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Abstract

Kinetic data suggest reduction of Ce'V into Ce™ and elimination of C1~ and H* ions before the rate-determining step in iridium(III) chloride

catalyzed oxidation of cyclohexanol and cyclooctanol by cerium(IV) sulphate in aqueous sulphuric acid medium. IrCl; was found to be equal or
even a better catalyst compared to ruthenium for oxidations involving ceric ions. Effects of change of concentrations of Ce!V, cycloalcohols, Ir™,
H*, C1~ and Ce™ on the reaction rate were determined. The order of the reaction changes from one to zero on increasing the concentration of the
oxidant. Rate of the reaction was found to follow direct proportionality with respect to catalyst concentrations. Change in the order of reaction
from first to zero was observed on increasing the concentration of organic substrate. External addition of H*, C1~ and Ce! ions retards the reaction
velocity. Spectrophotometric evidence was provided that it is the cerium and not catalyst, which forms complex with substrate. Parameters such

as energy of activation, free energy of activation and entropy data were collected at five different temperatures, which suggest that cyclooctanol is

more easily oxidizable compared to cyclohexanol.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Compounds of ruthenium and osmium have been exten-
sively used as homogeneous catalysts. In many cases osmium
compounds show better catalytic activity compared to ruthe-
nium compounds but the tendency of osmium compounds to
form hazardous osmates in acidic medium restricts their use as
homogeneous catalysts in alkaline medium only. In this respect
ruthenium compounds are advantageous as they can be used both
in acidic as well as in alkaline medium. Kinetics of oxidation
of a number of organic compounds in acidic [1] and alkaline
[2] medium has been reported from our laboratory in which
compounds of ruthenium and osmium, respectively, were found
to be effective catalysts. We were the first to report mechanis-
tic steps involved in iridium(IIT) chloride catalysis in alkaline
medium [3] and the catalytic activity of ruthenium(VIII) oxide
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in acidic medium [4]. Initially, the use of iridium(III) chloride
as a homogeneous catalyst attracted little attention because it
was not an effective catalyst in alkaline medium [3]. Poten-
tial of iridium(III) chloride to act as a homogeneous catalyst
in oxidation processes was recognized when it was used in
acidic medium. Oxidation of propan-1-ol and propan-2-ol [5],
ethanol [6], methanol [7] and formic acid [8] by cerium(IV)
sulphate in sulphuric acid medium catalyzed by iridium(III)
chloride was reported. It was suggested that the complex formed
between catalyst, oxidant and organic substrate decomposes in
the rate-determining step and Ce(S04)22~ was considered to
be the active species of cerium(IV). On the other hand, in the
oxidation of butan-2-ol [9] and aliphatic alcohols (methanol,
ethanol, propanol, butanol and iso-butanol) [10] with same cat-
alyst, oxidant and acid, Ce(SO4), was considered as the active
species, which does not participate in the complex formation. In
some recent studies with #-butyl alcohol [11] and isobutyl alco-
hol [12], a complex involving cerium(IV), catalyst and organic
substrate has been reported which decomposes in the slow step
but Ce(SO4)> species was considered to be the active species.
Reported diversity in the results and complex formation in these
studies may be due to the fact that the effects of Ce'l and C1~
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ions on the rate were not studied. From the mechanistic point of
view it becomes necessary to ascertain, firstly, whether Cell jg
released before the slow step or not and secondly in which form
iridium(III) chloride is catalyzing the reaction. Here, we report
the oxidation of cyclohexanol and cyclooctanol by cerium(IV)
sulphate in aqueous sulphuric acid medium catalyzed by irid-
ium(IIl) chloride. Interestingly the average concentration of
catalyst (10~® M) required to catalyze the oxidation was similar
to that of ruthenium(III) chloride [ 13] and ruthenium(VIII) oxide
[14], when these cyclic alcohols were oxidized by alkaline hex-
acyanoferrate(II) (with [cyclic alcohols]=1.0-3.0 x 1072M
and [K3Fe(CN)g] =2.0 x 1072 M). While same or even higher
concentrations of ruthenium(IIl) chloride were required to cat-
alyze the oxidation of these cyclic alcohols by cerium(IV)
sulphate in acidic medium under similar conditions (with [cyclic
alcohols] =0.8-5.0 x 1072 M and [Ce(SO4)2]1=2.0 x 1073 M)
[15]. To ascertain the mechanistic path, we have studied the
effects of externally added chloride, hydrogen and cerium(III)
ions on the rate and extent of oxidation. Study was performed
at constant ionic strength of the medium.

2. Experimental

Cerium(IV) sulphate, cerium(III) sulphate (Loba), sulphuric
acid, ferrous ammonium suphate, potassium chloride, ferroin (E.
Merck), cyclohexanol and cyclooctanol (KOCH-LIGHT) were
used as such without further purification and their solutions were
prepared by directly dissolving the weighed samples in double
distilled water. Solution of iridium(IIT) chloride was prepared by
dissolving the sample (sodium hexachloroiridate(Ill) (Johnson
Matthey & Co.)) in minimum amount of HCI (A.R.) and the final
strengths of acid and catalyst were 0.00624 and 3.35 x 1073 M,
respectively. Cerium(IV) sulphate, prepared by dissolving the
sample in 1:1 sulphuric acid, was standardized with a standard
solution of ferrous ammonium sulpahate using ferroin (CDH)
as an external indicator. All other chemical used were either
Analar or chemically pure substances. IR spectra were recorded
in KBr (ABB Bomen, FTLA 2000 104) spectrophotometer while
UV-vis spectra were recorded on Systronics double beam spec-
trophotometer (2203 SMART).

2.1. Determination of kinetic orders

Study was made at constant temperature (+0.1 °C). At dif-
ferent time intervals progress of the reaction was measured by
mixing 5.0 ml aliquot of the reaction mixture to the same volume
of ferrous ammonium sulphate solution of slightly higher con-
centration compared to the concentration of cerium(I'V) sulphate
initially taken in that particular set. Remaining ferrous ions in
the mixture were titrated with a standard cerium(IV) sulphate
solution using ferroin as an internal indicator. In this way the
titre values directly correspond to the amount of cerium(IV) sul-
phate consumed in the reaction mixture. Reactions were studied
under the conditions and range where the un-catalyzed reaction
was negligible. Rate of the reaction (—dc/dr values) were cal-
culated from the initial slopes of the individual graphs plotted
between residual cerium(IV) sulphate (a—x) versus time. Rate

of the reaction (—dc/dr) values were finally plotted against the
changing concentration of the particular reactant for which order
of the reaction was to be obtained. Orders, with respect to var-
ious reactants were further confirmed by different methods, i.e.
by plotting log (a—x) versus time (in oxidant variation), by calcu-
lating rate constant of the reaction using the integrated first order
rate equation and by calculating the rate constant for molar con-
centrations (in catalyst variation) by dividing rate of the reaction
(—dc/dt values) by the catalyst concentration. Fair constancy in
the values of the rate of the reaction with average deviation
2.1840.16 (M min~"), in a sample set repeated four times in
oxidant, organic substrate, catalyst and acid variations (entries
in bold letters in Table 1) confirms reproducibility of the results.
Studies were made at constant ionic strength of the medium with
the help of a standard solution of KCI. Effects of cerium(IIl),
chloride and hydrogen ions on the reaction velocity were studied
by adding these ions externally.

2.2. Stoichiometry and product study

Stoichiometry of the reaction was studied by taking
cerium(I'V) sulphate in large excess compared to organic sub-
strate in 11:1; 9:1 and 8:1 ratios, respectively. For this purpose
reaction mixtures were kept at 30 °C for a long duration. Total
amount of cerium(IV) sulphate consumed by 1 mol of organic
substrate was estimated as given in 2.1. It was found that 8.88,
8.51 and 8.16 mol of cerium(IV) sulphate were required by 1 mol
of organic substrate for its complete oxidation. After completion
of the reaction, reaction mixture was repeatedly extracted with
ether. Ether extract on evaporation gave white crystalline solids
(18.0 and 10.97 mg, respectively, when 0.963 and 0.152 mmol
of cyclohexanol and cyclooctanol were initially taken). Adipic
acid and suberic acid were identified as the oxidation products of
cyclohexanol and cyclooctanol, respectively, by running the tlc
plates with authentic samples, mmp. (151-164 and 140-141 °C,
respectively) and spot test methods [16]. IR spectra of the prod-
ucts showed peaks at 928 and 1026 (O—H bending out of plane),
1298 and 1251 (C—O stretch), 1418 and 1410 (O—H bending in
plane), 1698 and 1700 (C=O0 stretch) and 2833 to 3259 and 3250
to 3420 with a peak at 3381 (broad O—H stretch) in case of cyclo-
hexanol and cyclooctanol, respectively. However, a-diketones
and 2-hydroxycycloketones, which were detected in the oxida-
tion of cyclohexanol by manganese(IlI) pyrophosphate [17] and
chromic acid [18] and the presence of cycloketones as intermedi-
ates could not be detected in both the cases due to the overlapping
of peaks. Stoichiometry of the reaction may be given by Eq. (1)

CH»(CH,),CHOH + 8Ce'Y +3H,0
— (CH»),(COOH), + 8Ce'l + 8HT (1)

n=4 for cyclohexanol and 6 for cyclooctanol.
3. Results and discussion
On plotting log (a—x) values (where ‘a—x’ is the remaining

concentration of cerium(IV) at different time intervals) versus
time (Fig. 1), deviations from straight lines were prominent only



Table 1

Effect of change of concentration of various reactants on the reaction rate at 30 °C

[Ce™] —dc/dt x 10° M min™! [Organic substrate] —dc/dt x 10° M min™! [H"1M —dc/dt x 10> M min~! [IrCl3] k= (—dc/dt/[IrCl3]) min~!
x 10°M x 10> M x 10°M
(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 0.80 475 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 x 1073 M, [IrCl3]=5.36 x 107°M, [H2SO04]=1.0M, n=1.65M. (B) [cyclooctanol] =6.66 x 1073 M, [IrCl3]1=2.20 x 107 M, [H2S04]=1.00M, 1 =2.60M. For variation of [Organic substrates]:
(A) [Ce(S04)21=1.25 x 1073 M, [IrCl3]1=5.36 x 107 M, [H2SO4]=1.0M, pu=1.65M. (B) [Ce(SO4)2]=1.25 x 1073 M, [IrCl3]=2.20 x 107°M, [HS04]1=1.0M, 1 =2.60M. For variation of [H*]: (A)
[Ce(SO4)2]1=1.25 x 1073 M, [cyclohexanol]=8.00 x 1073 M, [IrCl3]=5.36 x 107°M, u=1.65M. (B) [Ce(SO4)2]=1.25 x 1073 M, [cyclooctanol] =6.66 x 1073 M, [IrCl3]=2.20 x 10~°M, u=2.60M. For
variation of [IrClz]: first order rate constant, k=—dc/d#/[IrCl3]. (A) [Ce(SO4)2]1=1.25 x 1073 M, [cyclohexanol] =8.00 x 1073 M, [HySO4]1=1.0M, p=1.65M. (B) [Ce(SO4)2]1=1.25x 1073 M, [cyclooc-
tanol] = 6.66 x 1073 M, [HSO04]=1.0M, 1 =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]1=3.0x 1073 M. (B)
[Ce(S04)21=0.30 x 1073 M, [Cyclohexanol]=8.0 x 1073 M, [H,SO04]=1.0M,
[IrCl3]=5.36 x 107 M, u=1.65M. (C) [Ce(SO4)2]=3.50 x 107>*M. (D)
[Ce(S04)21=0.35 x 1073 M, [Cyclooctanol]=6.66 x 1073 M, [HySO4]=1.0M,
[IrCl3]=2.20 x 107 M, u=2.6 M.

at higher cerium(IV) concentrations. Rate constant values in a
particular set, calculated with the help of integrated first order
rate equation {k=2.303/tlog a/(a—x), showed constancy only at
low concentrations of cerium(IV) when the amount of complex
formed between the oxidant and substrate (complex C; in step
II of Scheme 1) and interference from products was negligible.
—dc/dt values increase with increasing concentration of oxi-
dant in the beginning but at higher concentrations of the oxidant
increase in —dc/dt values was not prominent (Table 1). On plot-
ting —dc/dt values versus cerium(IV) concentrations, straight
line passing through the origin is obtained in the beginning but
at higher concentrations the line tends to become parallel to
the x-axis (Figs. 2A and 3E for cyclohexanol and cyclooctanol,
respectively). This type of trend in the rate values is further sup-
ported because straight lines are obtained on plotting log (a—x)
versus time (first order plots) at low oxidant concentrations and
(a—x) versus time (zero order plots) at higher concentrations of

Il +HO IFCIy(H,0)? +CIF ()
H K H
CXP + Ce(ly) =—— o (complexC;) ..l
H
o a
Crf.-.-ce(\v).:- C)(O_ +Ce(lll) + He i)
iy
O o == [OC T
+ eIl . complex C.
o () T (complex C;) V)
((\Hw * Kk o
O... Ir(llny 9
C—C—OCH
fast T .
Q:O +6Ce(V) + 3H,0 — _C<| DS +6Ce(lll) + 6H VD)
G—C—c-oH
2- fast 2.
{H----Ir(ll\)} +Ce(lV) —  Ce(ll) +H* +[ir(ll)) VI

Here Ir(lll) denotes [IrCl;(H,0)*]
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Fig. 2. Effect of variation of [Ce'™v], [Cyclohexanol] and ("] on the
reaction rate at 30°C. (A) [Cyclohexanol]=8.0 x 1073 M, [H2S04]=1.0M,
[IrC13]=5.36 x 107°M, pu=1.65M. (B)[Ce(SO4)2]=1.25 x 1073 M, [H,SO4]
=1.0M, [IrCl3]=5.36 x 107 M, u=1.65M. (C) [Ce(SO4)2]=1.25 x 1073 M,
[Cyclohexanol]=8.0 x 1073 M, [HyS04]=1.0M, pu=1.65M.

the oxidant. Calculations of the order with respect to time and
with respect to concentration in case of cerium!V indicate that
one of the products is acting as an inhibitor [19], which is clear
from Fig. 1 and the effect of change of [Ce''] on the reaction
velocity (Table 1). All these factors collectively confirm that the
reaction shows direct proportionality at low concentrations of
cerium(IV), while order of the reaction tends to become zero
at higher concentrations of the oxidant. In Table 1, —dc/dr val-
ues increase proportionally with the increasing concentrations of
organic substrate in the beginning but the increase is not promi-
nent at higher concentrations of the organic substrate. This trend
in the rate values again indicates changing nature of the reaction
order from unity at low concentrations to zero at higher con-
centrations of cyclic alcohols. Graphically this can be verified
by plotting —dc/dr values versus organic substrate concentra-
tions in which straight line, passing through the origin, tends to

¢E
uF
AG

-dc/dt x x10° M-min-1
w

0 T T T T T T T
0 1 2 3 4 5 6 7 8

Concentrations
E - [Ce™] x 10 M;F - [Substrate] x 10° M and G - [Ir"'] x 10°M

[CelV], [Cyclooctanol] and [Ir]
on the reaction rate at 30°C. (E) [Cyclooctanol]=6.66 x 1073 M,
[HySO41=1.0M, [IrCl3]=220x 107M, u=2.60M. (F) [Ce(SO4)1]
=125x1073M, [HpSO04]1=1.0M, [IrCl3]=220x107M, p=2.60M.
(G) [Ce(SO4)2]=1.25x% 1073 M, [Cyclooctanol] =6.66 x 1073 M, [H,>SO4]
=1.0M, £=2.60 M.

Fig. 3. Effect of variation of
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Fig. 4. Variation of [H*], [Ce] and [CI™] on the reaction rate for
cyclohexanol at 30°C. For (A-C) [Ce(SO4)2]=1.25 x 1073 M, [Cyclohex-
anol] =8.0 x 1073 M, [IrCl3]=5.36 x 1076 M, u=1.65M. For (B and C)
[H2SO4]1=1.0M.

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

Proportionate increase in the rate values with 10-folds
increase in the concentration of catalyst indicates direct propor-
tionality of the rate with respect to catalyst concentrations. Fair
constancy in first order rate constant ‘k” values for molar concen-
tration of catalyst and the straight line passing through origin on
plotting —dc/dt values versus catalyst concentrations (Figs. 2C
and 3G for cyclohexanol and cyclooctanol, respectively) further
confirm that in both the cases order of the reaction with respect
to catalyst concentration is one.

From Table 1, it is clear that the rate values decrease sharply
with increasing concentrations of H* ions in the beginning but
at higher concentrations the decrease is not much prominent. In
Table 2 also similar trends are obtained for [Ce™] and [C]~ ] ions
(Figs. 4 and 5 for cyclohexanol and cyclooctanol, respectively).

Rate of oxidation was found to be in the order cyclooc-
tanol >cyclohexanol and was confirmed from the energy of
activation, entropy of activation and free energy of activation
values (accuracy 2.18 = 0.16). These values (with average devi-
ation £0.16) were found to be 20.18 and 13.98 (kJmol~!),
—66.78 and —68.56 (kJ~! mol~!), 20.26 and 20.79 (kJ mol~')

5
4.5

4
*A

AB
oC

L w
N oW o
s . N
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»
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A{H+] x M:B - [ceiii] x103 and C - [CI-] M

Fig. 5. Variation of [H'], [Ce™] and [Cl™] on the reaction rate for
cyclooctanol at 30°C. For (A-C) [Ce(SO4)2]=1.25 x 1073 M, [Cyclooc-
tanol] =6.66 x 1073 M, [IrCl3]=2.20 x 107°M, ©=2.60M. For (B and C)
[H,SO4]=1.0M.

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

3.1. Reactive species of iridium(IIl) chloride

It is known that IrCl3 in HCl medium gives IrClg>~
species [20]. It has also been reported that Ir ' and Ir !
ions are the stable species of iridium [21]. Further, the aqua-
tion of [IrClg]’~ gives [IrClsH,O]>~, [IrCl4(H,0),]'~ and
[IrCl3(H20)3] species [22-24]. This transformation may be
shown by the general equilibrium

IrClg>~ +nH,0 = [IrClg_,(H20),1> ™" +CI~ )

During our study, observation of strong retarding effect of
CI™ ions on the reaction rate indicates that the above equilibrium
is shifted more towards the right hand side and IrClg>~ cannot be
considered as the reactive species [3,25]. Therefore, consider-
ing our experimental results, IrCls (H,0)?~ has been considered
as the reactive species of iridium(III) chloride in the present
study.

Table 2

Effect of variation of [Ce!!!'] and [C1~] ion concentrations on the reaction rate at 30 °C
[Cex(SO4)3] x 10°M 0.60 1.00 1.33 1.50
—dc/dt x 10° (A) - 4.00 3.00 -
Mmin~! (B) 1.62 1.33 - 1.12

[KCI] x 10> M 7.50 9.00 10.0 14.0
—de/dt x 10° (A) 7.33 - 6.00 -
Mmin~! (B) - 3.66 - 343

2.00 2.50 3.33 4.00 5.00

2.50 - 2.80 - 225

- 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

(A) [Ce(SOy4)2]1=1.25 x 1073 M, [cyclohexanol] =8.0 x 1073 M, [H2SO4]= 1.0M, [[rCl3]1=5.36 x 107 M, 1z = 1.65 M. (B) [Ce(SO4)2]1=1.25 x 1073 M, [cyclooc-

tanol] =6.66 x 1073 M, [HySO4]=1.0M, [IrCl3]=2.20 x 107 M, u=2.60 M.
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3.2. Reactive species of cerium(IV) sulphate

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

K
Ce*t + HSO4,~=CeSO42T + HT K, = 3500 3)
2+ -k +
CeSO4*T 4+ HSO4 ™ =Ce(S04), + HT K5 =200 4)
K
Ce(SO4), + HSOs " =Ce(S04);~ + HT K3 =20 (5)

Equilibrium constants for the above steps are 3500, 200 and
20, respectively, at 25 °C. Under our experimental conditions,
we are of the opinion that total cerium(IV) is mainly present as
Ce(SO4);. Concentration of Ce** species in a solution having
[cerium(IV)] =0.00125 M, and [H>SO4] =1.0 M may be calcu-
lated from (6), which has been derived from Eq. (3) and (4). The
value is found to be 1.0 x 1077 M.

[Cerium(IV)] oy

K{[HSO47]
[H*]

—2
= [Ce*t] <1+ KiRalliS0q ] ) ©6)

[HT]?

Range of concentration of acid in which the present study was
performed and the steep fall in rate of the reaction with increasing
concentration of sulphuric acid indicates that the other species
would be present in insignificantly small concentrations and
may be considered negligible. Thus, Ce(SO4)> has been taken as
the reactive species of Ce!Y in aqueous sulphuric acid medium,
which has been considered by other workers also [27,28].

3.3. Mechanism

According to Scheme 1, which is also consistent with the
stoichiometry, IrClg>~ gives IrCls(H,O)>~ species in aqueous
medium. Organic substrate (e.g. cyclohexanol) firstly combines
with Ce!V and gives the complex Cy. In the subsequent step com-
plex C; disproportionates into a radical, Ce'! and H* ion. The
radical then combines with IrCls(H,0)*~ species of catalyst to
give complex C,, which in the rate-determining step gives rise
to ketone. In the subsequent fast step H® ion, complexed with
catalyst, transfers its electron to cerium(IV) to give the original
IrCls(H,0)>~ species. Generally, in the oxidation of alcohols by
cerium(IV) to give carbonyl compounds, both H®* formed by the
homolysis of O—H and C—H bonds are taken up by two cerium
molecules but it may be possible that attachment of a bulky
group with substrate hinders the transfer of second H® to cerium
due to steric hinderance and thus the electron of the hydrogen
is transferred to iridium instead of cerium. Now in the subse-
quent steps cyclohexanone, by taking six cerium(IV) ions and
three H, O molecules, ultimately gives rise to adipic acid. Oxida-
tion of cyclohexanone to adipic acid by cerium(IV) in aqueous
sulphuric acid medium has been reported earlier also [29]. 1:1
Complexes between cerium(IV) and alcohols [30] and ketones

[31] with the elimination of Ce™ and H* ions are very well docu-
mented. Complex of the composition [ROH.Ce(IV)]4+ between
Ce'V and alcohols and Michaelis—Menten type of kinetics has
also been reported [32]. Similar results have been reported in
case of ketones [33-38] and cyclic alcohols [39] also. Strong
retarding effect of Ce(Ill), H* and CI~ ions on the rate in
the present study, clearly suggests their elimination before the
rate-determining step. In the present case formation of com-
plex between Ce!Y and the organic substrate is supported by
the change of kinetic orders from one to zero and also from the
constancy in the calculated rate constant k values in the begin-
ning only when the complex formation is small. Deviations from
constancy become pronounced with increasing Ce!Y or organic
substrate concentrations. To see whether the organic substrate
forms the complex with cerium(IV) or with iridium(III), UV-vis
spectra of aqueous solution of cerium(IV) (1.25 x 1073 M) in
1.0 M sulphuric acid (Fig. 6A) and after mixing cyclohexanol
(0.8 x 1072 M) (Fig. 6B) were recorded under similar condi-
tions. Shifting of peak from 361 to 316 nm and absorbance from
2.26 to 1.38 (in 15 min after mixing cyclohexanol) indicates the
formation of complex between cerium(IV) and cyclohexanol.
On the other hand, spectra of aqueous solution of iridium(III)
(1.67 x 1073 M) shows peak at 233.6 nm and absorbance 2.052,
which remains almost constant at 233.6nm 1.999, even after
30min after mixing cyclohexanol ([Ir(Il1)]=1.67 x 1073 M,
[cyclohexanol] =0.8 x 102 M) showing no complex formation.
Formation of complex between iridium(III) (step I, Scheme 1)
and cycloalcohol (step II, Scheme 1) which then combines with
cerium(IV) to give the complex C;, can also be ruled out on the
basis of experimental results because in that condition the final
rate law will be inconsistent with a linear plot of 1/rate versus
1/[I'"] and a linear dependence on cerium(IV) concentrations
in the region where there is a linear dependence of the rate on
catalyst concentrations.

3.4. Derivation of the rate law

Total concentration of Ir'!! (in all equations total concentra-
tion of Iridium(III) is represented as [Ir'']t, and concentration
of organic substrate is represented as [S]) according to Scheme 1
may be given by Eq. (7).

[r'")y = [IrClg]>~ + [IrCls(H,0)]*~ + [Complex C2]  (7)

Considering equilibrium concentration for steps I to IV and
calculating [IrClg3~] and [IrCls(H,0)>~] from steps I and IV,
respectively of the Scheme 1, Eq. (7) after rearrangement can
be written as Eq. (8)

[Ca][Ce™][H]
K> K3[Ce'V][S]

[Ca][Ce™][HT][CI7]

Iy _
= K K [CaVIS]

+C (®)

Here K> includes K, term also.

Now rate of the reaction in terms of decreasing concentra-
tions of Ce!Y from step (V) may be given as the product of the
rate constant and concentration of the complex C;, which is mul-
tiplied by a factor of 2 because two molecules of cerium(IV) are
required to regenerate the catalyst in its original form. Thus, the
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Fig. 6. (A) Spectrum of cerium(IV) in HpSO4 at 30°C.

[Ce(SO4)2]1=1.25 x 1073 M, [H2S04]=1.0M. (B) Spectrum of Cerium(IV)
after mixing cyclohexanol at 30°C. [Ce(SO4)2]=1.25x 1073 M,
[H2SO4]=1.0M, [cyclohexanol]=0.8 x 1072 M.

final rate law is obtained as given by Eq. (9)
—d[Ce™] 2kK 1 K> K3[Ce'V][S][Ir ]y
dt ~ [CeJ[HH{[CIT] + K1} + K1 K2K3[CelV][S]
©))

Here also K'5 is included in K>.

This equation clearly accounts for first order kinetics with
respect to iridium(III) chloride concentrations. Retarding effect
of cerium(Ill), C1~ and H* ions and the nature shown by
cerium(I'V) and organic substrate concentrations on the reaction
velocity are also quite clear. Under the experimental conditions
at low concentrations of cerium(IV) and the organic substrate
when [CI™]>> K, the inequality [Ce™][H*][CI™]> K 1K>K3
[Cev[S] may be assumed to be valid and the rate law (9)

reduces to
—d[Ce!V]  2kK|K>K3[Ce™V S]]y
= = (10)
dt [Cell)[HH][CI7]

Eq. (10) explains the first order kinetics with respect to
cerium(IV) and organic substrate at low concentrations. The
retarding nature shown by [Ce'l'] [H*] and [C]~] on the reaction
velocity is also explained. At higher concentrations the reverse
inequality [Ce™[H*][CI™] <« K1K>K3 [Ce!V][S] may be con-
sidered because the rate values were determined in the beginning
of the reaction where the [Ce™] concentration will be quite low
and at higher oxidant concentrations a small amount of KCl
will be required to keep the ionic strength of the medium con-
stant and therefore, [C1™] will also be quite low. With the above
inequality rate law (9) gives rise to Eq. (11) that accounts for
the first order kinetics as shown by iridium(III) chloride up to
its manifold variations.

—d[ce™]
dr

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

= 2k[I" )

—d[ceVydr 2kK 1Ko K3[Ce'V][S]
My 7 [Ce™MHETICIT] + Ky [CeM[H]
+K1K2K3[CeV[S]

12)

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

1 [CeMHT[C17]
rate  2kK; K> K3[CeV][SI[Ir ]
[Ce™M[H*] 1 (13)
2kK> K3[CeV1[SI[IrM ]y 2k [Ty
and
g+ - 0] e+
L_ _feeMmrery | (ceMEn 1

k' 2kK1K,K3[CelV][S] = 2kK,K3[CelV][S] = 2k

From these equations, graphs can be plotted between 1/rate
versus 1/[Ir'] or 1/k" versus 1/[Ce'v], 1/[S] or [H*], which
should give a straight line with positive intercept on y-axis
from where kK>K3 values can be calculated. From the slope
of the straight line thus obtained on plotting 1/ (where
K =rate/[I'"]1) against 1/[Ce!V], 1/[S] or [H*] (Fig. 7), kK> K3
values were found to be 7.50, 5.50 and 5.83 (cyclohexanol) and
20.0, 11.2 and 5.15 (cyclooctanol), respectively. [Ce(III)] will
be produced in the reaction mixture only with the progress of
the reaction. The rate values were calculated in the beginning
of the reaction when a negligibly small fraction of cerium(IV)
would have been converted, therefore, for the sake of simplic-
ity, its concentration may logically be ignored while calculating
the kK>K3 values, which were calculated by the slope of the
graph. Thus, while calculating the kK> K3 values, concentration
of cerium(IIl) produced in the reaction mixture was neglected.
Fair agreement in kK> K3 values calculated from three different



P.K. Tandon et al. / Journal of Molecular Catalysis A: Chemical 282 (2008) 136—-143 143

E&F[H' 1(xM")

P E—

12.5

- 10.5

@®
o

o
(4]
— 1/k' min

— 1/k' min

ASeries1
W Series2
@ Series3
25 A Seriesd4

0 5 10 15 20 25 30 35 ncires
—»A&B-1[Ce" (x 10°M ") and C & D-1/[S] (x 102 M)

Fig. 7. Plots between 1/k vs. 1/[Ce(IV)], 1/[S] and [H*]. For (A)
[Cyclohexanol]=8.0 x 1073 M,  [H;SO4]=1.0M, [IrCl3]=5.36 x 1075 M,
n=1.65M. For (B) [Cyclooctanol]=6.66 x 1073 M, [H2SO41=1.0M,
[IrCl3]=2.20 x 107 M, u=2.60M. For (C) [Ce(SO4)2]1=1.25 x 1073 M, [H,
S041=1.0M, [IrCl3]=5.36 x 107°M, pu=1.65M. For (D) [Ce(SO4)1]
=1.25x 1073 M, [HS04]=1.0M, [IrCl3]=2.20 x 10"°M, u=2.60M. For
(E) [Ce(SO4)2]=1.25 x 1073 M, [Cyclohexanol]=8.0 x 1073 M, [IrCl3]=5.36
x107°M, u=1.65M. For (F) [Ce(SO4),]=1.25x1073M, [Cyclooc-
tanol]=6.66 x 1073 M, [IrCl13]=2.20 x 10~° M, ;1 =2.60 M.

graphs further supports the proposed mechanism and the final
rate law.

4. Conclusion

The present work clearly shows that it is cerium(IV) that
initially forms the complex with organic substrate and not irid-
ium(IIl) chloride. Retarding effects of chloride, hydrogen and
cerium(III) ions on the reaction velocity confirm the removal of
these ions before the rate-determining slow step. The present
work shows that iridium(IIl) chloride acts as a highly effi-
cient catalyst when used in acidic medium and indicates great
potential of cerium(IV) sulpahte—iridium(IIl) chloride system
for synthetic applications.

Acknowledgement

A.K.S.and S.S. are grateful to C.S.T., U.P. (grant no. CST/D-
3205) for providing financial assistance.

References

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

[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] PK. 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] EA. Cotton, G. Wilkinson, C.A. Murillo, M. Bochmann, Advanced Inor-
ganic Chemistry, Wiley-Interscience, 1999, p. 1039.
[22] E.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.
[37] P.K. Tandon, S. Sahgal, Gayatri, M. Purwar, M. Dhusia, J. Mol. Catal., A:
Chem. 250 (2006) 203.
[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


