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by Os(VIII), Ru(Ill) & Os(VIII) + Ru(Ill) Mixture
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The kinetics of oxidation of cyclic ketones by periodate in the presence of Ru(111), Os(VIII) and Ru{lil) + Os(VIII) mixture

ave been studied in alkaline medium under identical conditions. The catalytic efficiency is in the order:Rw(III) < Os(VIII) <
u(IIl) + Os(VIII). The product of oxidation in all the cases is dicarboxylic acid. The stoichiometry is the same in all the three
talysed reactions, i.e. [10;7]: [cyclic ketone] = 3:1. Probable mechanisms have been proposed and discussed.

In some recent publications from our laboratory, it
was shown that a mixture of two metal ions such
Os(VIID) + Ru(III) functions as an efficient catalyst in
the oxidation of organic substrate by different
oxidants' —>. The Os(VIll)-catalysed oxidation of
cyclid ketones by periodate in alkaline medium has
already been reported®. We have observed that Ru(I1T)
also catalyses the above reaction. A comparative study
of Og(VIII), Ru(iIl) and Os(VIID) + Ru(iIl) catalysed
oxidations of cyclic ketones by periodate has now been
undertaken in alkaline medium in order to interpret
the mechanisms.

Materials and Methods

Alicyclic ketones, viz cyclopentanone, cyclohe-
xanope and cycloheptanone (all AR reagents) were
distilled just before wuse. An aqueous solution
contdining cyclic ketone and requisite amounts of base
and metal ion (s) were thermostated at the desired
temperature. To this was added a known con-

centration of preequilibrated periodate solution and
the progress of the reaction followed by estimating
unreacted periodate iodometrically at regular time
intervals.

Results and Discussion
Os(VIID-catalysed oxidation

Under the conditions [10,] < [cyclic ketone] the
order in [10,7], [Os(VII])], [ketone] were zero, one
and one respectively. Increase in [OH ~] increased the
rate of reaction (Table 1).

Dicarboxylic acid was the product of oxidation, the
stoichiometry being [10,]: {cyclic ketone] = 3:1. The
enol, which is the most likely species in alkaline
medium is assumed to undergo hydroxylation by OsO,
(ref. 7). The formation of ester type complex between
Os(VIII) and enolate ion is shown to be the rate-
controlling step. The rate law derived for the
disappearance of periodate is given by Eq. (1).

i V . -
Tablé 1—Effect of Varying [OH ~] in Metal Ion(s) Catalysed Oxidation of Cyclohexanone by Periodate in Basic Medium
[IO[j = 1.00 x 103 mol dm 3 {cyclohexanone] = 1.00 x 10 ~2 mol dm ~% {O(VIID]* = 1.56 x 10 ~° mol dm ~3 [Ru(IID]* = 2.29 x

10 ¢ mol dm ~3; Temp = 303°K
A® c
[OH -] x 10° ko x 10° [OH -] x 10 ko x 10° [OH -] x 10° ko x 10°
(mol dm ~3) (mol dm ~3 min ) (mol dm ~3) (mol dm ~* min 1) {mol dm %) (mol dm ~3 min ')
1.10 2.00 1.30 3.0 1.10 6.50
2.20 6.50 2.20 10.5 2.20 20.0
3.30 12.5 3.10 18.5 3.30 28.0
4.40 18.5 4.00 25.5 4.40 39.0
5.50 23.5 490 30.0 5.50 51.0
11.0 25.5 5.50 320 10 60.0
22.0 27.0 11.0 36.2 220 [(RI)
44.0 29.0 22.0 390 440 o4.0
440 40.1 55.0 65.5
(A) Ru(iID), (B) Os(VI1]) and (O) Ru(I1l) + Os(VIII) catalysed oxidations; c =a +b
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-d[10,] ek - kK, [ketone] [os{viIN] [OH ]

dt °,

1 + K, [ketone ] + K, [OH']

Since the enolisation constant® (K,) is known to be of
the order of 10 3, the term K, [ketone] + K,[OH ~]is
probably very much less compared to one and hence
neglected. The resulting rate law satisfactorily explains
all the observed kinetic results.

Ru(I1)-catalysed oxidation

In Ru(IID-catalysed oxidation also the order in
[10;] and [Ru(III)] were found to be zero and one
respectively as in Os(VII)-catalysed reaction.
However, the order in [substrate] was fractional. The
rate increased with increasing [OH ~] (Table 1). The
product of oxidation was dicarboxylic acid and the
stoichiometry was found to be [10,]: [cyclic ketone]
= 31,

Keeping these points in view the mechanism taking
cyclohexanone as a typical example is shown in
Scheme 1.

. o o
*  ky + .
+ Ru{m) —S—» + Ruln) + H__..(ii)
H slow ®

o -
2104, H,0 coo
472 + 2103 oo tiii)
(] fast co0
20T+ Rol) + 10, —12% s Rutu) + IG5 + H0 ... (iv)
SCHEME 1

Increase in rate with increase in [OH ~] indicates that
both the hydroxylated species of Ru(IIl)’ and the
enolate ion of the cyclic ketone are the reactive species
in the reaction (step-i of Scheme 1). Since [OH ] >
[Ruw({ID] it is assumed that all RW(III) is present as
hydroxylated species (shown as Ru(lID* for
simplicity). The slow step (k, step) involves interaction
of hydroxylated species of Ru(III) with the enolate ion
resulting in the formation of Ru(I) and an intermediate
(I) probably a carbonium ion. Formation of
intermediate could be via a hydride ion transfer to
Ru(III), since the latter is known to be a good hydride

ion abstractor>-1°, However, in view of the very low
concentration of Ru(II) used, no kinetic evidence
could be obtained for the formation of Ru(l). The
intermediate carbonium ion is assumed to undergo
oxidation by periodate to yield the final product, viz.
adipic acid. The catalyst Rw(III) is regenerated in a
subsequent step.

The rate law derived for the above mechanism is
given by (Eq. 2) :

-4[10;] kK, [cycticketone J [OW ] [Rul111)]
Frie | +K, {Lcycticketone I + [oH 1}

This rate law satisfactorily explains all the observed
kinetic features.

Oxidation catalysed by OVIIl) + Ru(IIl) mixture
In this system also the order in [periodate] was zero
excluding the possibility of Ru(V) formation. In
cyclohexanone oxidation the order in [Os(VIID)],
[Ru(lID] and [cyclohexanone] were 0.41, 0.40 and
0.69 respectively (Table 2). A similar fractional order
dependence was observed in_cyclopentanone oxid-

Table 2—Effect of Varying [Ketone] in Metal Ion(s)
Catalysed Oxidation of Cyclic Ketones by Periodate

{(I0;] = 1.00 x 10~ mol dm % [KOH] = 220 x 10~* mol

dm =3 [RuIID]* = 2.29 x 10~ mol dm ~%; [OS(VHID]® = 1.56 x

10 mol dm ~%{{Ru(IID]} = 2.29 x 10 ~*mol dm ~> + [O(VIID]
= 1.56 x 10~ mol dm—*}*; temp. = 303 K .

[Ketone] x 102 ko x 10%mol dm ~ min ) catalysed by
mol dm 3
Ru(Ill)* Os(VIID®  Ru(I)+Os(VIID®
Cyclopentanone
1.00 425 6.00 18.5
2.00 7.50 10.5 335
3.00 10.0 17.0 415
4.00 12.5 20 50.0
5.00 15.5 29.5 56.8
Cyclohexanone
1.00 6.50 10.2 333
2.00 11.0 204 55.0
3.00 12.5 30.0 76.0
4.00 18.0 41.1 98.0
5.00 250 50.9 10870
Cycloheptanone
1.00 1.25 2.00 4.50
2.00 3.05 440 9.00
. 3.00 3.75 6.30 12.7
4.00 440 8.00 17.0
5.00 5.00 10.2 21.0
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ation, However in cycloheptanone oxidation the order
in [Os(VII)] and [Rw(IID)] were 0.65 and 0.45
respectively while the order in [cycloheptanone] was
one. The rate increased with increase in [OH ~] and
reached limiting values at higher concentrations of
[OH|] (Table I). The product of oxidation and
stoichiometry were similar to Os(VIII) or Ru(IIl)
catalysed oxidations.

The probable mechanism shown in Scheme 2 for
cyclohexanone oxidation envisages the formation of
an initial complex between Os(VIII) and enolate ion of
cyclohexanone, followed by interaction with Ru(III) to
give a reactive intermediate which finally rearranges in
a slow step to give the products.

In alkaline solutions OsO, is known to exist'''!2 as
[0sO,J(OH);] —. Since the rate of oxidation increased
with increase in [OH ~] it is quite reasonable to assume
the equilibrium

- - 2«
| [Os03t0H15] + OH T [0504(0H),]" + Hx0 ... (3)

attack by Os(VIII). Also the removal of a hydride ion
from an anion is reperted to be more facile according
to Farkas et al.' in their work on the oxidation of
alcohols by bromine. The fractional order dependence
of rate on [substrate], [Os(VII)] and [ Ru(III)] shows
that all these are invoived in complex formation before
the rate-determining step.

The formation of complex (I) between the enolate
ion oflketone and OsO} is envisaged as the initial step.
This complex (I) in the presence of Ru(I1I)* could form
another reactive intermediate (II) (step-ii, of Scheme 2)
which|is then assumed to rearrange in a slow step (iii)
via hydride ion abstraction by Ru(III) resulting in the
formation of Ru(l) and intermediate (III). The
subsequent fast steps involve the formation of
dicarboxylic acid and OsO, in the presence of two mol
of periodate and water. Ru(fIl) is formed by the
interaction of another periodate with Ru(l) thus
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Scheme 2

accounting for the stoichiometry of 3 mol of periodate
for every mol of ketone reacting.
The rate law based on Scheme 2 is given by Eq. (4)

-d(10,]

k3K, KoKy[cyclicketone ] [OH™] [ostviIn] (Ru(1ID]
ot [itks(Rutn I} (14k,[0H 1} + K, [cyclicketone]
{1tieloH ] + kg [ostviinll ... (@)

The rate law (4) satisfactorily explains the observed
kinetic results. In the case of cycloheptanone, however,
it is possible that K, [cyclic ketone] < 1 so that the
order in [cycloheptanone] is one.

The order of reactivity of the catalysts is Ru(II) <
Os(VIII) < Os(VIID) + Ru(IIl) (Table 3). The Ru(IID)-
catalysed reaction is the slowest probably due to the
inability of Ru(III) to act across a double bond. The
abstraction of a hydride ion by Ru(IIl), also appears
difficult in the presence of a double bond. Os(VIID-
catalysed reaction is, however, reasonably fast in view
of the readiness of Os(VIII) to act across a double
bond. Formation of this type of complex is probably
responsible for the increase in hydride ion abstracting
ability of Ru(III) when Os(VIII) and Ru(IIl) are taken
together. This is considered to be responsible for the
highest catalytic activity of Os(VIII) + Ru(Ill)
mixture. .

The reactivity order of cyclic ketones in all the three
catalysed reactions is:icyclohexanone > cyclopen-
tanone > cycloheptanone (Table 2). This trend has
been observed during the oxidation of these ketones by
phenyl iodosoacetate!*, BrO; (ref. 15) and hexa-
cyanoferrate (II)! . The higher enolisation constarit of
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Table 3-—Effect of Varying [Catalyst] in Metal fon(s) Catalysed Oxidation of Cyclic Ketones by Periodate in Basic Medium
[104] = 1.00 x 10 > moldm ~3; [cyclicketone] = 1.00 x 10 ~2mol dm?; [Os(VIID]* = 1. 5 x 10~ moldm % [Ru(II]® = 2.29 x 10~¢ ~

mol dm ~* [KOH] =

2.20 x 10 ~* mol dm ~3 Temp. = 303 K

A B C
[Rw(III) x 10¢ kox 10°,  [Os(VIID] x 10° ko x 10°® [Ru(IID] x 10°® ko x 10° {Os(VIID] x 107 ko x 10°
(mol dm %) (mol dm 3 (mol. dm ~3) (mol dm 3 (mol. dm ~* (mol. dm 3 (mol. dm %) (mol. dm 3
min ') min ~!) at constant min ') .(at constant min ')
[Os(VIID]®) [Ru(1IDI®
Cyclopentanone
2.29 2,75 1.56 6.00 1.14 13.0 7.80 12.5
4.58 5.00 3.14 10.5 2.29 16.0 “15.6 18.5
8.02 9.50 4.70 17.0 342 21.0 224 210
10.3 12.5 6.28 21.0 5.73 27.5 3.2 24.5
11.5 13.8 7.80 25.0 8.02 31.0 39.2 315
Cyclohexanone
1.14 3.70 0.780 5.50 1.14 15.0 3.90 12.0
2.29 7.50 1.56 10.1 3.42 21.0 7.80 15.0
4.58 12.2 2.34 14.7 5.73 30.0 15.6 o210
5.73 185 312 21.0 8.02 35.0 224 240
9.17 28.1 3.92 24.5 11.5 39.0 39.2 330!
Cycloheptanone o
2.29 0.35 1.56 1.00 2.29 4.60 15.6 2.40
4.58 0.75 2.24 1.50 3.42 5.50 224 3.25
8.02 1.75 3.90 2.70 5.73 6.50 39.2 4.70
11.5 2.50 5.46 3.75 8.02 7.50 59.6 6.25
16.0 3.05 8.58 6.00 1.5 8.75 85.8 8.00

(A) Ru(IlI)-catalysed oxidation; (B) Os(VIII)-catalysed oxidation; (C) RwIII) + Os(VIII) catalysed oxidation

cyclohexanone, is probably the most important factor
contributing towards greater reactivity of this ketone
compared to the other two ketones. In step (i) (Scheme
2) there is a change in the hybridization in the ketone
from sp? to sp? at the site of attack. The conversion
from sp? into sp® is most favoured when it is a six-
membered ring and least favoured when it is seven-
membered ring'’. This trend can be seen in the rate
data reported in Table 2.
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