg® + HT (8)
HslOg2™ = H,lOg™ + HT 9)

The speciesH,I0g ™ existsnearpH 7.0. Hence,under
the alkaline conditionsemployedin the presentsystem,
the main specieswould be expectedto be trihydrogen-
paraperiodateH3lO6%~, and dihydrogenparaperiodate,
H,I0g>~. At higher concentrationsperiodatecan also
undergodimerization. The observedfractional orderin
alkali concentrationmay be understoodin terms of
H,lOs>~ asthe mainspeciesn alkalinemediumwith the
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Figure 1. Spectra of (solid line) Pd(ll) in alkali and (dashed
line) PA(Il) + allyl alcohol in alkali

following equilibrium,whichis alsosupportedy earlier
work:**

K
H3lOZ~ + OH™ = HalO% + H,0 (10)

The periodateoxidation of allyl alcohol in aqueous
alkaline mediumproceedswith a measurableatein the
absenceof the catalyst, palladium (Il). Hence,in the
presenc®f catalystthereactionis understoodo occurin
parallel pathswith contributionsfrom the uncatalysed
andcatalysedpaths.

The experimentalresults observedare well accom-
modatedby the ratelaw.

ratecat= Ira-taotal - ra-temcat
_ kKsKg[AA]+[10; |;[Pd1)]:[OH ];
1+ Ks[OH~] + Kg[AA] 4+ KsKg[AA][OH]

Where the right-hand side representsthe catalysed
path. Ratga, rate.s; andrate,co are the total reaction
ratecontributedfrom boththe catalysecanduncatalysed
reactions, catalysed reaction only and uncatalysed
reactiononly, respectivelyIn termsof rate constants,

(11)

rate
[10,]

=Kkec =Kkr —ky

- KKsKg[AA][10; ]+ [Pdl)]+[OH ]+
1+ Ks[OH~] + Kg[AA] + KsK6[AA][OH]

The results suggestcomplex formation betweenthe
catalystandsubstrateyhich in turn reactswith alkaline
speciesof the oxidant in the rate-determiningstage
followed by onemorefaststepto yield the productsThe

(12
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main active specieof oxidantwasfoundto be H,l06>".

Evidencefor complexformation was obtainedfrom the
absorptionspectraof both palladium(ll) and the palla-
dium(ll)—allyl alcohol complex, which indicate a first
downwardshift of aboutl0 nmdueto the participationof
d-electrons of palladium(ll) speciesin bonding and
anotherpeakdueto a = — n transition of the ligand,
marked by a shift of wavelengthfrom about 227 to
264nm (Figure 1) which clearly supports complex
formation. Furthermore,a plot of 1/kc versus1/[AA]

givesa straightline with a non-zerointerceptsupporting
the formation of a palladium(ll)—allyl alcohol complex.
Bondcleavagdakesplaceat C-1. The experimentalate
law indicatesa mechanisnmasshownin Schemel.

2 — Ks 3-
H3lOZ~ + OH™ = Hal0% + H,0
K
Pd(ll) + CH, = CHCH,OH = compleXC)

ComplexC) + Hal0% —
slow
CH, = CHCHOH + HolO4~ + Pd(Il) + H*

CH, = CHCHOH + H,IOf~ + OH™ —

CH, = CHCHO+ H,108~ + H,0

Schemel

Scheme 1 also involves the intervention of free
radicals, which is supportedby the polymerization of
acrylamide induced when it is addedto the reaction
system.Thus,Schemel leadsto the ratelaw (12) which
explainsall the observedordersand can be verified by
rearrangemerto the form

[PAll)]
kc

1 1 1 1 13
KKoKo[AATION ] | KKeAA] T kikelor ] Tk (19
Theproposedatelaw (12) maybethus,verifiedby the
linear plots of Pd(Il)/kc versus1/[OH™] and Pd(ll)/kc
versusl/[AA] at a constantconcentratiorof palladium
(1) (Figure 2). From the slopesand interceptsof these
plots, Ks, the equilibrium constantfor the formation of
alkalinespecie®f theoxidant,Kg, theformationconstant
of the complexbetweerthe catalystandsubstrateandk,
therateconstanof therate-limiting stage werefoundto
be 3.304 0.1 dm® mol~*, 1.85+ 0.02 dm® mol* and
126+ 2 dm®mol~* s 7%, respectivelyUsingthesevalues,
the ratesunderdifferent conditionswere evaluatedand
were found to be in good agreementwith the experi-
mentaldata(Tablel). Thevalueof K5 obtaineds similar
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Figure 2. Verification of rate law (12). Conditions as in Table
1

to that of the uncatalysedeactionsincethe samepre-
equilibriumis involved in the two reactionschemes.

The increase in rate with increase in chloride
concentrationmay be understoodas being due to the
palladium (1) complex,[PdCI"], as statedearlier. This
specief palladium(ll) in the presencef chloride has
also beenobservedearlier’® The complexbetweenthe
activeform of thecatalyst,PdCI", andthe substrateallyl
alcohol,is a type of n-complex® which may be of the
form.

The negligibly small effects of ionic strengthand
polarity on the reactionare presumablydue to the fact
that the reactionis betweena neutral and a charged
speciegSchemel).

Effect of temperature

The rateconstantsk, of the slow stepin Schemel were
obtainedfrom the slopesandinterceptsof the of Pd(Il)]/

0 1998JohnWiley & Sons,Ltd.

Table 3. Effect of temperature on Pd(ll)-catalysed and
uncatalysed periodate oxidation of allyl alcohol®

Parameter Catalysedeaction Uncatalysedeaction
AH* (kJmol™) 46.5+ 2.0 =57.5+2.0
AS (UK tmol™  —47.0+3.0 =—110.0+3.0

2 [10,7]1=4.0x 103 [AA] =4.0x 1072 [OH]=0.2, [Pd(Il)] =
6.8 x 10~° mol dm~2 andionic strength0.6 mol dm~3. Temperature:
25,30, 35 and45°C. Error + 4%.

ke versusl/[AA] andversusl/[OHT] at four different
temperatureandleast-squareanalysisof the dataled to

the activation parametersgiven in Table 3. The
differencein the activationparametergor the catalysed
anduncatalysedeactiongTable3) explainsthe catalytic
effectonthereaction ThecatalystPd(ll), altersthepath
of the reactionby lowering the energybarrier,thatis, it

provides an alternative pathway with lower activation
parameter$or thereactioninvolving the formationof an

intermediate complex (n-complex), as proposed in

Schemel.
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