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bstract

Kinetic data suggest reduction of CeIV into CeIII and elimination of Cl− and H+ ions before the rate-determining step in iridium(III) chloride
atalyzed oxidation of cyclohexanol and cyclooctanol by cerium(IV) sulphate in aqueous sulphuric acid medium. IrCl3 was found to be equal or
ven a better catalyst compared to ruthenium for oxidations involving ceric ions. Effects of change of concentrations of CeIV, cycloalcohols, IrIII,
+, Cl− and CeIII on the reaction rate were determined. The order of the reaction changes from one to zero on increasing the concentration of the
xidant. Rate of the reaction was found to follow direct proportionality with respect to catalyst concentrations. Change in the order of reaction
rom first to zero was observed on increasing the concentration of organic substrate. External addition of H+, Cl− and CeIII ions retards the reaction

elocity. Spectrophotometric evidence was provided that it is the cerium and not catalyst, which forms complex with substrate. Parameters such
s energy of activation, free energy of activation and entropy data were collected at five different temperatures, which suggest that cyclooctanol is
ore easily oxidizable compared to cyclohexanol.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Compounds of ruthenium and osmium have been exten-
ively used as homogeneous catalysts. In many cases osmium
ompounds show better catalytic activity compared to ruthe-
ium compounds but the tendency of osmium compounds to
orm hazardous osmates in acidic medium restricts their use as
omogeneous catalysts in alkaline medium only. In this respect
uthenium compounds are advantageous as they can be used both
n acidic as well as in alkaline medium. Kinetics of oxidation
f a number of organic compounds in acidic [1] and alkaline
2] medium has been reported from our laboratory in which
ompounds of ruthenium and osmium, respectively, were found

o be effective catalysts. We were the first to report mechanis-
ic steps involved in iridium(III) chloride catalysis in alkaline

edium [3] and the catalytic activity of ruthenium(VIII) oxide
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n acidic medium [4]. Initially, the use of iridium(III) chloride
s a homogeneous catalyst attracted little attention because it
as not an effective catalyst in alkaline medium [3]. Poten-

ial of iridium(III) chloride to act as a homogeneous catalyst
n oxidation processes was recognized when it was used in
cidic medium. Oxidation of propan-1-ol and propan-2-ol [5],
thanol [6], methanol [7] and formic acid [8] by cerium(IV)
ulphate in sulphuric acid medium catalyzed by iridium(III)
hloride was reported. It was suggested that the complex formed
etween catalyst, oxidant and organic substrate decomposes in
he rate-determining step and Ce(SO4)2

2− was considered to
e the active species of cerium(IV). On the other hand, in the
xidation of butan-2-ol [9] and aliphatic alcohols (methanol,
thanol, propanol, butanol and iso-butanol) [10] with same cat-
lyst, oxidant and acid, Ce(SO4)2 was considered as the active
pecies, which does not participate in the complex formation. In
ome recent studies with t-butyl alcohol [11] and isobutyl alco-
ol [12], a complex involving cerium(IV), catalyst and organic

ubstrate has been reported which decomposes in the slow step
ut Ce(SO4)2 species was considered to be the active species.
eported diversity in the results and complex formation in these

tudies may be due to the fact that the effects of CeIII and Cl−

mailto:pktandon123@rediffmail.com
dx.doi.org/10.1016/j.molcata.2007.12.001
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ons on the rate were not studied. From the mechanistic point of
iew it becomes necessary to ascertain, firstly, whether CeIII is
eleased before the slow step or not and secondly in which form
ridium(III) chloride is catalyzing the reaction. Here, we report
he oxidation of cyclohexanol and cyclooctanol by cerium(IV)
ulphate in aqueous sulphuric acid medium catalyzed by irid-
um(III) chloride. Interestingly the average concentration of
atalyst (10−6 M) required to catalyze the oxidation was similar
o that of ruthenium(III) chloride [13] and ruthenium(VIII) oxide
14], when these cyclic alcohols were oxidized by alkaline hex-
cyanoferrate(III) (with [cyclic alcohols] = 1.0–3.0 × 10−2 M
nd [K3Fe(CN)6] = 2.0 × 10−3 M). While same or even higher
oncentrations of ruthenium(III) chloride were required to cat-
lyze the oxidation of these cyclic alcohols by cerium(IV)
ulphate in acidic medium under similar conditions (with [cyclic
lcohols] = 0.8–5.0 × 10−2 M and [Ce(SO4)2] = 2.0 × 10−3 M)
15]. To ascertain the mechanistic path, we have studied the
ffects of externally added chloride, hydrogen and cerium(III)
ons on the rate and extent of oxidation. Study was performed
t constant ionic strength of the medium.

. Experimental

Cerium(IV) sulphate, cerium(III) sulphate (Loba), sulphuric
cid, ferrous ammonium suphate, potassium chloride, ferroin (E.
erck), cyclohexanol and cyclooctanol (KOCH-LIGHT) were

sed as such without further purification and their solutions were
repared by directly dissolving the weighed samples in double
istilled water. Solution of iridium(III) chloride was prepared by
issolving the sample (sodium hexachloroiridate(III) (Johnson
atthey & Co.)) in minimum amount of HCl (A.R.) and the final

trengths of acid and catalyst were 0.00624 and 3.35 × 10−3 M,
espectively. Cerium(IV) sulphate, prepared by dissolving the
ample in 1:1 sulphuric acid, was standardized with a standard
olution of ferrous ammonium sulpahate using ferroin (CDH)
s an external indicator. All other chemical used were either
nalar or chemically pure substances. IR spectra were recorded

n KBr (ABB Bomen, FTLA 2000 104) spectrophotometer while
V–vis spectra were recorded on Systronics double beam spec-

rophotometer (2203 SMART).

.1. Determination of kinetic orders

Study was made at constant temperature (±0.1 ◦C). At dif-
erent time intervals progress of the reaction was measured by
ixing 5.0 ml aliquot of the reaction mixture to the same volume

f ferrous ammonium sulphate solution of slightly higher con-
entration compared to the concentration of cerium(IV) sulphate
nitially taken in that particular set. Remaining ferrous ions in
he mixture were titrated with a standard cerium(IV) sulphate
olution using ferroin as an internal indicator. In this way the
itre values directly correspond to the amount of cerium(IV) sul-
hate consumed in the reaction mixture. Reactions were studied

nder the conditions and range where the un-catalyzed reaction
as negligible. Rate of the reaction (−dc/dt values) were cal-

ulated from the initial slopes of the individual graphs plotted
etween residual cerium(IV) sulphate (a–x) versus time. Rate

c
t
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f the reaction (−dc/dt) values were finally plotted against the
hanging concentration of the particular reactant for which order
f the reaction was to be obtained. Orders, with respect to var-
ous reactants were further confirmed by different methods, i.e.
y plotting log (a–x) versus time (in oxidant variation), by calcu-
ating rate constant of the reaction using the integrated first order
ate equation and by calculating the rate constant for molar con-
entrations (in catalyst variation) by dividing rate of the reaction
−dc/dt values) by the catalyst concentration. Fair constancy in
he values of the rate of the reaction with average deviation
.18 ± 0.16 (M min−1), in a sample set repeated four times in
xidant, organic substrate, catalyst and acid variations (entries
n bold letters in Table 1) confirms reproducibility of the results.
tudies were made at constant ionic strength of the medium with

he help of a standard solution of KCl. Effects of cerium(III),
hloride and hydrogen ions on the reaction velocity were studied
y adding these ions externally.

.2. Stoichiometry and product study

Stoichiometry of the reaction was studied by taking
erium(IV) sulphate in large excess compared to organic sub-
trate in 11:1; 9:1 and 8:1 ratios, respectively. For this purpose
eaction mixtures were kept at 30 ◦C for a long duration. Total
mount of cerium(IV) sulphate consumed by 1 mol of organic
ubstrate was estimated as given in 2.1. It was found that 8.88,
.51 and 8.16 mol of cerium(IV) sulphate were required by 1 mol
f organic substrate for its complete oxidation. After completion
f the reaction, reaction mixture was repeatedly extracted with
ther. Ether extract on evaporation gave white crystalline solids
18.0 and 10.97 mg, respectively, when 0.963 and 0.152 mmol
f cyclohexanol and cyclooctanol were initially taken). Adipic
cid and suberic acid were identified as the oxidation products of
yclohexanol and cyclooctanol, respectively, by running the tlc
lates with authentic samples, mmp. (151–164 and 140–141 ◦C,
espectively) and spot test methods [16]. IR spectra of the prod-
cts showed peaks at 928 and 1026 (O H bending out of plane),
298 and 1251 (C O stretch), 1418 and 1410 (O H bending in
lane), 1698 and 1700 (C O stretch) and 2833 to 3259 and 3250
o 3420 with a peak at 3381 (broad O H stretch) in case of cyclo-
exanol and cyclooctanol, respectively. However, �-diketones
nd 2-hydroxycycloketones, which were detected in the oxida-
ion of cyclohexanol by manganese(III) pyrophosphate [17] and
hromic acid [18] and the presence of cycloketones as intermedi-
tes could not be detected in both the cases due to the overlapping
f peaks. Stoichiometry of the reaction may be given by Eq. (1)

CH2(CH2)nCHOH + 8CeIV + 3H2O

→ (CH2)n(COOH)2 + 8CeIII + 8H+ (1)

= 4 for cyclohexanol and 6 for cyclooctanol.

. Results and discussion
On plotting log (a–x) values (where ‘a–x’ is the remaining
oncentration of cerium(IV) at different time intervals) versus
ime (Fig. 1), deviations from straight lines were prominent only
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Table 1
Effect of change of concentration of various reactants on the reaction rate at 30 ◦C

[CeIV]
× 103 M

−dc/dt × 105 M min−1 [Organic substrate]
× 102 M

−dc/dt × 105 M min−1 [H+] M −dc/dt × 105 M min−1 [IrCl3]
× 106 M

k = (−dc/dt/[IrCl3]) min−1

(A) (B) (A) (B) (A) (B) (A) (B)

0.30 1.07 – 0.20 1.35 1.33 0.16 – 4.40 0.70 – 9.28
0.35 – 0.83 0.30 2.66 1.50 0.20 8.57 4.00 1.00 – 7.20
0.45 1.82 0.98 0.45 – 1.83 0.28 – 3.25 1.17 11.60 7.20
0.60 2.11 1.18 0.50 3.27 – 0.30 7.50 – 1.50 – 10.53
0.80 2.33 – 0.66 – 2.00 0.40 6.50 2.36 1.68 10.45 –
0.90 – 1.82 0.80 5.00 – 0.60 5.10 2.18 2.20 – 9.03
1.25 – 2.40 0.90 – 2.16 0.80 4.75 2.20 2.68 9.33 –
1.60 3.33 – 1.00 5.25 – 1.00 4.85 2.00 3.00 – 9.53
1.80 – 2.80 1.25 6.00 – 1.10 – 2.20 3.68 9.93 –
2.00 3.50 – 1.40 – 2.18 1.30 – 2.00 4.00 – 9.00
2.50 – 3.27 1.75 7.20 – 1.60 – 2.14 5.00 – 8.60
3.00 3.71 – 2.00 7.90 2.18 – – – 5.36 9.05 –
3.50 – 3.43 3.00 8.40 – – – – 7.00 –

8.38 8.60 –
11.72 8.87 –

Entries in bold show reproducibility of the results 2.18 ± 0.16 (Section 2.1). Concentrations in (A) are for cyclohexanol and in (B) are for cycooctanol. For variation of [Ce(SO4)2]: (A) [cyclohex-
anol] = 8.0 × 10−3 M, [IrCl3] = 5.36 × 10−6 M, [H2SO4] = 1.0 M, μ = 1.65 M. (B) [cyclooctanol] = 6.66 × 10−3 M, [IrCl3] = 2.20 × 10−6 M, [H2SO4] = 1.00 M, μ = 2.60 M. For variation of [Organic substrates]:
(A) [Ce(SO4)2] = 1.25 × 10−3 M, [IrCl3] = 5.36 × 10−6 M, [H2SO4] = 1.0 M, μ = 1.65 M. (B) [Ce(SO4)2] = 1.25 × 10−3 M, [IrCl3] = 2.20 × 10−6 M, [H2SO4] = 1.0 M, μ = 2.60 M. For variation of [H+]: (A)
[Ce(SO4)2] = 1.25 × 10−3 M, [cyclohexanol] = 8.00 × 10−3 M, [IrCl3] = 5.36 × 10−6 M, μ = 1.65 M. (B) [Ce(SO4)2] = 1.25 × 10−3 M, [cyclooctanol] = 6.66 × 10−3 M, [IrCl3] = 2.20 × 10−6 M, μ = 2.60 M. For
variation of [IrCl3]: first order rate constant, k = −dc/dt/[IrCl3]. (A) [Ce(SO4)2] = 1.25 × 10−3 M, [cyclohexanol] = 8.00 × 10−3 M, [H2SO4] = 1.0 M, μ = 1.65 M. (B) [Ce(SO4)2] = 1.25 × 10−3 M, [cyclooc-
tanol] = 6.66 × 10−3 M, [H2SO4] = 1.0 M, μ = 2.60 M.
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Fig. 1. Sample individual time plots for cerium(IV) for its highest
and lowest concentrations at 30 ◦C. (A)[Ce(SO4)2] = 3.0 × 10−3 M. (B)
[Ce(SO ) ]=0.30 × 10−3 M, [Cyclohexanol]=8.0 × 10−3 M, [H SO ]=1.0 M,
[
[
[

a
p
r
l
f
I
−
d
i
t
l
a
t
r
p
v
(

Fig. 2. Effect of variation of [CeIV], [Cyclohexanol] and [IrIII] on the
reaction rate at 30 ◦C. (A) [Cyclohexanol]=8.0 × 10−3 M, [H2SO4]=1.0 M,
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IrCl3]=5.36 × 10−6 M, μ=1.65 M. (C) [Ce(SO4)2]=3.50 × 10−3 M. (D)
Ce(SO4)2]=0.35 × 10−3 M, [Cyclooctanol]=6.66 × 10−3 M, [H2SO4]=1.0 M,
IrCl3]=2.20 × 10−6 M, μ=2.6 M.

t higher cerium(IV) concentrations. Rate constant values in a
articular set, calculated with the help of integrated first order
ate equation {k = 2.303/t log a/(a–x), showed constancy only at
ow concentrations of cerium(IV) when the amount of complex
ormed between the oxidant and substrate (complex C1 in step
I of Scheme 1) and interference from products was negligible.
dc/dt values increase with increasing concentration of oxi-

ant in the beginning but at higher concentrations of the oxidant
ncrease in −dc/dt values was not prominent (Table 1). On plot-
ing −dc/dt values versus cerium(IV) concentrations, straight
ine passing through the origin is obtained in the beginning but
t higher concentrations the line tends to become parallel to
he x-axis (Figs. 2A and 3E for cyclohexanol and cyclooctanol,

espectively). This type of trend in the rate values is further sup-
orted because straight lines are obtained on plotting log (a–x)
ersus time (first order plots) at low oxidant concentrations and
a–x) versus time (zero order plots) at higher concentrations of

Scheme 1. .

c
b
t

F
o
[
=
(
=

IrCl3]=5.36 × 10−6 M, μ=1.65 M. (B)[Ce(SO4)2]=1.25 × 10−3 M, [H2SO4]
1.0 M, [IrCl3]=5.36 × 10−6 M, μ=1.65 M. (C) [Ce(SO4)2]=1.25 × 10−3 M,
Cyclohexanol]=8.0 × 10−3 M, [H2SO4]=1.0 M, μ=1.65 M.

he oxidant. Calculations of the order with respect to time and
ith respect to concentration in case of ceriumIV indicate that
ne of the products is acting as an inhibitor [19], which is clear
rom Fig. 1 and the effect of change of [CeIII] on the reaction
elocity (Table 1). All these factors collectively confirm that the
eaction shows direct proportionality at low concentrations of
erium(IV), while order of the reaction tends to become zero
t higher concentrations of the oxidant. In Table 1, −dc/dt val-
es increase proportionally with the increasing concentrations of
rganic substrate in the beginning but the increase is not promi-
ent at higher concentrations of the organic substrate. This trend
n the rate values again indicates changing nature of the reaction
rder from unity at low concentrations to zero at higher con-

entrations of cyclic alcohols. Graphically this can be verified
y plotting −dc/dt values versus organic substrate concentra-
ions in which straight line, passing through the origin, tends to

ig. 3. Effect of variation of [CeIV], [Cyclooctanol] and [IrIII]
n the reaction rate at 30 ◦C. (E) [Cyclooctanol] = 6.66 × 10−3 M,
H2SO4] = 1.0 M, [IrCl3] = 2.20 × 10−6 M, μ = 2.60 M. (F) [Ce(SO4)2]
1.25 × 10−3 M, [H2SO4] = 1.0 M, [IrCl3] = 2.20 × 10−6 M, μ = 2.60 M.

G) [Ce(SO4)2] = 1.25 × 10−3 M, [Cyclooctanol] = 6.66 × 10−3 M, [H2SO4]
1.0 M, μ = 2.60 M.
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Fig. 4. Variation of [H+], [CeIII] and [Cl−] on the reaction rate for
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considered as the reactive species [3,25]. Therefore, consider-

T
E

[

−
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[

−
M

(
t

yclohexanol at 30 C. For (A–C) [Ce(SO4)2] = 1.25 × 10 M, [Cyclohex-
nol] = 8.0 × 10−3 M, [IrCl3] = 5.36 × 10−6 M, μ = 1.65 M. For (B and C)
H2SO4] = 1.0 M.

ecome parallel to the x-axis at higher concentrations of organic
ubstrate. This type of nature is shown by the both organic sub-
trates (Figs. 2B and 3F for cyclohexanol and cyclooctanol,
espectively).

Proportionate increase in the rate values with 10-folds
ncrease in the concentration of catalyst indicates direct propor-
ionality of the rate with respect to catalyst concentrations. Fair
onstancy in first order rate constant ‘k’ values for molar concen-
ration of catalyst and the straight line passing through origin on
lotting −dc/dt values versus catalyst concentrations (Figs. 2C
nd 3G for cyclohexanol and cyclooctanol, respectively) further
onfirm that in both the cases order of the reaction with respect
o catalyst concentration is one.

From Table 1, it is clear that the rate values decrease sharply
ith increasing concentrations of H+ ions in the beginning but

t higher concentrations the decrease is not much prominent. In
able 2 also similar trends are obtained for [CeIII] and [Cl−] ions
Figs. 4 and 5 for cyclohexanol and cyclooctanol, respectively).

Rate of oxidation was found to be in the order cyclooc-
anol > cyclohexanol and was confirmed from the energy of

ctivation, entropy of activation and free energy of activation
alues (accuracy 2.18 ± 0.16). These values (with average devi-
tion ±0.16) were found to be 20.18 and 13.98 (kJ mol−1),
66.78 and −68.56 (kJ−1 mol−1), 20.26 and 20.79 (kJ mol−1)

i
a
s

able 2
ffect of variation of [CeIII] and [Cl−] ion concentrations on the reaction rate at 30 ◦

Ce2(SO4)3] × 103 M 0.60 1.00 1.33 1.50

dc/dt × 105 (A) – 4.00 3.00 –
min−1 (B) 1.62 1.33 – 1.12

KCl] × 102 M 7.50 9.00 10.0 14.0

dc/dt × 105 (A) 7.33 – 6.00 –
min−1 (B) – 3.66 – 3.43

A) [Ce(SO4)2] = 1.25 × 10−3 M, [cyclohexanol] = 8.0 × 10−3 M, [H2SO4] = 1.0 M, [I
anol] = 6.66 × 10−3 M, [H2SO4] = 1.0 M, [IrCl3] = 2.20 × 10−6 M, μ = 2.60 M.
ig. 5. Variation of [H ], [Ce ] and [Cl ] on the reaction rate for
yclooctanol at 30 ◦C. For (A–C) [Ce(SO4)2] = 1.25 × 10−3 M, [Cyclooc-
anol] = 6.66 × 10−3 M, [IrCl3] = 2.20 × 10−6 M, μ = 2.60 M. For (B and C)
H2SO4] = 1.0 M.

or cyclohexanol and cyclooctanol, respectively. It is clear from
he values of energy of activation that the ease of formation of
ctivated complex is also in the above sequence. Similar trend
s observed with the entropy values also. Nearly constant values
f free energy of activation confirm that a similar mechanism is
perative in the oxidation of both cycloalcohols.

.1. Reactive species of iridium(III) chloride

It is known that IrCl3 in HCl medium gives IrCl63−
pecies [20]. It has also been reported that Ir III and Ir I

ons are the stable species of iridium [21]. Further, the aqua-
ion of [IrCl6]3− gives [IrCl5H2O]2−, [IrCl4(H2O)2]1− and
IrCl3(H2O)3] species [22–24]. This transformation may be
hown by the general equilibrium

rCl6
3− + nH2O � [IrCl6−n(H2O)n]3−n + Cl− (2)

During our study, observation of strong retarding effect of
l− ions on the reaction rate indicates that the above equilibrium

s shifted more towards the right hand side and IrCl63− cannot be
ng our experimental results, IrCl5(H2O)2− has been considered
s the reactive species of iridium(III) chloride in the present
tudy.

C

2.00 2.50 3.33 4.00 5.00

2.50 – 2.80 – 2.25
– 1.00 – 0.92 –

20.0 30.0 50.0 75.0

5.00 4.00 3.55 –
3.26 2.86 2.44 2.00

rCl3] = 5.36 × 10−6 M, μ = 1.65 M. (B) [Ce(SO4)2] = 1.25 × 10−3 M, [cyclooc-
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.2. Reactive species of cerium(IV) sulphate

Cerium(IV) forms a number of complexes in sulphuric acid
olution. Hardwick and Robertson [26] have reported the fol-
owing equilibrium between various complexes in sulphuric acid
olutions of 2 M ionic strength.

e4+ + HSO4
−K1�CeSO4

2+ + H+ K1 = 3500 (3)

eSO4
2+ + HSO4

−K2�Ce(SO4)2 + H+ K2 = 200 (4)

e(SO4)2 + HSO4
−K3�Ce(SO4)3

− + H+ K3 = 20 (5)

Equilibrium constants for the above steps are 3500, 200 and
0, respectively, at 25 ◦C. Under our experimental conditions,
e are of the opinion that total cerium(IV) is mainly present as
e(SO4)2. Concentration of Ce4+ species in a solution having

cerium(IV)] = 0.00125 M, and [H2SO4] = 1.0 M may be calcu-
ated from (6), which has been derived from Eq. (3) and (4). The
alue is found to be 1.0 × 10−9 M.

[Cerium(IV)]Total

= [Ce4+]

(
1 + K1[HSO4

−]

[H+]
+ K1K2[HSO4

−]2

[H+]2

)
(6)

Range of concentration of acid in which the present study was
erformed and the steep fall in rate of the reaction with increasing
oncentration of sulphuric acid indicates that the other species
ould be present in insignificantly small concentrations and
ay be considered negligible. Thus, Ce(SO4)2 has been taken as

he reactive species of CeIV in aqueous sulphuric acid medium,
hich has been considered by other workers also [27,28].

.3. Mechanism

According to Scheme 1, which is also consistent with the
toichiometry, IrCl63− gives IrCl5(H2O)2− species in aqueous
edium. Organic substrate (e.g. cyclohexanol) firstly combines
ith CeIV and gives the complex C1. In the subsequent step com-
lex C1 disproportionates into a radical, CeIII and H+ ion. The
adical then combines with IrCl5(H2O)2− species of catalyst to
ive complex C2, which in the rate-determining step gives rise
o ketone. In the subsequent fast step H• ion, complexed with
atalyst, transfers its electron to cerium(IV) to give the original
rCl5(H2O)2− species. Generally, in the oxidation of alcohols by
erium(IV) to give carbonyl compounds, both H• formed by the
omolysis of O H and C H bonds are taken up by two cerium
olecules but it may be possible that attachment of a bulky

roup with substrate hinders the transfer of second H• to cerium
ue to steric hinderance and thus the electron of the hydrogen
s transferred to iridium instead of cerium. Now in the subse-
uent steps cyclohexanone, by taking six cerium(IV) ions and

hree H2O molecules, ultimately gives rise to adipic acid. Oxida-
ion of cyclohexanone to adipic acid by cerium(IV) in aqueous
ulphuric acid medium has been reported earlier also [29]. 1:1
omplexes between cerium(IV) and alcohols [30] and ketones

t
r
t
r

lysis A: Chemical 282 (2008) 136–143 141

31] with the elimination of CeIII and H+ ions are very well docu-
ented. Complex of the composition [ROH.Ce(IV)]4+ between
eIV and alcohols and Michaelis–Menten type of kinetics has
lso been reported [32]. Similar results have been reported in
ase of ketones [33–38] and cyclic alcohols [39] also. Strong
etarding effect of Ce(III), H+ and Cl− ions on the rate in
he present study, clearly suggests their elimination before the
ate-determining step. In the present case formation of com-
lex between CeIV and the organic substrate is supported by
he change of kinetic orders from one to zero and also from the
onstancy in the calculated rate constant k values in the begin-
ing only when the complex formation is small. Deviations from
onstancy become pronounced with increasing CeIV or organic
ubstrate concentrations. To see whether the organic substrate
orms the complex with cerium(IV) or with iridium(III), UV–vis
pectra of aqueous solution of cerium(IV) (1.25 × 10−3 M) in
.0 M sulphuric acid (Fig. 6A) and after mixing cyclohexanol
0.8 × 10−2 M) (Fig. 6B) were recorded under similar condi-
ions. Shifting of peak from 361 to 316 nm and absorbance from
.26 to 1.38 (in 15 min after mixing cyclohexanol) indicates the
ormation of complex between cerium(IV) and cyclohexanol.
n the other hand, spectra of aqueous solution of iridium(III)

1.67 × 10−3 M) shows peak at 233.6 nm and absorbance 2.052,
hich remains almost constant at 233.6 nm 1.999, even after
0 min after mixing cyclohexanol ([Ir(III)] = 1.67 × 10−3 M,
cyclohexanol] = 0.8 × 10−2 M) showing no complex formation.
ormation of complex between iridium(III) (step I, Scheme 1)
nd cycloalcohol (step II, Scheme 1) which then combines with
erium(IV) to give the complex C2, can also be ruled out on the
asis of experimental results because in that condition the final
ate law will be inconsistent with a linear plot of 1/rate versus
/[IrIII] and a linear dependence on cerium(IV) concentrations
n the region where there is a linear dependence of the rate on
atalyst concentrations.

.4. Derivation of the rate law

Total concentration of IrIII (in all equations total concentra-
ion of Iridium(III) is represented as [IrIII]T, and concentration
f organic substrate is represented as [S]) according to Scheme 1
ay be given by Eq. (7).

IrIII]T = [IrCl6]3− + [IrCl5(H2O)]2− + [Complex C2] (7)

Considering equilibrium concentration for steps I to IV and
alculating [IrCl63−] and [IrCl5(H2O)2−] from steps I and IV,
espectively of the Scheme 1, Eq. (7) after rearrangement can
e written as Eq. (8)

IrIII]T= [C2][CeIII][H+][Cl−]

K1K2K3[CeIV][S]
+ [C2][CeIII][H+]

K2K3[CeIV][S]
+ C2 (8)

ere K2 includes K′
2 term also.

Now rate of the reaction in terms of decreasing concentra-

ions of CeIV from step (V) may be given as the product of the
ate constant and concentration of the complex C2, which is mul-
iplied by a factor of 2 because two molecules of cerium(IV) are
equired to regenerate the catalyst in its original form. Thus, the



142 P.K. Tandon et al. / Journal of Molecular Cata

Fig. 6. (A) Spectrum of cerium(IV) in H2SO4 at 30 ◦C.
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Ce(SO4)2] = 1.25 × 10−3 M, [H2SO4] = 1.0 M. (B) Spectrum of Cerium(IV)
fter mixing cyclohexanol at 30 ◦C. [Ce(SO4)2] = 1.25 × 10−3 M,
H2SO4] = 1.0 M, [cyclohexanol] = 0.8 × 10−2 M.

nal rate law is obtained as given by Eq. (9)

−d[CeIV]

dt
= 2kK1K2K3[CeIV][S][IrIII]T

[CeIII][H+]{[Cl−] + K1} + K1K2K3[CeIV][S]

(9)

ere also K′
2 is included in K2.

This equation clearly accounts for first order kinetics with
espect to iridium(III) chloride concentrations. Retarding effect
f cerium(III), Cl− and H+ ions and the nature shown by
erium(IV) and organic substrate concentrations on the reaction

elocity are also quite clear. Under the experimental conditions
t low concentrations of cerium(IV) and the organic substrate
hen [Cl−] � K1, the inequality [CeIII][H+][Cl−] � K1K2K3

CeIV][S] may be assumed to be valid and the rate law (9)

t
g
o
F
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educes to

−d[CeIV]

dt
= 2kK1K2K3[CeIV][S][IrIII]T

[CeIII][H+][Cl−]
(10)

Eq. (10) explains the first order kinetics with respect to
erium(IV) and organic substrate at low concentrations. The
etarding nature shown by [CeIII] [H+] and [Cl−] on the reaction
elocity is also explained. At higher concentrations the reverse
nequality [CeIII][H+][Cl−] � K1K2K3 [CeIV][S] may be con-
idered because the rate values were determined in the beginning
f the reaction where the [CeIII] concentration will be quite low
nd at higher oxidant concentrations a small amount of KCl
ill be required to keep the ionic strength of the medium con-

tant and therefore, [Cl−] will also be quite low. With the above
nequality rate law (9) gives rise to Eq. (11) that accounts for
he first order kinetics as shown by iridium(III) chloride up to
ts manifold variations.

−d[CeIV]

dt
= 2k[IrIII]T (11)

The final rate law (9) can also be written in the form as

−d[CeIV]/dt

[IrIII]T
= k′ = 2kK1K2K3[CeIV][S]

[CeIII][H+][Cl−] + K1[CeIII][H+]

+K1K2K3[CeIV][S]
(12)

Rate law (9) and (12) can be verified by rewriting these Eqs.
13) and (14), respectively

1

rate
= [CeIII][H+][Cl−]

2kK1K2K3[CeIV][S][IrIII]T

+ [CeIII][H+]

2kK2K3[CeIV][S][IrIII]T
+ 1

2k[IrIII]T
(13)

nd

1

k′ = [CeIII][H+][Cl−]

2kK1K2K3[CeIV][S]
+ [CeIII][H+]

2kK2K3[CeIV][S]
+ 1

2k
(14)

From these equations, graphs can be plotted between 1/rate
ersus 1/[IrIII] or 1/k′ versus 1/[CeIV], 1/[S] or [H+], which
hould give a straight line with positive intercept on y-axis
rom where kK2K3 values can be calculated. From the slope
f the straight line thus obtained on plotting 1/k′ (where
′ = rate/[IrIII]T) against 1/[CeIV], 1/[S] or [H+] (Fig. 7), kK2K3
alues were found to be 7.50, 5.50 and 5.83 (cyclohexanol) and
0.0, 11.2 and 5.15 (cyclooctanol), respectively. [Ce(III)] will
e produced in the reaction mixture only with the progress of
he reaction. The rate values were calculated in the beginning
f the reaction when a negligibly small fraction of cerium(IV)
ould have been converted, therefore, for the sake of simplic-

ty, its concentration may logically be ignored while calculating

he kK2K3 values, which were calculated by the slope of the
raph. Thus, while calculating the kK2K3 values, concentration
f cerium(III) produced in the reaction mixture was neglected.
air agreement in kK2K3 values calculated from three different
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Fig. 7. Plots between 1/k′ vs. 1/[Ce(IV)], 1/[S] and [H+]. For (A)
[Cyclohexanol]=8.0 × 10−3 M, [H2SO4]=1.0 M, [IrCl3]=5.36 × 10−6 M,
μ=1.65 M. For (B) [Cyclooctanol]=6.66 × 10−3 M, [H2SO4]=1.0 M,
[IrCl3]=2.20 × 10−6 M, μ=2.60 M. For (C) [Ce(SO4)2]=1.25 × 10−3 M, [H2

SO4]=1.0 M, [IrCl3]=5.36 × 10−6 M, μ=1.65 M. For (D) [Ce(SO4)2]
=1.25 × 10−3 M, [H SO ]=1.0 M, [IrCl ]=2.20 × 10−6 M, μ=2.60 M. For
(
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E) [Ce(SO4)2]=1.25 × 10−3 M, [Cyclohexanol]=8.0 × 10−3 M, [IrCl3]=5.36
10−6 M, μ=1.65 M. For (F) [Ce(SO4)2]=1.25 × 10−3 M, [Cyclooc-

anol]=6.66 × 10−3 M, [IrCl3]=2.20 × 10−6 M, μ = 2.60 M.

raphs further supports the proposed mechanism and the final
ate law.

. Conclusion

The present work clearly shows that it is cerium(IV) that
nitially forms the complex with organic substrate and not irid-
um(III) chloride. Retarding effects of chloride, hydrogen and
erium(III) ions on the reaction velocity confirm the removal of
hese ions before the rate-determining slow step. The present
ork shows that iridium(III) chloride acts as a highly effi-

ient catalyst when used in acidic medium and indicates great
otential of cerium(IV) sulpahte–iridium(III) chloride system
or synthetic applications.

cknowledgement

A.K.S. and S.S. are grateful to C.S.T., U.P. (grant no. CST/D-
205) for providing financial assistance.
eferences

[1] M.P. Singh, H.S. Singh, M.K. Verma, J. Phys. Chem. 84 (1980) 256.

[

[

lysis A: Chemical 282 (2008) 136–143 143

[2] V.N. Singh, H.S. Singh, B.B.L. Saxena, J. Am. Chem. Soc. 91 (1969)
2643.

[3] Manibala, H.S. Singh, B. Krishna, P.K. Tandon, J. Indian Chem. Soc. LXII
(1985) 434.

[4] P.K. Tandon, B. Krishna, Kinetika i Kataliz, USSR 26 (1985) 607.
[5] D. Kar, S.K. Mondal, M. Das, A.K. Das, Oxidation Commun. 21 (1998)

538.
[6] R.K. Mohanty, M. Das, A.K. Das, Indian J. Chem. 37 (A) (1998) 34.
[7] A.K. Das, J. Chem. Res. (Synopsis) 4 (1996) 184.
[8] A.K. Das, M. Das, Indian J. Chem. 34 (A) (1995) 866.
[9] S.K. Mondal, D. Kar, M. Das, A.K. Das, Indian J. Chem. 37 (A) (1998)

765.
10] Y.R. Rao, P.K. Sai Prakash, Oriental J. Chem. 8 (1) (1992) 18.
11] Q.M. Jiang, W.Y. Song, W.C. ZhAo, W.C. Song, Chemistry 1 (10) (2005)

693.
12] W.Y. Song, M.B. Li, H.M. Liu, Wuli Huaxue Xucbao 20 (8) (2004)

801.
13] R.N. Singh, H.S. Singh, Indian J. Chem. 16A (1978) 145.
14] H.S. Singh, K.K. Singh, Indian J. Chem. 29 A (1990) 1068.
15] P.K. Tandon, Manibala, H.S. Singh, B. Krishna, Z phys Chemie, Leipzig

265 (3) (1984) 609.
16] F. Feigl, Spot Tests In Organic Chemistry, Elsevier, New York, 1960, p.

369.
17] A.Y. Drummond, W.A. Waters, J. Chem. Soc. (1955) 497.
18] J. Rocek, S.A. Riehl, J. Org. Chem. 11 (1967) 3569.
19] K.J. Laidler, Chemical Kinetics, TMH, India, 1976, pp. 11–18.
20] J.C. Chang, C.S. Garner, Inorg. Chem. 4 (1965) 209.
21] F.A. Cotton, G. Wilkinson, C.A. Murillo, M. Bochmann, Advanced Inor-

ganic Chemistry, Wiley-Interscience, 1999, p. 1039.
22] F.A. Cotton, G. Wilkinson, C.A. Murillo, M. Bochmann, Advanced Inor-

ganic Chemistry, Wiley-Interscience, 1999, p. 1051.
23] I.A. Poulsen, C.S. Garner, J. Am. Chem. Soc. 84 (1962) 2032.
24] A.P.J. Domingos, A.M.T.S. Domingos, J.M.P. Gabral, J. Inorg. Nucl. Chem.

31 (1969) 2568.
25] M.P. Singh, P.K. Tandon, R.M. Singh, A. Mehrotra, J. Indian Chem. Soc.

67 (1990) 458.
26] T.J. Hardwick, E. Robertson, Can. J. Chem. 29 (1951) 828.
27] P.S. Sankhla, R.N. Mehrotra, J. Inorg. Nucl. Chem. 34 (1972) 3781.
28] P.S. Sankhla, R.N. Mehrotra, J. Inorg. Nucl. Chem. 35 (1973) 891.
29] R.N. Mehrotra, Indian J. chem 22 (A) (1983) 169.
30] L.B. Young, W.S. Trahanovsky, J. Am. Chem. Soc. 91 (1969) 5060.
31] J.S. Littler, J. Chem. Soc. (1962) 832.
32] S.S. Muhammad, K.V. Rao, Bull. Chem. Soc. Jpn. 36 (1963) 943.
33] J. Shorter, J. Chem. Soc. (1950) 3425.
34] J. Shorter, S.C. Hinshelwood, J. Chem. Soc. (1950) 3276.
35] P.K. Tandon, S. Sahgal, A.K. Singh, Gayatri, M. Purwar, J. Mol. Catal. A

232 (2005) 83.
36] P.K. Tandon, A.K. Singh, R. Baboo, P.B. Dwivedi, Trans. Metal Chem. 29

(2004) 663.
38] P.K. Tandon, S. Sahgal, A.K. Singh, S. Kumar, M. Dhusia, J. Mol. Catal.,
A: Chem. 258 (2006) 320.

39] H.L. Hintz, D.C. Johnson, J. Org. Chem. 32 (1967) 556.


	Oxidation of cyclic alcohols by cerium(IV) in acidic medium in the presence of iridium(III) chloride
	Introduction
	Experimental
	Determination of kinetic orders
	Stoichiometry and product study

	Results and discussion
	Reactive species of iridium(III) chloride
	Reactive species of cerium(IV) sulphate
	Mechanism
	Derivation of the rate law

	Conclusion
	Acknowledgement
	References


