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bstract

Interestingly IrCl3, which is considered to be a sluggish catalyst in alkaline media, was found to surpass the catalytic efficiency of even osmium
nd ruthenium in acidic media. Kinetic data, in iridium(III) chloride catalyzed oxidation of cyclopentanone and cycloheptanone by cerium(IV)
erchlorate in aqueous perchloric acid medium, suggest the formation of complex C1 between cerium(IV) and organic substrate in the first
quilibrium step, which in turn gives rise to another complex C2 with the catalyst. This second complex in the rate-determining step gives rise
o the intermediate products. Rate decreases in the beginning at low acid concentrations, but after reaching to a minimum it becomes directly
roportional to acid concentrations. Probably on increasing the acid concentration hydrolyzed species of ceric perchlorate gradually converts into
he un-hydrolyzed species, which then accelerates the rate at higher [H+] resulting in the observed peculiar effect of hydrogen ions on the rate. Initial
oncentrations of cerium(IV) and acid determine the extent of reduction of cerium(IV) by water. Order of the reaction shows direct proportionality
ith respect to the low concentrations of oxidant and ketone, but tends to become zeroth order at their higher concentrations. Rate of the reaction
hows direct proportionality with respect to [IrCl3] while change in ionic strength of the medium does not affect the reaction velocity. 2-Hydroxy
ycloheptanone was confirmed spectrophotometrically as a reaction intermediate in the case of cycloheptanone. Energy of activation, free energy
f activation and entropy parameters suggest that cyclopentanone forms the activated complex more easily compared to cycloheptanone.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Several workers have reported homogeneous catalysis by
uthenium and osmium compounds. Formation of hazardous
smates restricts the use of osmium as homogeneous catalyst
o the alkaline medium only while, ruthenium compounds get
dvantage as they can be used in acidic as well as in alka-
ine medium both. Difference between the two lies in the fact
hat osmium adds to the double bond while ruthenium com-
ounds are reported to break the double bond [1]. Homoge-
eous catalysis by iridium(III) chloride, which also belongs to
he same group of periodic table, has been given little atten-

ion due to its sluggish catalytic activity in alkaline medium
2,3]. We have reported catalytic activity of ruthenium(VIII) in
cidic medium [4] and mechanistic steps involved in iridium(III)
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hloride catalysis in alkaline medium [2]. Interestingly it was
bserved by us [5] that the average concentration of iridium(III)
hloride (10−7 mol dm−3), required to catalyze the oxidation of
-ketones, is at least hundred times less compared to the con-
entration of ruthenium(III) chloride with cerium(IV) sulphate
6] and osmium tetroxide with alkaline hexacyanoferrate(III)
7]. To see the efficiency of iridium(III) chloride to catalyze the
xidation of cyclic ketones, we have studied the oxidation of
yclopentanone and cycloheptanone by cerium(IV) perchlorate
n aqueous perchloric acid medium catalyzed by iridium(III)
hloride.

. Experimental

Sodium perchlorate, cerium(IV) sulphate (Loba Chemie

ndaustranal Co.), sulphuric acid, ferrous ammonium sulphate,
erroin (E. Merck), cyclopentanone and cycloheptanone (Fluka
.G.) were used as supplied without further purification by
reparing their solutions in doubly distilled water. Strength

mailto:pktandon123@rediffmail.com
dx.doi.org/10.1016/j.molcata.2006.05.060
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f sodium hexachloroiridate(III) (Johonson Matthey & Co.),
repared by dissolving the sample in minimum amount of
.R. HCl (0.62 × 10−2 mol dm−3), was 3.35 × 10−3 mol dm−3.
erium(IV) sulphate, prepared by dissolving the sample in 1:1

ulphuric acid, was titrated against a standard solution of fer-
ous ammonium sulphate, using ferroin as an internal indica-
or. Solution of ceric perchlorate was prepared by precipitating
eric hydroxide [8] from the prepared solution of ceric ammo-
ium nitrate with dilute solution of ammonium hydroxide. The
elatinous precipitate thus obtained, after several washings with
istilled water, was dried and re-dissolved in perchloric acid.
ll other chemicals used were either Analar or chemically pure

ubstances. Progress of the reaction was measured (constant
emperature ±0.1 ◦C) at different intervals of time by trans-
erring the aliquot to a fixed amount of ferrous ammonium
ulphate solution (in slight excess to cerium(IV) perchlorate ini-
ially taken) and estimating the remaining ferrous ammonium
ulphate, with a standard cerium(IV) sulphate solution using
erroin as an internal indicator. Thus, titre values directly corre-
pond to the amount of [Ce(ClO4)4] consumed in the reaction
ixture. In all kinetic runs [ketone] was in excess.

.1. Determination of kinetic orders and stoichiometry

Study was made after checking the un-catalyzed reaction.
n the case of oxidant variation −dc/dt values were calculated
t a fixed initial time, while in all other cases values were cal-
ulated at a fixed initial concentration. Rate values (−dc/dt),
btained from the initial slopes of individual graphs between
he residual concentrations of cerium(IV) at various time inter-
als, were finally plotted against the changing concentrations of
he particular reactant for which order of the reaction was to be
btained. Close resemblance in the rate values obtained by two
ethods, i.e. kcalculated (by using integrated first order rate equa-

ion in a particular set) and kgraphical (by dividing −dc/dt values
ith (a–x), i.e. the residual concentration of cerium(IV) at the
oint at which rates were calculated), confirms authenticity of
he results. Orders, with respect to various reactants were con-
rmed by plotting log(a–x) versus time (oxidant variation), by
lotting −dc/dt values versus concentration of the reactant, by
alculating slope of the double logarithmic graphs between rate
ersus concentration and by calculating rate constant for molar
oncentrations (catalyst variation). Tables and figures contain
nitial concentrations of the reactants. The study could not be

ade at constant ionic strength of the medium due to large quan-
ities of sodium perchlorate required to keep the ionic strength
onstant. However, effect of µ on the rate was studied separately
ith the help of a standard solution of sodium perchlorate.

.1.1. Stoichiometry
Stoichiometry of the reaction was studied by taking

erium(IV) perchlorate in large excess compared to the organic
ubstrate in different ratios, to ensure complete oxidation of

he organic substrate. Total amount of cerium(IV) perchlorate
onsumed by one mole of organic substrate for its complete
xidation was determined. Formation of dicarboxylic acids in
oth cases was confirmed by spot test methods [9] and chro-

z
c
l
x

ig. 1. IR spectra of hydroxyketone. [Ce(ClO4)4] = 3.8 × 10−2 mol dm−3,
cycloheptanone] = 1.7 × 10−2 mol dm−3, [HClO4] = 5.5 mol dm−3, [IrCl3] =
.2 × 10−5mol dm−3.

atographic techniques [10]. However, to follow the exact path
y which the oxidation takes place, reaction mixture containing
ubstrate: oxidant ratio (1:2.5 mol), was kept at desired temper-
ture and then was repeatedly extracted with ether (5 × 25 ml).
R spectra of the ether extract of the reaction mixture in case
f cycloheptanone (Fig. 1) (ABB Bomen, FTLA 2000 104),
howed the peaks at 1094 (C O stretch), 1635 (C O stretch of
etone), 3335 (shifting of O H stretch due to hydrogen bond-
ng) indicating the formation of �-hydroxy ketone. This con-
rmed that the oxidation proceeds by the formation of �-hydroxy
etone, which converts into �-diketone and finally into the dicar-
oxylic acid. However, �-diketone could not be detected in the
eaction mixture. Stoichiometry of the reaction, e.g. for cyclo-
eptanone may be given by the following equation:

6H12CO + 6CeIV + 3H2O

→ HOOC(CH2)5COOH + 6CeIII + 6H+ (1)

. Results

Sample individual time plots between log(a–x) versus time
or the lowest and highest concentrations of [Ce(ClO4)4] for
wo ketones show parallel straight lines (Fig. 2). Rate con-
tant values obtained by two methods (kgraphical and kcalculated)
how fair constancy amongst themselves. These values start
ecreasing gradually with increasing [oxidant], while −dc/dt
alues increase with increasing [oxidant] in the beginning but
ncrease is not prominent at higher concentrations (Table 1).
hus, indicating that the reaction follows first order kinetics
t low concentrations, which tends to become zeroth order at
igher [oxidant]. This trend becomes clear on plotting −dc/dt
alues versus [Ce(ClO4)4] where straight line passing through
he origin tends to become parallel to the x-axis at higher concen-
rations (Fig. 3). Order of the reaction shows first order kinetics at
ow concentrations of organic substrates, which tends to become

eroth order at their higher concentrations. This trend becomes
lear on plotting −dc/dt values versus [ketone] where straight
ine passing through the origin tends to become parallel to the
-axis at higher concentrations of organic substrates (Fig. 4). In
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Fig. 2. Sample individual time plots for consumption of CeIV at 30 ◦C.
Cyclopentanone A and B; cycloheptanone C and D. [HClO4] = 0.75 mol dm−3,
[cyclopentanone] = 4.00 × 10−3 mol dm−3, [IrCl3] = 4.0 × 10−7 mol dm−3,
[Ce(ClO4)4] = 0.25 × 10−3mol dm−3 (A), 2.50 × 10−3mol dm−3 (B). [HClO4]
= 0.75 mol dm−3, [cycloheptanone] = 1.33 × 10−3 mol dm−3, [IrCl3] = 8.0 ×
10−7mol dm−3, [Ce(ClO4)4] = 0.25 × 10−3 mol dm−3 (C), 2.50 × 10−3

mol dm−3 (D).

Fig. 3. Effect of variation of [CeIV] on the rate at 25 ◦C: cyclopentanone A;
cycloheptanone B. A and B captions are same as in Fig. 1 except for [Ce(ClO4)4].

Fig. 4. Effect of variation of [organic substrate] on the rate at 25 ◦C:
cyclopentanone A; cycloheptanone B. (A) Cyclopentanone: [Ce(ClO4)4]
= 0.25 × 10−3 mol dm−3, [HClO4] = 0.75 mol dm−3, [IrCl3] = 4.0 × 10−7

m
[

T
a
b
p
u
a
t
4
c
fi
c
b
0
d
i
v

Table 1
Effect of variation of [cerium(IV)] and [cyclic ketones] on the rate at 25 ◦C

[CeIV]b ×104

mol dm−3
−dc/dt × 106 mol dm−3

min−1
kgr × 102 min−1 kcal × 102

A B A B A

2.5 5.90 5.0 3.03 2.50 2.99
3.33 – 5.50 – 2.40 –
3.75 6.50 – 2.46 – 2.07
4.0 – 5.78 – 1.70 –
6.25 9.47 – 1.75 – 1.50
7.50 10.50 – 1.64 – 1.50
8.75 11.80 – 1.69 – 1.57

10.0 12.20 8.40 1.37 0.91 1.20
11.11 – 8.75 – 0.87 –
12.50 – 9.00 – 0.82 –
14.30 – 9.20 – 0.67 –
15.0 12.73 – 0.92 – 0.94
16.75 – 9.47 – 0.59 –
17.50 13.0 – 0.81 – 0.86
20.0 13.0 9.50 0.74 0.50 0.74
25.0 13.0 9.70 0.59 0.40 0.63

a [IrCl3] = A: 4.0, B: 8.0 (×10−7 mol dm−3); (a–x) = A: 0.22, B: 1.20 (×10−
tanone] = 1.33 × 10−3 mol dm−3.

b [HClO4] = 0.75 mol dm−3; [Ce(ClO4)4] = A: 0.25, B: 1.43 (×10−3 mol dm−3).
ol dm−3. (B) Cycloheptanone: [Ce(ClO4)4] = 1.43 × 10−3 mol dm−3,
HClO4] = 0.75 mol dm−3, [IrCl3] = 8.0 × 10−7 mol dm−3.

able 1 also −dc/dt, kgr and kcalc values increase proportion-
tely with increasing concentrations of organic substrates in the
eginning but at higher concentrations the increase is not so
rominent. Proportionate increase in −dc/dt, kgr and kcalc val-
es for more than 10-folds variation in catalyst concentration
nd fair constancy in kmolar values obtained for molar concen-
ration of the catalyst {(kmolar = kgr/[IrCl3]) = 7.50 ± 0.36 and
.88 ± 0.93 (×10−4 mol−1 dm3 min−1) for cyclopentanone and
ycloheptanone, respectively} indicate that the reaction follows
rst order kinetics with respect to iridium(III) chloride con-
entrations (Table 2). On plotting double logarithmic graphs
etween log kgr and log[IrCl3] straight lines with slope values

.97 and 1.01 were obtained (Fig. 5), which further supports
irect proportionality of the reaction velocity w.r.t. [IrCl3]. Trend
n −dc/dt, kgr and kcalc values given in Table 2 for perchloric acid
ariation indicates a specific nature. It is seen that these val-

min−1 [ketone]a

×103 mol dm−3
kgr × 102 min−1 kcal × 102 min−1

B A B A B

2.47 1.00 0.80 – 0.84 –
2.23 1.75 – 0.60 – 0.84
– 2.00 1.31 – 1.20 –
1.78 3.00 2.07 1.04 2.17 1.11
– 4.00 2.68 – 2.85 –
– 4.25 – 1.39 – 1.79
– 5.00 3.41 – 3.41 –
0.94 6.00 3.71 2.00 3.75 2.05
0.93 7.00 3.79 2.28 3.69 2.33
0.85 8.00 3.89 2.61 4.03 2.58
0.78 9.00 – 2.86 – 2.58
– 10.00 – 3.25 – 3.00
0.69 11.25 – 3.50 – 3.34
– 12.50 4.10 3.58 4.25 3.94
0.56 15.00 4.26 – 4.40 –
0.49 – – – –

3 mol dm−3); A: [cyclopentanone] = 4.0 × 10−3 mol dm−3; B: [cyclohep-
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Table 2
Effect of variation of [iridium(III)] and [H+] on the rate at 25 ◦C

[IrIII] × 107

mol dm−3
kgr × 102 min−1 kcal × 102 min−1 kmolar × 104 min−1

A B A B A B

0.25 – 0.16 – 0.16 – 6.40
0.45 0.36 0.36 – 7.89 –
0.50 0.40 0.31 0.41 0.31 7.90 6.20
0.75 0.59 – 0.60 – 7.87 –
1.00 0.75 0.52 0.88 0.53 7.50 5.20
3.00 2.22 1.29 2.20 1.12 7.40 4.30
4.00 2.95 1.79 2.93 1.59 7.38 4.50
5.00 3.57 – 3.07 – 7.14 –
6.00 4.17 – 3.76 – 6.94 –
6.50 – 2.67 – 2.77 – 4.10
8.00 – 3.33 – 3.20 – 4.20

10.0 – 4.17 – 4.12 – 4.20

A lO4)4

1 −3 mo
A 10−3
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: cyclopentanone, B: cycloheptanone. For catalyst variation—[Ce(C
.33 (×10−3 mol dm−3); [HClO4] = 0.75 mol dm−3; (a–x) = A: 0.20, B: 0.30 (10
: [cyclic ketone] (A and B) = 2.0 × 10−3 mol dm−3; (a–x) = A: 0.90, B: 0.95 (×

es decrease in the beginning but after coming to a minimum,
tart increasing with increasing [H+]. This nature becomes clear
rom Fig. 6 where a dip in the graph is obtained in the begin-
ing. Large volumes of sodium perchlorate required to maintain
onic strength of the medium constant restricted the study to be
onducted at constant ionic strength of the medium. However,
ffect of change of ‘µ’ on the reaction rate was studied sepa-
ately. Change in ionic strength of the medium with the help
f a standard solution of sodium perchlorate does not affect the
eaction velocity and the rate values (−dc/dt) remain constant
t 9.42 ± 0.35 and 2.57 ± 0.07 (×10−6 mol dm−3 min−1) when
xidant, organic substrate, acid and catalyst concentrations were

.40 × 10−3 mol dm−3, 4.0 × 10−3 mol dm−3, 0.75 mol dm−3

nd 6.0 × 10−7 mol dm−3 respectively for cyclopentanone and
.40 × 10−3 mol dm−3, 1.33 × 10−3 mol dm−3, 0.75 mol dm−3

nd 6.0 × 10−7 mol dm−3 respectively for cycloheptanone.

ig. 5. Effect of variation of [catalyst] on the rate at 25 ◦C: cyclopen-
anone A; cycloheptanone B. (A) [Ce(ClO4)4] = 0.25 × 10−3 mol dm−3,
HClO4] = 0.75 mol dm−3, [cyclopentanone] = 1.25 × 10−3 mol dm−3, (a–x) =
.20 × 10−3 mol dm−3. (B) [Ce(ClO4)4] = 4.0 × 10−3 mol dm−3, [HClO4] =
.75 mol dm−3, [cycloheptanone] = 1.33 × 10−3 mol dm−3, (a–x) = 0.30 ×
0−3 mol dm−3.
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[H+]× M −dc/dt × 106

mol dm−3 min−1
kgr × 102 min−1 kcal × 102 min−1

A B A B A B

0.60 – 4.68 – 4.93 – 4.88
0.75 – 4.20 – 4.42 – 4.42
1.00 3.30 – 3.67 – 3.30 –
1.25 2.96 – 3.29 – 3.28 –
1.50 – 3.60 – 3.79 – 3.86
2.00 2.27 – 2.52 – 2.63 –
2.20 – 3.80 – 4.00 – 4.17
2.70 – 4.47 – 4.71 – 4.78
3.00 2.06 – 2.29 – 2.68 –
3.20 – 5.00 – 5.26 – 5.30
3.50 2.18 – 2.42 – 2.29 –
4.00 – 6.15 – 6.47 – 5.53
4.50 2.50 – 2.78 – 2.76 –
5.00 2.90 6.90 3.20 7.26 3.44 7.30
5.50 3.13 – 3.48 – 3.15 –
6.00 3.57 9.44 3.97 9.94 3.94 9.89
7.00 4.30 11.0 4.78 11.6 4.69 11.1

] = A: 0.25, B: 0.40 (×10−3 mol dm−3); [cyclic ketone] = A: 4.0, B:
l dm−3). For acid variation—[Ce(ClO4)4] = A: 1.0, B: 1.11 (×10−3 mol dm−3);
mol dm−3).

. Discussion

Below 50% concentration and temperatures up to 50–60 ◦C,
here is no release of oxygen from perchloric acid, although
t is a strong oxidant. Thus, it will not act as oxidant under
he conditions in which the study was performed. Cerium(IV)
n perchloric acid exists [11] in hydrolyzed and un-hydrolyzed
orms as according to the following equilibrium:

e4+ + H2O
K1�Ce(OH)3+ + H+

e(OH)3+ + H2O
K2�Ce(OH) 2+ + H+
2

Predominant species of ceric perchlorate in aqueous perchlo-
ic acid medium is monomeric [12]. Increasing the concentra-
ion of H+ ions from 0.10 to 4.0 mol dm−3, concentration of

ig. 6. Effect of variation of [HClO4] on the rate at 25 ◦C: cyclopen-
anone A; cycloheptanone B. (A) [Ce(ClO4)4] = 1.0 × 10−3 mol dm−3,
cyclopentanone] = 2.0 × 10−3 mol dm−3, [IrCl3] = 5.0 × 10−7mol dm−3.
B) [Ce(ClO4)4] = 1.11 × 10−3 mol dm−3, [cycloheptanone] = 2.0 × 10−3

ol dm−3, [IrCl3] = 2.0 × 10−7mol dm−3.
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n-hydrolyzed species increases continuously while the con-
entration of hydrolyzed species first increases and then from
he vicinity of 1.0 mol dm−3 starts decreasing [13]. Our results,
n the range of acid concentration where the studies were per-
ormed, indicate the presence of both hydrolyzed as well as un-
ydrolyzed species at low acid concentrations, while at higher
oncentrations of perchloric acid more and more hydrolyzed
pecies gets converted into the un-hydrolyzed species. From
ig. 6 it is clear that dip in the graphs corresponds closely

o the concentration from where concentration of hydrolyzed
pecies starts decreasing. This is probably due to the reason that
ydrolyzed species of cerium(IV) present at low acid concentra-
ions, being more reactive reacts with H+ ions giving rise to un-
ydrolyzed species, which ultimately takes part in the reaction
s given in Scheme 1. Rate decreases due to the conversion of
ydrolyzed species into the un-hydrolyzed species, which takes
p hydrogen ions at low acid concentrations. With increasing
H+] this conversion slows down and removal of H+ ions from the
eaction mixture stops and normal accelerating effect of the H+

ons starts taking place. It was also observed, in ceric perchlorate
nd perchloric acid variations, that initial titre values were excep-
ionally high at low cerium(IV) and high acid concentrations,
.g. deviations in the initial titre values from those of the calcu-
ated ones, in case of cyclopentanone and cycloheptanone, were
ound to be 34.66–2.86% and 54.8–1.56% respectively from the
owest to the highest cerium(IV) concentrations. All most same

ncrease (±2–3%) in zero readings was obtained even on per-
orming the blank sets at similar concentrations without adding
he organic substrate and catalyst. This indicates the probabil-
ty of reduction of cerium(IV) to cerium(III) by water, which is

a
s

I

.

apid at higher acid concentrations. Reduction of cerium(IV) to
erium(III) may be checked if initial cerium(IV) concentration
s high but high cerium(IV) concentrations favour the forma-
ion of un-reactive polynuclear complexes. Possibly high acidity
ecreases the amount of hydrolyzed species, which do not react
ith water. Thus, the study was performed at 0.75 M acid (except

n acid variation) and maximum possible cerium(IV) concentra-
ion, to minimize the reduction of cerium(IV) to cerium(III) by
ater. The rate of reaction was found to be in the order: cyclopen-

anone > cycloheptanone. Arrhenius equation was found to be
pplicable and from the slopes of the Arrhenius plots and
y using Eyring equation, different thermodynamic parameters
ere calculated. The sequence in the rate of oxidation is also con-
rmed from the energy of activation, entropy of activation and
ree energy of activation values, which were found to be 11.02
nd 15.60 (kJ mol−1), −33.24 and −15.12 (J K−1 mol−1), 20.10
nd 20.93 (kJ mol−1) for cyclopentanone and cycloheptanone,
espectively. It is clear from the energy of activation values that
he ease of formation of the activated complex also is in the
bove sequence. A similar trend is observed with the entropy
alues also. Nearly constant values of free energy of activation
ndicate that similar mechanism is operative in the oxidation of
oth the ketones. It is known that IrCl3 in hydrochloric acid gives
rCl63− species [14]. It has also been reported that iridium(III)
nd iridium(I) ions are the stable species of iridium [15]. Further,
he equation of [IrCl6]3− gives [IrCl5H2O]2−, [IrCl4{H2O)2]−

nd [IrCl3{H2O)3] species [16–18]. This equilibrium may be
hown by the general Eq. (2):

rCl6
3− + n-H2O � [IrCl6−n(H2O)n]3−n + Cl− (2)
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o effect of chloride ions on the reaction rate in the present study
ndicates that the above equilibrium is shifted more towards the
eft side and IrCl5(H2O)2− cannot be considered as the reactive
pecies [2,3]. Therefore, considering our experimental results,
rCl63− has been considered to be the reactive species of irid-
um(III) chloride in the present study. Further, change in the
xidation state of iridium during the course of the reaction may
lso result in the removal of chloride ion(s), leading to their
egative effect on the reaction velocity, which was not observed
n the present case indicating that change in the oxidation state
f iridium may not be possible. Thus, according to Scheme 1,
erium(IV) species combines with organic substrate to give com-
lex C1, which in turn combines with iridium(III) species to give
he complex C2. Complex C2 in the slow and rate-determining
tep takes up a hydrogen ion giving rise to protonated iridium
pecies and the intermediate product, which on quick rearrange-
ent gives rise to 2-hydroxycycloheptanone. Protonated iridium

pecies quickly breaks up giving rise to the original iridium(III)
pecies and a hydrogen ion. 2-Hydroxycycloheptanone by tak-
ng more of cerium(IV) ions ultimately gives rise to dicarboxylic
cid.

Formation of 1:1 complexes between cerium(IV) and alco-
ols [19] and ketones [20] is well documented. Complex for-
ation between cerium(IV) and alcohols to give complexes of

omposition [ROH·cerium(IV)]4+ and Michaelis–Menten type
f kinetics has been reported [21]. While similar results have
een reported in the case of ketones also [22–24].Formation of
omplex between cerium(IV) and organic substrate in our data,
ets support by the change from first order to zero order kinetics
nd also from the constancy in −dc/dt, kgr and kcalc values only in
he beginning when the complex formation is small. Deviations
rom constancy become more pronounced at higher [CeIV] or
substrate]. Considering the equilibrium concentrations of com-
lexes C1 and C2 in steps (I) and (II) of the mechanism and
utting concentration of C1 from step (I) into the concentration
f [IrIII] obtained from step (II), total concentration of catalyst
ay be given as according to the following equation:

IrIII]Total = [C2]

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

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

C2] = K1K2[CeIV][S][IrIII]T

1 + K1K2[CeIV]
(4)

ate in terms of decreasing concentration of cerium(IV) from
tep (III) of the mechanism may be given as

−d[CeIV]

dt
= 2kK1K2[CeIV][S][IrIII][H+]

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

his equation explains all experimental findings except the
ature shown by the [H+] ions at their low concentrations. Prob-

ble reason for the initial decrease in rate values at low acid
oncentrations has already been discussed in the beginning. At
ow concentrations of oxidant and organic substrate the inequal-
ty 1 � kK1K2[CeIV][S] may hold and Eq. (5) reduces to (6)

[

[

[
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hich, explains the nature shown by various reactants:

−d[CeIV]

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

t higher concentrations of oxidant and substrate, Eq. (5) may
e written as

−d[CeIV]/dt

[IrIII]T[H+]
= k′ = 2kK1K2[CeIV][S]

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

here k′ is another constant. Further verification of the rate law
5) may be given by rewriting Eq. (7) as

1

Vi

= 1

k′ = 1

2kK1K2[CeIV][S]
+ 1

2k
(8)

rom this equation value of k from the intercepts between 1/k′
ersus 1/[substrate] and 1/k′ versus 1/[cerium(IV)], comes out to
e 100.0; 84.20 and 83.33; 87.72, while the value of kK1K2 from
he slopes comes out to be 11.50; 7.15 (×106) and 2.88; 2.75
×106) for cyclopentanone and cycloheptanone, respectively.
air constancy in the rate values calculated from two graphs
urther indicates the validity of Scheme 1 and the rate law (5).

Possibility of interaction between the organic substrate and
ridium giving rise to the complex C1 in first step of Scheme 1
an be ruled out as no reaction between these two in the absence
f oxidant was observed. No effect of chloride ions on the
ate negates the possibility of their release before the rate-
etermining step. Thus, we can safely assume the validity of
he final rate law (5) and formation of complexes before the
ate-determining step.
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