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Abstract

Kinetic data, in iridium(III) chloride catalyzed oxidation of ethyl methyl ketone (EMK) and methyl propyl ketone (MPK) by cerium(IV)
perchlorate in aqueous perchloric acid medium, suggest the formation of complex C; between cerium(IV) and organic substrate in the first
equilibrium step, which in turn gives rise to another complex C, with the catalyst. This second complex in the rate-determining step gives rise to
the intermediate products. Interestingly IrCl; which is considered to be a sluggish catalyst in alkaline media, was found to surpass the catalytic
efficiency of even osmium and ruthenium in acidic media. Rate decreases in the beginning at low acid concentrations, but after reaching to a
minimum it becomes directly proportional to acid concentrations. Probably on increasing the acid concentrations hydrolyzed species of ceric
perchlorate gradually converts into the un-hydrolyzed species, which then accelerates the rate at higher [H*], resulting in the observed peculiar
effect of hydrogen ions on the rate. Initial concentrations of cerium(IV) and acid determine the extent of reduction of cerium(IV) by water. Order
of the reaction shows direct proportionality with respect to the oxidant and ketones at their low concentrations, but tends to become zeroth order at
their higher concentrations. Rate of the reaction shows direct proportionality with respect to [IrCl;] while change in ionic strength of the medium
does not affect the reaction velocity. Parameters such as the energy of activation, free energy of activation and entropy data suggest that methyl
propyl ketone forms the activated complex more easily compared to ethyl methyl ketone.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction that the average concentration of iridium(IIT) chloride (10~7 M),
required to catalyze the oxidation of similar ketones, is at least
Several workers have reported homogeneous catalysis by 100 times less compared to the concentration of ruthenium(III)
ruthenium and osmium compounds. Formation of hazardous chloride with cerium(I'V) sulphate [4] and osmium tetroxide with
osmates restricts the use of osmium as homogeneous catalyst  alkaline hexacyanoferrate(IIT) [5]. We have reported the oxida-
to the alkaline medium only while, ruthenium compounds get  tion of dimethyl and diethyl ketones by cerium(IV) perchlorate
advantage as they can be used in acidic as well as in alkaline  in aqueous perchloric acid medium [6]. To see the affect of
medium both. Difference between the two lies in the fact that change of number of carbon atoms on the rate and the affect
osmium adds to the double bond while ruthenium compounds of more crowding on one side of the functional group, we have
are reported to break the double bond [1]. Homogeneous cataly-  studied the oxidation of two ketones in which carbon chain on
sis by iridium(III) chloride, which also belongs to the same group  one side of the functional group has different number of car-
of periodic table, has been given little attention due to its sluggish bon atoms. Here we report the oxidation of ethyl methyl ketone
catalytic activity in alkaline medium [2,17]. It may be men- (EMK) and methyl propyl ketone (MPK) by cerium(IV) perchlo-
tioned here that catalytic activities of ruthenium(VIII) in acidic rate in aqueous perchloric acid medium catalyzed by iridium(III)
medium [3] and the mechanistic steps involved in iridium(III) chloride.
chloride catalysis in alkaline medium [2] were reported for the
first time from our laboratory. Interestingly it was observed by us 2. Experimental

Sodium perchlorate, cerium(IV) sulphate (Loba Chemie
* Corresponding author. Tel.: +91 532 2607435; fax: +91 532 2461236. Indaustranal Co.), sulphuric acid, ferrous ammonium sulphate,
E-mail address: pktandon123 @rediffmail.com (P.K. Tandon). ferroin, MEK and MPK (E. Merck) were used as supplied
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without further purification by preparing their solutions in dou-
bly distilled water. Strength of sodium hexachloroiridate(III)
(Johonson Matthay & Co.), prepared by dissolving the sam-
ple in minimum amount of A.R. HCl (0.00624 M), was
3.35 x 1073 M. Cerium(IV) sulphate, prepared by dissolving the
sample in 1:1 sulphuric acid, was titrated against a standard solu-
tion of ferrous ammonium sulphate, using ferroin as an internal
indicator. Solution of ceric perchlorate was prepared by precip-
itating ceric hydroxide [7] from the prepared solution of ceric
ammonium nitrate with dilute solution of ammonium hydroxide.
The gelatinous precipitate thus obtained, after several washings
with distilled water, was dried and re-dissolved in perchloric
acid. All other chemicals used were either Analar or chemi-
cally pure substances. Progress of the reaction was measured
(constant temperature £0.1 °C) at different intervals of time by
transferring the aliquot 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. Thus, titre values directly corre-
spond to the amount of [Ce(ClOy4)4] consumed in the reaction
mixture. In all kinetic runs ketone was in excess.

2.1. Determination of kinetic orders and stoichiometry

Study was made after checking the un-catalyzed reaction.
In case of oxidant variation —dc/dr values were calculated at a
fixed initial time while in all other cases they were calculated
at a fixed initial concentration. Rate values (—dc/dr), obtained
from the initial slopes of individual graphs between the resid-
ual concentrations of cerium(IV) at various time intervals, were
finally plotted against the changing concentrations of the partic-
ular reactant for which order of the reaction was to be obtained.
Close resemblance in the rate values obtained by two meth-
ods, i.e. kcalculated (bY using integrated first order rate equation
in a particular set) and kgraphical (by dividing —dc/dt values
with (a — x), i.e. the residual concentration of cerium(IV) at the
point at which rates were calculated), confirms authenticity of
the results. Orders, with respect to various reactants were con-
firmed by plotting log(a — x) versus time (oxidant variation), by
plotting —dc/dt values versus concentration of the reactant, by
calculating slope of the double logarithmic graphs between rate
versus concentration and by calculating rate constant for molar
concentrations (catalyst variation). Tables and figures contain
initial concentrations of the reactants. Study could not be made
at constant ionic strength of the medium due to large volumes of
sodium perchlorate required to keep the ionic strength constant.
However, effect of i on the rate was studied separately with the
help of a standard solution of sodium perchlorate.

Stoichiometry of the reaction was studied by taking
cerium(IV) perchlorate in large excess compared to the organic
substrate in different ratios, to ensure complete oxidation of the
organic substrate. Total amount of cerium(IV) perchlorate con-
sumed by one mole of organic substrate for its complete oxida-
tion was determined. The reaction mixture was extracted several
times with ether (5 x 25 ml) and the final products, identified by
their IR spectra, spot test methods [8] and chromatographic tech-

niques [9], were found to be two molecules of acetic acid in case
of EMK. In the case of MPK propionic acid and acetic acid were
the products of oxidation. Positive test for acetate ions can be
obtained directly from the reaction mixture only after neutraliz-
ing the strong inorganic acids carefully as their presence in the
reaction mixture inhibits the dissociation of weak organic acid.
Evolution of CO; gas could not be traced during the course of
reaction indicating that formic acid was not one of the products
of oxidation. Stoichiometry of the reaction, e.g. in case of ethyl
methyl ketone may be given as according to the following Eq.

(D).
CH;3(C,Hs)CO + 6Ce'Y +3H,0
— 2CH3COOH + 6Ce! +6H™ (1)

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). Rate constant
values obtained by two methods (kgraphical and Kcalculated) Show
constancy in the beginning, but start decreasing gradually with
increasing [oxidant], while —dc/dt values increase with increas-
ing [oxidant] in the beginning but increase is not prominent at
higher concentrations (Table 1), thus, indicating that the reac-
tion follows first order kinetics at low concentrations, which
tends to become zeroth order at higher [oxidant]. This trend
becomes clearer on plotting —dc/dt values versus [Ce(ClO4)4]
where straight line passing through the origin tends to become
parallel to the x-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 plot-
ting —dc/dr values versus [ketone] where straight line passing

2.51 [A] & [B] for ethyl metyl ketone
[C] & [D] for methyl propyl ketone
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Fig. 1. Individual plots showing change of [Ce(ClO4)4] in case of
organic substrates at 25°C. [HClIO4]=0.75M, [IrCl3]=4.0 x 1077 M. (A)
[EMK]=125x 1073M, [Ce(ClO4)4]=2.0 (A), 12.0 (B)x 107*M; (B)
[MPK]=1.00 x 1073 M, [Ce(Cl04)4]=2.0 (C), 8.0 (D) x 10~* M.
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Table 1
Effect of variation of [cerium(IV)] and [ketones] on the reaction rate at 25 °C

[Ce™VT* x  —de/dr x kgr x 10> min~"! kear x 10% min~! [ketone]” x  —de/dr x kg x 10> min ™! kear x 10% min~!
10*M 10° M min~! 10°M 10° M min~!
A B A B® A B® A B A B A B
2.0 266  1.50 1.66  10.3 170 135 0.75 2.50 178 071 059 0.88 0.8
25 - 1.80 - 9.7 - 10.1 1.00 - 259 - 0.86 - 0.84
3.0 350 - 1.43 - 1.40 - 1.25 4.20 - 120 - .14 -
33 - 2.38 - 8.1 - 10.4 2.00 6.00 400 171 133 1.64 126
4.0 430 259 1.20 7.0 1.13 7.9 3.00 8.00 538 229 1.79 193 1.59
45 - 2.96 - 7.0 - 7.8 3.50 9.28 - 265 - 267 -
5.0 563 - 1.28 - 1.25 - 4.00 10.00 643 286 214 278  1.96
5.5 - 3.13 - 6.0 - 6.2 450 10.70 - 3.06 - 3.08 -
6.0 625 3.18 1.17 5.7 1.26 6.0 5.00 11.00 750 314 250 3.18  2.50
7.0 720 333 1.14 5.0 1.18 5.0 5.50 11.25 - 321 - 319 -
75 - 3.33 - 4.6 - 43 6.00 11.11 880 3.17 293 320 2.83
8.0 - 3.20 - 42 - 4.1 7.00 11.11 944 317 3.5 343 3.10
10.0 7.00 - 0.70 - 0.55 - 8.00 - 10.00 - 3.33 - 333
12.0 730 - 0.65 - 0.51 - 9.00 - 1056 - 3.52 - 3.45
10.00 - 10.76 - 3.59 - 3.35
11.00 - 1083 - 3.61 - 3.24

[Ce(Cl04)4]1=4.0 x 1074 M (for *), [HCIO4]=0.75M, [IrCl3]=4.0 x 10~7 M. A: [EMK]=1.25 x 107> M (for #); B: [MPK]=1.0 x 1073 M, (for #). kg and

keat = 1073 (for B®).

through the origin tends to become parallel to the x-axis at
higher concentrations of organic substrates (Fig. 3). In Table 1
also —dc/dt, kg and k¢ values increase proportionately with
increasing concentrations of organic substrates in the beginning
but at higher concentrations the increase is not so prominent.
Proportionate increase in —dc/dt, kg and kca values for more
than 10 folds variation in catalyst concentration and fair con-
stancy in kmolar Values obtained for molar concentration of the
catalyst {(kmolar = kgr/[IrCl3]) =2.79 2 0.14 and 1.90 & 0.06 for
EMK and MPK, respectively} indicate that the reaction fol-
lows first order kinetics with respect to iridium(III) chloride
concentrations (Table 2). On plotting double logarithmic graphs
between log kg and log[IrCl3] straight lines with slope values
0.97 and 1.01 were obtained (Fig. 4), which further confirm

Table 2
Effect of variation of [iridium(III)] and [H*] on the reaction rate at 25 °C

direct proportionality of the reaction velocity w.r. to [IrCl3].
Trend in —dc/dt, kg and keq) values given in Table 2 for perchlo-
ric acid variation indicate a specific nature. It is seen that these
values decrease in the beginning but after coming to a minimum,
start increasing with increasing [H*]. This nature becomes clear
from Fig. 5 where a dip in the graph is obtained in the begin-
ning. 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 ‘i’ on the reaction rate was studied sepa-
rately. 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/df) remain constant at
1.88 £0.02 and 5.90 & 0.16 for EMK and MPK, respectively.

IrCl3] x 10’ M kgr x 10 min~! ke x 10? min~! [HCI04] M kgr x 10 min~! keal x 10 min~!
A B A B A B A B
L0 0.26 0.20 033 0.21 0.60 - 0.90 - 0.92
2.0 0.54 0.37 0.54 0.38 0.75 1.20 0.81 113 0.81
3.0 0.83 0.57 0.83 0.59 0.85 0.97 - 0.99 -
4.0 1.20 0.74 112 0.79 1.00 0.95 0.78 0.95 0.82
5.0 143 - 1.35 - 1.50 0.99 0.81 1.06 0.84
6.0 1.76 L12 1.65 L11 2.00 1.02 - 0.97 -
7.0 2.02 1.29 2.07 1.35 2.50 L11 0.88 1.07 0.89
8.0 2.32 1.56 2.29 1.53 275 1.26 - 1.18 -
9.0 242 1.66 2.30 1.63 3.00 133 0.99 1.31 0.91
10.0 2.57 1.91 241 1.93 3.50 1.56 111 1.27 0.99
12.0 - 2.29 - 248 4.00 2.50 1.29 1.05 1.07
4.50 - 1.06 1.08
5.00 - 1.56 - 1.10

[Ce(Cl04)4]1=4.0 x 107* M, [IrCl3] =4.0 x 10~7M*, [HCIO4] =0.75 M#, (a — x) = 3.5 x 107*M: (A) [MEK] = 1.25 x 1073M; (B) [MPK] = 1.0 x 1073 M: “for acid

variation, #for catalyst variation.
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[A] for ethyl methyl ketone
[B] for methyl propyl ketone

71 . - *— [A]

(B]

—dc/dt x 105 M min.-' O

0 T y T T T T 1
0 2 4 6 8 10 12 14

[Ce(ClO4)g] x 104 M

Fig. 2. Effect of variation of [cerium(IV)] on the rate 25°C: (A)
[EMK] =1.25 x 1073 M; (B) [MPK]=1.00 x 1073 M.

4. Discussion

Although perchloric acid is a strong oxidant, but below 50%
concentration 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 per-
chloric acid exists [10] in hydrolysed and unhydrolysed forms
as according to the following equilibrium:

K
Ce** + H,O=Ce(OH)’* + HT

[A] for ethyl methyl ketone

12 4 [B] for methyl propyl ketone
(Bl

[m]
£
E
=
w
=2
x
k]
Q
o

0 T T T T r '

0 2 4 6 8 10 12

[Organic substrate] x 103M O

Fig. 3. Effect of variation of organic substrates on the rate 25°C.
[Ce(ClO4)4]1=4.0 x 107*M,  [HCIO4]=0.75M, [IrCl3]=4.0 x 1077 M,
(@a—x)=35%x10"*M (A); (a—x)=3.0 x 107*M (B).

[A] for ethyl methyl ketone

[B] for methyl propyl ketone
[A]
1.4 4 *  [B]
1.2
.14
5
X
Sos-
+
)
0.6
0.4
0.2
0 T T T T 1
0 0.5 1 1.5 2 2.5
8 + log [IrCl];
Fig. 4. Effect of variation of [IrCl3] on the rate at 25°C.

[Ce(ClO4)4]=4.0x 107 M, [HCIO4]=0.75M, [EMK]=125x10"3M,
(@a—x)=3.5x10"*M (A); [MPK]=1.00x 103 M, (a—x)=3.0x 10~*M
(B).

K
Ce(OH)** + HyO=Ce(OH),2t + H*

Predominant species of cerium perchlorate in aqueous per-
chloric acid medium is monomeric [11]. Increasing the concen-
tration of H* ions from 0.1 to 4.0 M, concentration of unhydrol-
ysed species increases continuously while the concentration of
hydrolysed species first increases and then from the vicinity of
1.0 M starts decreasing [12]. Our results, in the range of acid

[A] for ethyl methyl ketone
[B] for methyl propyl ketone [A]

[B]

—dc/dt x 108 M min.-

0 1 2 3 4 5 6
[HCIO, ] M

Fig. 5. Effect of variation of [H*] on the rate at 25°C.
[Ce(Cl04)4]1=4.0 x 107* M, [IrCl3]=4.0 x 107 M, [EMK]=1.25 x 1073 M,
(@a—x)=35x10"*M (A); [MPK]=1.0x1073M, (a—x)=3.0x10"*M
B).
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00 3
HIrCl 2 — IClg> + g (VI
T+ G "o Ce¥ + H (VIID)
Scheme 1.

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 con-
verted into the unhydrolysed species. From Fig. 5 it is clear
that dip in graphs corresponds 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 reac-
tive reacts with H* ions giving rise to unhydrolysed species,
which ultimately takes part in the reaction as given in Scheme 1.
Rate decreases due to the conversion of hydrolysed species into
the unhydrolysed species, which takes up hydrogen ions at low
acid concentrations. 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
EMK and MPK, was found to be 46.06 to 19.3% and 30.26 to
12.25%, respectively from the lowest to the highest cerium(IV)
concentrations. All most same increase (+2-3%) in zero read-
ings was obtained even on performing the blank sets at similar
concentrations without adding the organic substrate and cata-
lyst. Indicating the probability of reduction of cerium(IV) to
cerium(IIl) by water, which is rapid at higher acid concentra-
tions. Reduction of cerium(IV) to cerium(IIl) may be checked if
initial ceric concentration is high but high ceric concentrations
favour the formation of unreactive polynulear complexes. Pos-
sibly high acidity decreases the amount of hydrolyzed species,
which do not react with water. Thus, the study was performed
at 0.75 M acid (except in acid variation) and maximum possible

ceric concentration, to minimize the reduction of cerium(IV)
to cerium(IIl) by water. The rate of reaction was found to be
in the order: methyl propyl ketone >ethyl methyl ketone. This
sequence is also confirmed from the energy of activation, entropy
of activation and free energy of activation values, which were
found to be 7.96 and 10.75, —43.57 and —33.24, 20.94 and
20.66 for MPK and EMK, respectively. It is clear from the
energy of activation values that the ease of formation of the
activated complex also lies in the above sequence. A similar
trend is observed with the entropy values also. Nearly constant
values of free energy of activation indicate that a similar mech-
anism is operative in the oxidation of both the ketones. It is
known that IrCl3 in HCI gives IrClg3~ species [13]. It has also
been reported that iridium(III) and iridium(I) ions are the stable
species of iridium [14]. Furthermore, the aquation of [IrClG]3 -
gives [IrCl5H20]2_, [IrCl4(H>0),]~ and [IrCl3(H2O)3] species
[15-17] as shown by the following equilibrium (2)

IrClg>™ + n-H,0 = [IrClg_,(H20), > " +Cl~ )

No effect of chloride ions on the reaction rate in the present
study indicates that the above equilibrium is shifted more
towards the left side and IrCls(H,0)2~ cannot be considered
as the reactive species [2,18]. Therefore, considering our exper-
imental results, IrClg3~ has been considered to be the reactive
species of iridium(IIl) chloride in the present study. Further,
change in the oxidation state of iridium during the course of the
reaction may also result in the removal of chloride ion(s), leading
to their negative effect on the reaction velocity, which was not
observed in the present case indicating that change in the oxi-
dation state of iridium may not be possible. Thus, according to
Scheme 1, cerium(IV) species combines with organic substrate
to give complex C;, which in turn combines with iridium(III)
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species to give the complex C,. Complex C; in the slow and rate
determining step takes up a hydrogen ion giving rise to proto-
nated iridium species and the intermediate product. Protonated
iridium species quickly breaks up giving rise to the original irid-
ium(III) species and a hydrogen ion. Quick rearrangements in
the intermediate product result in 2-hydroxyketone, which is
further oxidized to diketone and ultimately two molecules of
organic acids are formed.

Formation of 1:1 complexes between cerium(IV) and alco-
hols [19] and ketones [20] is well documented. Complex for-
mation between Cerium(I'V) and alcohols to give complexes of
composition [ROH.Cerium(IV)]** and Michaelis—Menten type
of kinetics has been reported [21]. While similar results have
been reported in the case of ketones also [22-23].

Formation of complex between cerium(IV) and organic sub-
strate in our data, gets support by the change from first order to
zero order kinetics and also from the constancy in —dc/dt, kgr and
kcal values only in the beginning when the complex formation is
small. Deviations from constancy become more pronounced at
higher [Ce™V] or [substrate]. Considering the equilibrium con-
centrations of complexes C; and C; in steps (I) and (II) of the
mechanism and putting concentration of C; from step (I) into
the concentration of [Ir'™] obtained from step (II), total concen-
tration of catalyst may be given as according to Eq. (3)

[C2]

I 11 —
[ r ]Total Kle[S][CCIV]

+[C2] 3)

From Eq. (3) concentration of complex C; is given as

(Cy] = K1 Ko[CeV (S]]
2T T F K KICeVS]

“

Rate in terms of decreasing concentration of cerium(IV) from
step(I1I) of the mechanism may be given as

—d[Ce'V] _ 2k K1 Ko[CeVISIIr ™ Jp[HY]
dt 1+ K K[CeV][S]

&)

This equation explains all experimental findings except the
nature shown by the [H*] ions at their low concentrations. Prob-
able reason for the initial decrease in rate values at low acid
concentrations has already been discussed in the beginning. At
low concentrations of oxidant and organic substrate the inequal-
ity 1>> K1K>[Ce!V][S] may hold and the Eq. (5) reduces to (6)
which, explains the nature shown by various reactants.

—d[ceVvj

o =2k K1 Ko [Ce™V IS H] (©6)

At higher concentrations of oxidant and substrate the reverse
inequality 1 < K1K> [CeV][S] holds good and the reduced equa-
tion explains the results in the higher concentration range. Equa-
tion (5) may be written in the form of equation (7) also

—d[Ce™V]/( ), 2k K1Kp[CelV][S]
AT HY T T T 14 K Ka[CelV][S]

(N

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

1 1 1 1

VT K T 2K KiCeVIIS] | 2k

®

From this equation value of £ from the intercepts between
1/k’ versus 1/[substrate] and 1/k’ versus 1/[cerium(IV)], comes
out to be 50.0; 50.0 and 71.43; 71.43, while the value of k K1 K>
from the slopes comes out to be 16.25; 17.60 (x 106) and 9.40;
11.75 (x 10) for ethyl methyl ketone and methyl propyl ketone,
respectively. Fair constancy in the rate values calculated from
two graphs further indicates the validity of the Scheme 1 and the
rate law (5).

Possibility of interaction between the organic substrate and
iridium giving up the complex Cj in first step of Scheme 1 can be
ruled out as no reaction between these two in the absence of oxi-
dant was observed. No effect of chloride ions on the rate negates
the possibility of their release before the rate-determining step.
Thus, the alternative may be that cerium(I'V) reacts with irid-
ium(I1II) in the first step to form a complex, which in turn reacts
with organic substrate to give the complex C,. Exceptionally
high values of initial readings at low oxidant or high acid con-
centrations 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 pos-
sibility 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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