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Oxidation of ketones by ceric perchlorate catalysed by iridium(III)
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Abstract

In search of economical and effective catalysts it was found that IrCl3, a sluggish catalyst in alkaline media, surpasses catalytic efficiency
of osmium and ruthenium in aqueous perchloric acid medium in the oxidation of aliphatic ketones by ceric perchlorate. Rate decreases in
the beginning at low acid concentrations, reaches to a minimum and then becomes proportional to [HClO4], probably due to conversion
of hydrolysed to unhydrolysed species of ceric perchlorate, which then accelerates the rate. Reduction of oxidant by water depends on the
concentrations of acid and [cerium(IV)] initially used. Orders are one with catalyst, one initially with respect to oxidant and ketones tending
to become zeroth order at higher concentrations. No effect of change ofµ on the rate was observed. Thermodynamic data suggest that diethyl
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etone (DET) forms the activated complex more easily compared to dimethyl ketone (DMT).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Homogeneous catalysis by iridium(III) chloride in the ox-
dation of organic compounds has not been given attention
ue to sluggish catalytic behaviour of iridium compounds in
lkaline medium. Interestingly it was observed by us that the
verage concentration of iridium(III) chloride (10−7 M), re-
uired to catalyse the oxidation of similar ketones, is at least
undred times less compared to the concentration of ruthe-
ium(III) chloride with cerium(IV) sulphate[1] and osmium

etroxide with alkaline hexacyanoferrate(III)[2]. Formation
f hazardous osmates restricts the use of osmium as homoge-
eous catalyst to the alkaline medium only while, ruthenium
ompounds get advantage as they can be used in acidic as
ell as in alkaline medium both. Main difference between

he two lies in the fact that osmium adds to the double bond
hile ruthenium compounds are reported to break the dou-
le bond[3]. Homogeneous catalysis by iridium(III) chlo-
ide, belonging to the same group of periodic table, has been
iven little attention due to its sluggish catalytic activity in

alkaline medium[4]. It may be mentioned here that cataly
activities of ruthenium(VIII) in acidic medium[5] and the
mechanistic steps involved in iridium(III) chloride cataly
in alkaline medium[4] were reported for the first time fro
our laboratory. Here we report the oxidation of dimethyl
tone and diethyl ketone by cerium(IV) perchlorate in aque
perchloric acid medium catalysed by iridium(III) chloride

2. Experimental

Sodium perchlorate, cerium(IV) sulphate (Loba Che
Indaustranal Co.), sulphuric acid, ferrous ammon
sulphate, ferroin, dimethyl ketone(DMT) (E. Merck) a
diethyl ketone (DET) (Baker Analysed) were used as s
without further purification and their solutions were p
pared by directly dissolving the weighed sample in dou
distilled water. Solution of sodium hexachloroiridate(
(Johonson Matthay and Co.) was prepared by dissolvin
sample in the minimum amount of hydrochloric acid (A.R
the final strengths of acid and catalyst were 0.00624
∗ Corresponding author. Tel.: +91 532 2607435; fax: +91 532 2545021.
E-mail address:pktandon123@rediffmail.com (P.K. Tandon).

3.35× 10−3 M, respectively. The strength of cerium(IV)
sulphate, prepared by dissolving the sample in 1:1 sulphuric
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acid, was determined by titrating it against a standard solution
of ferrous ammonium sulphate, using ferroin as an internal
indicator. Solution of ceric perchlorate was prepared by pre-
cipitating the ceric hydroxide[6] from the prepared solution
of ceric ammonium nitrate with dilute solution of ammonium
hydroxide. The gelatinous precipitate thus, obtained was
washed several times with distilled water till the complete
removal of sulphate ions and after drying the precipitate, it
was re-dissolved in perchloric acid. All other chemicals used
were either Analar or chemically pure substances. Progress of
the reaction was measured (at constant temperature±0.1◦C)
at different intervals of time by transferring the alliquot to
a fixed amount of ferrous ammonium sulphate solution (in
slight excess to cerium(IV) perchlorate initially taken) and
titrating the remaining ferrous ammonium sulphate, with a
standard cerium(IV) sulphate solution using ferroin as an
internal indicator. In this way the titre values directly corre-
spond to the amount of cerium(IV) perchlorate consumed in
the reaction mixture. In all kinetic runs ketone was present
in excess.

2.1. Determination of kinetic orders and stoichiometry

Iridium(III) chloride catalysed oxidation of dimethyl ke-
tone and diethyl ketone by cerium(IV) perchlorate in aqueous
perchloric acid was studied under the conditions and range
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r in-
d ation
o ant
v ime
w itial
c e
fi par-
t be
o ed by
t er
r r set)
a
r ich
r ults.
O d by
p t-
t t, by
c een
r nt for
m ures
c ngth
o ions
d keep
t
w on of
s

ng
c the
o lete

oxidation of the organic substrate was ensured. Total amount
of cerium(IV) perchlorate consumed by 1 mole of organic
substrate for its complete oxidation was determined. The
final products, identified with the help of TLC and the spot
test methods[7], were found to be the corresponding acids
in both the cases. The stoichiometry of the reaction may be
given according to the following equation

RCO + CeIV + H2O → RCOOH + CeIII + H+ (1)

where R = (CH3)2 and (C2H5)2 for DMT and DET,
respectively.

3. Results

Sample individual time plots between log(a− x) versus
time for the lowest and highest concentrations of [Ce(ClO4)4]
for two ketones show parallel straight lines (Fig. 1). InTable 1
the rate constant values obtained by two methods (kgraphical
andkcalculated) show constancy in the beginning, but the rate
values in both cases start decreasing gradually with increas-
ing [oxidant]. Trend in−dc/dt values shows that the values
increase proportionately with increasing [oxidant] in the
beginning but the increase is not prominent at higher concen-
trations. All these factors indicate that the reaction follows
fi s to
b mes
c

F
[HClO4] = 0.75 M, (A) [DMT] = 4.0× 10-3 M, [IrCl 3] = 5.0× 10-7 M.
[Ce(ClO4)4] = A – 2.0; B – 12.0 (×10−4 M). (B) [DET] = 1.0× 10-3 M,
[IrCl3] = 2.0× 10-7 M, [Ce(ClO4)4] = C – 3.50; D – 20.0 (×10−4 M).
n which the uncatalysed reaction was negligible. Rat
eaction (−dc/dt) was obtained from the initial slopes of
ividual graphs plotted between the residual concentr
f cerium(IV) at various time intervals. In case of oxid
ariation rate values were calculated at a fixed initial t
hile in all other cases they were calculated at a fixed in
oncentration. The rate values (−dc/dt) thus obtained wer
nally plotted against the changing concentrations of the
icular reactant for which order of the reaction was to
btained. Close resemblance in the rate values obtain

wo methods, i.e.kcalculated(by using integrated first ord
ate equation and taking average of values in a particula
ndkgraphical(by dividing−dc/dt values with (a− x), i.e. the
esidual concentration of cerium(IV) at the point at wh
ates were calculated), confirms authenticity of the res
rders, with respect to various reactants were confirme
lotting log(a− x) versus time (oxidant variation), by plo

ing −dc/dt values versus concentration of the reactan
alculating slope of the double logarithmic graphs betw
ate versus concentration and by calculating rate consta
olar concentrations (catalyst variation). Tables and fig

ontain initial concentrations of the reactants. Ionic stre
f the medium could not be kept constant in all the variat
ue to large volumes of sodium perchlorate required to

he ionic strength constant. However, effect ofµ on the rate
as studied separately with the help of a standard soluti
odium perchlorate.
Stoichiometryof the reaction was studied by taki

erium(IV) perchlorate in large excess compared to
rganic substrate in different ratios, and thus comp
rst order kinetics at low concentrations, which tend
ecome zeroth order at higher [oxidant]. This trend beco
learer on plotting−dc/dt values versus [Ce(ClO4)4] where

ig. 1. Sample individual time plots for consumption of CeIV at 25◦C:
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Table 1
Variation of [cerium(IV)] and [ketones] on the reaction rate at 25◦C

[CeIV ]# ×
104 M min−1

−dc/dt×
106 M min−1

kgr. ×
102 M min−1

kcal.×
102 M min−1

[Ketone]* ×
103

−dc/dt ×
106 M min−1

kgr. ×
102 min−1

kcal. ×
102 min−1

A B A B� A B A B A B A B

2.0 2.22 – 1.27 – 1.22 – 0.50 – 0.90 – 0.26 – 0.29
3.0 2.92 – 1.08 – 1.00 – 0.75 – 1.20 – 0.34 – 0.39
3.5 3.46 1.72 1.08 5.0 1.03 6.60 2.00 2.19 3.00 0.62 0.86 0.72 0.86
4.0 3.85 1.90 1.07 5.0 1.10 6.00 3.00 3.13 4.16 0.89 1.19 0.98 1.27
4.5 4.50 2.08 1.10 5.1 1.15 5.49 4.00 3.85 5.83 1.10 1.67 1.11 1.70
5.0 5.00 2.16 1.10 4.5 1.15 4.39 5.00 4.23 7.14 1.20 2.04 1.12 2.09
5.5 – 2.27 – 4.3 – 4.40 5.50 4.33 – 1.24 – 1.19 –
7.0 5.00 – 0.81 – 0.88 – 6.00 4.64 8.33 1.33 2.38 1.22 2.40
7.5 – 2.64 – 3.9 – 3.33 7.00 5.00 10.00 1.43 2.86 1.43 2.60
9.0 5.00 2.70 0.59 3.0 0.60 2.49 8.00 5.00 – 1.43 – 1.31 –

10.0 – 2.70 – 2.7 – 2.20 9.00 5.36 12.50 1.53 3.57 1.40 3.58
11.0 5.25 2.67 0.50 2.5 0.53 2.27 10.00 5.36 12.80 1.53 3.66 1.54 3.84
12.0 5.00 2.67 0.45 2.3 0.43 2.00 11.00 5.45 – 1.56 – 1.56 –
12.5 – 2.75 – 2.2 – 1.67 12.00 5.45 – 1.56 – 1.64 –
15.0 – 2.69 – 2.0 – 1.50 – – – – – – –
20.0 – 2.67 – 1.3 – 1.10 – – – – – – –

[Ce(ClO4)4] = 4.0× 10−4 M (for * ), [HClO4] = 0.75 M, (A) [DMT] = 4.0× 10−3 M (for #), [IrCl3] = 5.0× 10−7 M (for * and#). (B) [DET] = 1.0× 10−3 M,
[IrCl3] = 2.0× 10−7 M, (for * and#), for B�: kgr = 10−3 min−1.

straight line passing through the origin tends to become par-
allel to thex-axis at higher concentrations (Fig. 2). Order of
the reaction shows first order kinetics at low concentrations
of organic substrates, which tends to become zeroth order
at their higher concentrations. This trend becomes clear
on plotting −dc/dt values versus [ketone] where straight
line passing through the origin tends to become parallel
to thex-axis at higher concentrations of organic substrates
(Fig. 3). In Table 1, it is seen that−dc/dt values increase
proportionately with increasing concentrations of organic
substrates in the beginning but at higher concentrations

F
A

the increase is not so prominent.kgr and kcalc values in
Table 1for organic substrate variation are constant only at
low concentrations of organic substrates, while at higher
concentrations a increasing trend is obtained in both these
values. Proportionate increase in−dc/dt, kgr andkcalc values
for more than ten-fold variation in catalyst concentration
and fair constancy inkmolar values obtained for molar con-
centration of the catalyst{(kmolar=kgr/[IrCl3]) = 2.43± 0.14
and 2.83± 0.16 for dimethyl ketone and diethyl ketone,
respectively} indicate that the reaction follows first order
kinetics with respect to iridium(III) chloride concentrations
(Table 2). On plotting double logarithmic graphs between
logkgr and log[IrCl3] straight lines with slope values 0.926
and 1.06 were obtained (Fig. 4), which further confirm

F 0
(
B

ig. 2. Effect of variation of cerium(IV) concentrations on the rate at 30◦C.
and B indicate same things as inFig. 1except for [Ce(ClO4)4].
ig. 3. Effect of variation of [organic substrate] on the reaction rate at 3◦C.
A and B) [Ce(ClO4)4] = 4.0× 10−4 M, [HClO4] = 0.75 M, [IrCl3] = A – 5.0,

– 2.0 (×10−7 M).
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Table 2
Variation of [iridium(III)] and [H+] on the reaction rate at 25◦C

[IrCl3] × 107 M kgr × 102 min−1 kcal × 102 min−1 [HclO4] M kgr × 102 min−1 kcal × 102 min−1

A B A B A B A B

1.0 – 0.32 – 0.34 0.50 1.56 0.71 1.53 0.69
2.0 – 0.59 0.40 0.58 0.60 1.43 0.58 1.49 0.59
3.0 0.71 0.82 0.58 0.86 0.75 1.10 0.55 1.09 0.57
4.0 0.91 1.13 0.72 1.07 1.00 0.98 0.59 0.92 0.69
5.0 1.10 1.43 1.11 1.42 1.50 0.91 0.66 0.96 0.64
6.0 1.43 1.62 1.49 1.59 2.00 1.05 0.82 0.93 0.73
7.0 – 1.96 – 1.99 2.50 1.16 1.18 1.18
8.0 2.04 – 2.02 – 3.00 1.42 1.08
9.0 2.32 2.37 2.31 2.45 3.50 1.71 1.43 1.28 0.99

10.0 2.50 2.77 2.50 2.84 4.00 1.84 1.59 1.88 1.11
11.0 2.86 3.08 2.88 3.05 4.50 1.79 1.14
12.0 3.07 – 3.18 – 5.00 2.00 1.14

(A) [Ce(ClO4)4] = 4.0× 10−4 M, [DMT] = 4.0 × 10−3 M, [IrCl 3] = 5.0× 10−7 M, [HClO4] = 0.75 M. (B) [Ce(ClO4)4] = 4.0× 10−4 M, [DET] = 1.0× 10−3 M,
[IrCl3] = 2.0× 10−7 M, [HClO4] = 0.75 M.

direct proportionality of the reaction velocity with respect to
[IrCl3]. Table 2indicates a peculiar nature in case of perchlo-
ric acid variation where it is seen that−dc/dt, kgr andkcalc
values decrease in the beginning but after coming to a min-
imum the rate values start increasing with increasing [H+].
This nature becomes clear fromFig. 5 where a dip in the
graph is obtained in the beginning. Large volumes of sodium
perchlorate required to maintain ionic strength of the medium
constant restricted the study to be conducted at constant ionic
strength of the medium. However, effect of change of ‘µ’
on the reaction rate was studied separately. Change in ionic
strength of the medium with the help of a standard solution
of sodium perchlorate does not affect the reaction velocity
and the rate values (−dc/dt) remain constant at 6.06± 0.11
and 7.62± 0.17 for dimethyl ketone and diethyl ketone, re-
spectively.

F
[
[

Fig. 5. Effect of variation of [H+] on the rate at 25◦C. (A)
[Ce(ClO4)4] = 4.0× 10−4 M, [IrCl 3] = 5.0× 10−7 M, [DMT] = 4.0 × 10−3

M; (B) [Ce(ClO4)4] = 4.0× 10−4 M, [IrCl 3] = 2.0× 10−7 M, [DET] = 1.0
× 10−3 M.

4. Discussion

Perchloric acid is a strong oxidant but below 50% concen-
tration and temperatures up to 50–60◦C, there is no release
of oxygen, thus, it will not act as oxidant under the conditions
in which the study was performed. Cerium(IV) in perchlo-
ric acid exists[8] in hydrolysed and unhydrolysed forms as
according to the following equilibrium:

Ce4+ + H2O
K1�Ce(OH)3+ + H+

Ce(OH)3+ + H2O
K2�Ce(OH)2

2+ + H+

Predominant species of cerium perchlorate in aqueous
perchloric acid medium is monomeric[9]. Increasing the
concentration of H+ ions from 0.1 to 4.0 M, concentration
of unhydrolysed species increases continuously while the
concentration of hydrolysed species first increases and then
ig. 4. Effect of variation of [catalyst] on the rate at 30◦C.
Ce(ClO4)4] = 4.0× 10−4 M, [HClO4] = 0.75 M, A – [DMT] = 4.0, B –
DET] = 1.0 (×10−3 M).
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Scheme 1.

from the vicinity of 1.0 M starts decreasing[10]. Our re-
sults, in the range of acid concentration where the studies
were performed, indicate the presence of both hydrolysed
as well as unhydrolysed species at low acid concentrations,
while at higher concentrations of perchloric acid more and
more hydrolysed species gets converted into the unhydrol-
ysed species. FromFig. 5 it is clear that dip in graphs corre-
sponds closely to the concentration from where concentration
of hydrolysed species starts decreasing. This is probably due
to the reason that hydrolysed species of cerium(IV) present
at low acid concentrations, being more reactive, reacts with
H+ ions giving rise to unhydrolysed species, which ultimately
takes part in the reaction as given inScheme 1. Rate decreases
due to the conversion of hydrolysed species into the unhydrol-
ysed species, which takes up hydrogen ions at low acid con-
centrations. With increasing [H+] this conversion slows down
and removal of H+ ions from the reaction mixture stops and
normal accelerating effect of the H+ ions starts taking place.
It was also observed, in ceric perchlorate and perchloric acid
variations, that initial titre values were exceptionally high at
low cerium(IV) and high acid concentrations, e.g. deviation
in the initial titre values from those of the calculated ones,
in case of dimethyl ketone and diethyl ketone, was found
to be 43.08–14.79% and 22.2–9.79%, respectively, from the
lowest to the highest cerium(IV) concentrations. All most
same increase (±2–3%) in zero readings was obtained even
o ith-
o g the
p -
t tion
o ic
c r the
f high
a ch do
n 75 M
a eric
c to
c e in
t ce is
a cti-
v und
t 5
f om

the energy of activation values that the ease of formation of
the activated complex also lies in the above sequence. A sim-
ilar trend is observed with the entropy values also. Nearly
constant values of free energy of activation indicate that a
similar mechanism is operative in the oxidation of both the
cycloketones.

It is known that IrCl3 in HCl gives IrCl63− species[11].
It has also been reported that iridium(III) and iridium(I) ions
are the stable species of iridium[12]. Furthermore, the aqua-
tion of [IrCl6]3− gives [IrCl5H2O]2−, [IrCl4(H2O)2]− and
[IrCl3(H2O)3] species[13–15] as shown by the following
equilibrium (2)

IrCl6
3− + n-H2O � [IrCl6−n(H2O)n]3−n + Cl− (2)

In our study no effect of chloride ions on the reaction rate
was observed, which indicates that the above equilibrium is
shifted more towards the left side and IrCl5(H2O)2− can-
not be considered as the reactive species[4,16]. Therefore,
considering our experimental results, IrCl6

3− has been con-
sidered to be the reactive species of iridium(III) chloride in
the present study. Thus, according to the proposed mech-
anism (Scheme 1), cerium(IV) species combines with or-
ganic substrate to give complex C1, which in turn combines
with iridium(III) species to give the complex C2. Complex
C in the slow and rate determining step takes up a hydro-
g di-
a two
c III)
s d in
t

lco-
h r-
m xes
o n
t
s
F anic
s hange
f on-
s g
w on-
s
s s (I)
a f C
f
s ac-
c

[

F

[

n performing the blank sets at similar concentrations w
ut adding the organic substrate and catalyst. Indicatin
robability of reduction of cerium(IV) to cerium(III) by wa

er, which is rapid at higher acid concentrations. Reduc
f cerium(IV) to cerium(III) may be checked if initial cer
oncentration is high but high ceric concentrations favou
ormation of unreactive polynulear complexes. Possibly
cidity decreases the amount of hydrolysed species, whi
ot react with water. Thus, the study was performed at 0.
cid (except in acid variation) and maximum possible c
oncentration, to minimize the reduction of cerium(IV)
erium(III) by water. The rate of reaction was found to b
he order: diethyl ketone > dimethyl ketone. This sequen
lso confirmed from the energy of activation, entropy of a
ation and free energy of activation values, which were fo
o be 12.76 and 9.15,−26.66 and−3993, 20.71 and 21.0
or dimethyl and diethyl ketones, respectively. It is clear fr
2
en ion giving rise to iridium(I) species and the interme
te product. Iridium(I) species in the fast step takes up
erium(IV) molecules to regenerate the original iridium(
pecies while the intermediate product is further oxidize
he fast step to the final oxidation products.

Formation of a 1:1 complex between cerium(IV) and a
ols[17] and ketones[18] is well documented. Complex fo
ation between cerium(IV) and alcohols to give comple
f composition [ROH·cerium(IV)]4+ and Michaelis–Mente

ype of kinetics has been reported[19]. While similar re-
ults have been reported in the case of ketones also[20,21].
ormation of a complex between cerium(IV) and the org
ubstrate as obtained from our data is supported by the c
rom first order to zero order kinetics and also from the c
tancy in the−dc/dt,kgr andkcalcvalues only in the beginnin
hen the complex formation is small. Deviations from c
tancy become more pronounced at higher [CeIV ] or [sub-
trate]. Considering equilibrium concentrations in step
nd (II) of the mechanism and putting concentration o1

rom step (I) into the concentration of [IrIII ] obtained from
tep (II), total concentration of catalyst may be given as
ording to Eq.(3)

Ir III ]total =
[C2]

K1K2[S][CeIV ]
+ [C2] (3)

rom Eq.(3) concentration of complex C2 is given as

C2] = K1K2[CeIV ][S][Ir III ]T
1 + K1K2[CeIV ]

(4)
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Rate in terms of decreasing concentration of cerium(IV) from
step (III) of the mechanism may be given as

−d[CeIV ]

dt
= 2kK1K2[CeIV ][S][Ir III ][H+]

1 + K1K2[CeIV ][S]
(5)

Equation is multiplied by 2 because two moles of cerium(IV)
are required to regenerate the catalyst in its original form.
This equation explains all experimental findings except the
nature shown by the [H+] ions at their low concentrations.
Probable reason for the initial decrease in rate values at low
acid concentrations has already been discussed in the begin-
ning. At low concentrations of oxidant and organic substrate
the inequality 1
 kK1K2[CeIV ][S] may hold and Eq.(5) re-
duces to Eq.(6) which, explains the nature shown by various
reactants.

−d[CeIV ]

dt
= 2kK1K2[CeIV ][S][Ir III ][H+] (6)

At higher concentrations of oxidant and substrate the reverse
inequality 1� kK1K2[CeIV ][S] holds good and the equation
becomes

−d[CeIV ]/dt

[Ir III ]T[H+]
= k′ = 2kK1K2[CeIV ][S]

1 + K1K2[CeIV ][S]
(7)

wherek′ is another constant. Further verification of the rate
law (5) may be given by rewriting Eq.(8) as

F /
v s
o e of
k
1 e,
r from
t
r

trate
a f
S two
i ride
i efore
t y be
t to
f rate
t l

readings at low oxidant or high acid concentrations and
reduction of cerium(IV) even in the absence of organic
substrate indicate for this possibility, but instability of
aqueous Ceric perchlorate solution in aqueous perchloric
acid solution as reported by many workers may also result
in the high initial readings. However, even the existence of
this possibility will not affect the final rate law. Thus we can
safely assume the validity of the final rate law and at least
formation of the complexes before the rate determining step.
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