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a b s t r a c t

The kinetics of Ir(III)-catalyzed oxidation of d-fructose by potassium iodate was studied in an aqueous
alkaline medium at 40 ◦C. The experimental result shows a first order dependence on iodate and [OH−]
at their low concentrations, but tending towards zeroth order at their higher concentrations. Zero order
kinetics with respect to [d-fructose] was observed throughout its variation. The linear dependence of the
eywords:
inetics
xidation

r(III) chloride

reaction rate at lower [Ir(III)] chloride tends towards zero order at its higher concentrations. Variation in
[Cl−] and ionic strength of the medium did not bring about any significant change on the rate of reaction.
The decrease in the rate of reaction with increase in the dielectric constant of the medium was observed in
the oxidation ofd-fructose. Kinetic and equivalence studies together with product analysis, observed effect
of dielectric constant of the medium on the rate of reaction, activation parameters and multiple regression
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analysis furnished a basis f
oxidation of d-fructose by

. Introduction

Different oxidizing agents have been used for different metal ion
atalysts like chromium(III) [1], ruthenium(III) [2–4], iridium(III)
5,6], and palladium(II) [7,8] in the oxidation of organic compounds.
mong the various metal ions, iridium(III) and ruthenium(III) are
ighly efficient. Recently the use of transition metal ions either
lone or as binary mixtures as catalysts have received much inter-
st in many redox reactions. Their oxidizing and catalytic activities
re due to the existence of variable oxidation states, as a conse-
uence of partly filled d or f orbital. Their ability to form both � and
bonds with other moieties or ligands is one of the chief factors

or importing catalytic properties to transition metal ions as well as
heir complexes. Reaction mechanism of various elementary reac-
ions must be investigated to analyze the effect on selectivity [9].
herefore, the basic study of catalytic reaction will prove the sci-
ntific basis for improving catalyst selectivity and making highly

fficient catalyst.

Carbohydrates are biologically important substances whose
icrobiological and physiological activities depend largely on their

edox behavior. The catalyzed and uncatalyzed oxidation of sug-

∗ Corresponding author. Tel.: +91 788 2223421.
E-mail address: ajayaksingh au@yahoo.co.in (A.K. Singh).

1 Present address: Department of Applied Chemistry, Nagoya Institute of Technol-
gy, Gokiso, Showa-ko Nagoya, Japan.
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formation of a common reaction mechanism for the iridium(III)-catalyzed
e in the alkaline medium.

© 2008 Elsevier B.V. All rights reserved.

rs has been studied in detail by using N-halo compounds [10–12].
xidation of monosaccharides by different oxidizing agents is of

pecial importance due to their biological relevance [13–16]. Lack
f studies on the oxidation ofd-fructose by iodate in the presence of
r(III) in the alkaline medium has encouraged us to investigate the
inetic behavior of the title reaction in order to continue our study
n the role of metal ions in oxidation reactions by iodate. Prelimi-
ary experimental results indicate that the reactions of d-fructose
Fru) with iodate in the alkaline medium without a catalyst were
luggish, but the reaction becomes facile in the presence of a small
mount of Ir(III) catalyst. Therefore, in order to explore the mecha-
ism of d-fructose-iodate reactions in an alkaline medium and also
o study the catalytic actions of Ir(III), Ir(III) has been selected as
catalyst in the present work. The main objectives of the present

tudy are to: (i) elucidate a plausible mechanism, (ii) deduce an
ppropriate rate law, (iii) identify the oxidation products, (iv) ascer-
ain the various reactive species, (v) find the catalytic efficiency of
r(III), (vi) determine the complex formation and (vii) the role of
ructose molecule in the presence of Ir(III) chloride as catalyst and
O3

− as oxidant in an alkaline medium.

. Experimental
.1. Material

A stock solution of Ir(III) chloride (Johnson Metthey) was pre-
ared by dissolving the sample in hydrochloric acid of known

http://www.sciencedirect.com/science/journal/13811169
mailto:ajayaksingh_au@yahoo.co.in
dx.doi.org/10.1016/j.molcata.2008.07.021
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Table 1
Effect of variation of [KIO3],Fructose and [Ir(III)] on the rate of Ir(III)-catalyzed oxi-
dation of d-fructose by iodate in alkaline medium at 40 ◦C

[KIO3] × 104 M [d-Fru] ×
102 M

[Ir(III)] × 05 M (−dc/dt) ×
108 M s−1

k1 × 105 (s−1)

4.0 2.0 6.70 10.11 36.10
5.0 2.0 6.70 11.66 27.76
6.0 2.0 6.70 14.58 28.58
8.0 2.0 6.70 23.80 36.61

10 2.0 6.70 26.19 30.81
25 2.0 6.70 30.00 12.76
40 2.0 6.70 34.72 9.18
50 2.0 6.70 38.52 8.30
10.0 1.0 2.68 16.66 16.66
10.0 1.5 2.68 15.68 15.68
10.0 2.0 2.68 15.68 15.68
10.0 3.0 2.68 16.66 16.66
10.0 4.0 2.68 16.66 16.66
10.0 5.0 2.68 15.68 15.68
10.0 6.0 2.68 16.66 16.66
10.0 7.0 2.68 16.66 16.66
10.0 8.0 2.68 16.66 16.66
10.0 10.0 2.68 15.68 15.68
10.0 2.0 0.67 4.10 4.10
10.0 2.0 1.34 7.98 7.98
10.0 2.0 2.01 12.82 12.82
10.0 2.0 2.68 16.66 16.66
10.0 2.0 5.36 20.00 20.00
10.0 2.0 6.70 26.19 26.19
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[
the constant experimental conditions (Table 3). The rate of reaction
increased with a decrease in the dielectric constant of the medium
(by increasing the % of ethanol by volume) (Table 3). Ethanol was not
oxidized by potassium iodate under the experimental conditions.
8 S.P. Singh et al. / Journal of Molecular

trength. An allowance for the amount of hydrochloric acid present
n the catalyst solution was made while the reaction mixture
or kinetic studies was prepared. Sodium perchlorate, potassium
odate, sodium hydroxide, d-fructose (E. Merck) were used as sup-
lied without further purification by preparing their solutions in
oubly distilled water. Sodium perchlorate was used to maintain
he ionic strength of the medium. All other reagents were of AR
rade and doubly distilled water was used throughout the work.
he reaction vessels were coated from outside with black paint to
void any photochemical reaction.

.2. Kinetic procedure

A thermostatic water bath was used to maintain the desired
emperature within ±0.1 ◦C. The calculated amount of the reac-
ants, i.e., potassium iodate, NaOH, Ir(III) chloride and water, except
-fructose were taken in a reaction vessel which was kept in a ther-
ostatic water bath. After allowing sufficient time to attain the

emperature of the experiment, a requisite amount of d-fructose
olution, also thermostated at the same temperature was rapidly
ipetted out and run into the reaction vessel. The total volume
f the reaction mixture was 100 ml in each case. 5 ml aliquots of
he reaction mixture was pipetted out at different time intervals
nd quenched with 4% potassium iodide containing 5 ml of known
trength of perchloric acid solution. The progress of reaction was
odometrically monitored by measuring the unconsumed amount
f potassium iodate. The rate of reaction (−dc/dt) was determined
y the slope of the tangent drawn at a fixed [IO3

−] in each kinetic
un. In each case, the order of reaction was measured with the
elp of log–log plot of −dc/dt versus concentration of the reac-
ants.

.3. Stoichiometry and product analysis

The reaction mixture containing d-fructose, Ir(III) chloride and
aOH with excess of potassium iodate were kept for 72 h at 40 ◦C.
he total amount of iodate consumed by one mole of d-fructose
or its complete oxidation was determined. Iodometric determi-
ation of the unconsumed iodate showed that two moles of the
xidant were consumed per mole of d-fructose forming sodium
alts of formic acid and arabinonic acid. Accordingly, the following
toichiometric equation could be formulated:

6H12O6 + 2IO3
−Ir(III)/OH−

−→ HCOO−
Formate ion

+ C5H9O6
−

Arabinonate ion
+ 2HIO2

odium salts of formic acid and arabinonic acid were identified
s the oxidation product in the oxidation of d-fructose. The major
roduct was identified as the sodium salt of formic acid by TLC and
y spot test [17].

. Kinetics results and discussion

The kinetics of Ir(III)-catalyzed oxidation of fructose by potas-
ium iodate was investigated at several initial concentrations of the
eactants in an alkaline medium at 40 ◦C. The rate of the reaction
−dc/dt) in each kinetic run was determined by the slope of the
angent drawn at fixed concentration of the oxidant. The first order
ate constant (k1) was calculated from

(
dc

)

1 = −

dt
/[IO3

−]

t lower concentrations of iodate, the rate of reaction followed first
rder kinetics and shifted to zero order at its higher concentration
Table 1, Fig. 1). The rate of the reaction for different concentra-
10.0 2.0 8.04 30.55 30.55
10.0 2.0 9.38 33.33 33.33

onditions: [NaOH] = 0.20 M, [KCl] = 1.80 × 10−3 M.

ions of fructose was found to be the same, revealing that the order
f reaction with respect to fructose was zero (Table 1). The plot of
ate constant k1 versus [Ir(III)] was linear passing through the ori-
in, suggesting first order dependence of the rate of reaction on
he [Ir(III)]. It also shows that the reaction will not proceed with

easurable velocity in the absence of Ir(III) (Table 1, Fig. 2). Kinet-
cs of catalyzed oxidation of fructose indicates that on increasing
NaOH], the rate of reaction increases at low concentrations and
hifts to zero order at its higher concentrations of NaOH (Table 2,
ig. 3). This shows a positive effect of [OH−] on the rate of oxida-
ion of fructose. Variations of ionic strength of the medium and
Cl−] did not bring about any significant change in k1 values under
Fig. 1. Plot between rate of reaction and [IO3
−] under the condition of Table 1.
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Fig. 2. Plot between rate constant k1 and [Ir(III)] under the conditions of Table 1.

Table 2
Comparison of observed rates in the variation of [OH−] with the calculated ratesa

for the Ir(III)-catalyzed oxidation of d-fructose by iodate in alkaline medium

[NaOH] × 102 M Rate × 108 M s−1

Observed Calculatedb Predictedc

05.00 5.55 5.26 6.00
08.00 8.33 7.96 8.28
10.00 10.25 9.59 9.64
12.00 13.88 11.12 10.92
20.00 16.66 16.32 15.48
22.22 18.0 17055 16.53
25.00 19.6 18.98 18.03
30.00 22.22 21.29 20.43

a Conditions: [IO3
−] = 10.00 × 10−4 M, [IrCl3] = 2.68 × 10−5 M, [d-fructose] = 2.00 ×

10−2 M, [NaOH] = 0.20 M, [KCl] = 1.80 × 10−3, T = 40 ◦C.
b Calculated on the basis of rate law (12).
c Calculated with the help of multiple regression analysis.

Fig. 3. Plot between rate of reaction and [NaOH] under the condition of Table 1.

Table 3
Effect of variation of [KCl], ionic strength and dielectric constant of the medium on
the rate of Ir(III)-catalyzed oxidation of d-fructose by iodate in alkaline medium at
40 ◦C

KCl × 103 M � × 102 M % Ethanol k1 × 105 s−1

1.8 25.00 – 15.68
2.8 25.00 – 15.15
3.8 25.00 – 15.27
4.8 25.00 – 15.15
5.8 25.00 – 15.27
6.8 25.00 – 15.68
9.8 25.00 – 15.15
1.80 25.00 5 16.66
1.80 25.00 10 18.75
1.80 25.00 15 24.24
1.80 25.00 20 33.33
1.80 25.00 30 41.65
1.80 25.00 40 53.87
1.80 25.00 50 76.51
1.80 4.04 – 15.15
1.80 7.6 – 15.20
1.80 11.16 – 15.20
1.80 14.72 – 15.12
1.80 18.28 – 15.20
1.80 28.96 – 15.15
1.80 36.08 – 15.18
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onditions: [IO3
−] = 10.00 × 10−4 M, [IrCl3] = 2.68 × 10−5 M, [d-fructose] = 2.00 ×

0−2 M [NaOH] = 0.20 M.

he reaction was performed at different temperatures (308–323 K)
Table 4). The activation energy Ea was calculated from the lin-
ar Arrhenius plot of log k1 versus 1/T. With the help of the rate
onstant kr, the other activation parameters such as enthalpy of
ctivation (�H#), entropy of activation (�S#), Gibbs free energy of
ctivation (�G#) and Arrhenius factor (A) were calculated (Table 4).
he following form of rate law was used to calculate the activation
arameters in the Ir(III) chloride catalyzed oxidation of fructose by
otassium iodate in an alkaline medium.

d[IO3
−]

dt
= kr[IO3

−][Ir(III)][OH−]

.1. Test for free radical

The addition of the reaction mixture to aqueous acryl amide

onomer solutions in dark did not initiate polymerization, indicat-

ng the absence of formation of free radical species in the reaction
equence. The control experiments were also performed under the
ame reaction conditions.

able 4
alues of rate constant at different temperatures and activation parameters of Ir(III)-
atalyzed oxidation of d-fructose by iodate in alkaline medium

emp. (K) k1 × 105 (s−1)

08 14.91
13 21.42
18 33.33
23 40.47

ctivation parameters
Ea (kcal) 14.08
kr × 102 (mol−2 L2 s−1) 3.70
�S# (eu) 22.29
�H# (kcal) 13.45
�G# (kcal) 6.48
A × 102 (mol−2 L2 s−1) 3.80

onditions: [IO3
−] = 10.00 × 10−4 M, [IrCl3] = 5.36 × 10−5 M, [d-fructose] = 2.00 ×

0−2 M [NaOH] = 0.20 M, [KCl] = 1.80 × 10−3 M, � = 25.00 × 10−2 M.
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there is an increase in absorbance from 2.08 to 2.54 and 2.62 with
the addition of potassium iodate solution with a slight shift in �max

value towards longer wavelength, i.e., from 216 to 217 and 220 nm.
This increase in absorbance with the increase in [IO3

−] may be con-
00 S.P. Singh et al. / Journal of Molecular

.2. Reactive species of iodates

IO3
− has been used as an oxidant in the oxidation of ace-

ophenone [18], ferrocyanide [19], 1,3-dihydroxybenzene [20] and
hiocyanate [21] in an acidic medium. In each case, IO3

− has been
aken as the reactive species of sodium iodate or potassium iodate
n the acidic medium. Kinetic studies for Os(VIII) [22] and Ru(III)
23] catalyzed oxidation of organic compounds by an acidic solu-
ion of iodate were also reported. Oxidation of organic or inorganic
ompounds have been studied by sodium or potassium iodate in the
resence of iridium and ruthenium in an alkaline medium [24,25]. It
as already been reported by several workers that IO3

− is the reac-
ive species of potassium or sodium iodate in the acidic medium.
n the basis of observed kinetic data and spectral evidence, IO3

−

as been assumed as the reactive species of potassium iodate
n an alkaline medium. Kinetic data collected for Ir(III)-catalyzed
xidation of d-fructose by potassium iodate clearly showed that
O3

− is the reactive species of potassium iodate in the alkaline
edium.

.3. Reactive species of iridium(III) chloride in the alkaline
edium

A spectrophotometric study of the kinetics of hydration of
rCl63− and addition of the Cl− to [Ir (H2O)Cl5]2− in 1.0–2.5 M
ClO4 (or HCl) at 50 ◦C was reported [26], where the rate constants
nd the equilibrium constant (K) for the reversible reaction were
iven.

rCl6
3− + H2O

k1�
k−1

[Ir(H2O)Cl5]2− + Cl−

isible and ultraviolet absorption spectra of the new Ir(III) com-
lexes [Ir(H2O)2Cl4]− and [Ir(H2O)3Cl3], together with the spectra
f [Ir(Cl6)]3−and [Ir(H2O)Cl5]2− in 2.5F HClO4–1.2F NaClO4, were
lso reported [27] and found in reasonable agreement with those
eported by Poulsen and Garner [26] and by Jorgensen [28]. When
r(III) chloride dissolved in 0.1 M HCl solution, IrCl63− and [Ir
H2O)Cl5]2− species were formed. On the basis of the effect of [Cl−]
n the rate of the reaction and also assuming the existence of the
bove equilibrium in the reaction, IrCl63− is taken as the reactive
pecies of Ir(III) chloride in the acidic medium.

This paper presents a brief account of the results of the study of
he effect of HCl concentration and temperature on Ir(III) species
t equilibrium. At room temperature and at 70 ◦C, Ir(III) chlo-
ide in 0.1 M HCl remains as [IrCl3(H2O)3], whereas in 8 M HCl it
emains as [IrCl5(H2O)]2− and [IrCl6]3− respectively. [IrCl3(H2O)3],
IrCl4(H2O)2]− and [IrCl5(H2O)]2− are reported to be predomi-
ant species in the concentration range of 0.1–8 M HCl. In view
f the observed kinetic data and the reported literature, it may
e reasonably assumed that the reactive species of Ir(III) chlo-
ide is [IrCl3(H2O)3]. The Ir(III)-catalyzed oxidation of d-fructose
as been studied in an alkaline medium by varying the NaOH
oncentration to understand its effect on the reactive species of
r(III) chloride. On the basis of observed kinetic data related to first
rder kinetics at low concentrations of NaOH in the oxidation of
-fructose and an increase in absorbance from 1.68 to 2.08 and
.44 of Ir(III) chloride solution with two different concentrations
f NaOH, it may be concluded that the following equilibrium is
stablished:
Ir(H2O)3Cl3] + OH− � [IrCl3(H2O)2OH]− + H2O

ut of these two species [IrCl3(H2O)3] and [IrCl3(H2O)2OH]−, the
pecies [IrCl3(H2O)2OH]− [24] can be safely assumed to be the reac-
ive species of iridium(III) chloride.
ysis A: Chemical 293 (2008) 97–102

. Reaction path proposed for Ir(III)-catalyzed oxidation of
-fructose

On the basis of observed orders with respect to different reac-
ants taking part in the reaction and on the basis of spectral
nformation collected for various complexes formed in the reac-
ion, Scheme 1 can be proposed for the aforesaid reaction in the
ollowing way.

.1. Reactive form of sugar in alkaline medium

It is reported [29] that in the presence of alkali, the reducing
ugars undergo a tautomeric change resulting in the formation of
n enediol and an enediol anion.

The formation of the enediol anion in alkaline medium is also
upported by the work of Isbell and co-workers [30]. In the present
nvestigation, the observed rate of reaction with respect to [OH−]
or the Ir(III)-catalyzed oxidation of d-fructose has led us to con-
lude that the enediol form of sugar is actually taking part in the
eactions under investigation.

It is reported that Pd(II) [31,32] and Ru(III) [33] form complexes
ith the reducing sugar. It has been observed that the order with

espect to [d-fructose] is zero throughout its tenfold variation. This
ndicates that the enediol form of fructose does not take part in the
eaction before the rate-limiting step but in fast steps it combines
ith the most reactive complex to form the reaction products. Thus,

t is clear that the formation of a complex in the oxidation of fructose
ccurs between reactive species of Ir(III), i.e., [IrCl3 (H2O)2OH]− and
eactive species of iodate, i.e., IO3

− in an alkaline medium. In order
o verify the existence of the aforementioned complex, spectra for
he solution of Ir(III) chloride and OH− with two different concen-
rations of IO3

− have been studied. From the spectra, it is clear that
Scheme 1.
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idered as an indication of the formation of a complex between the
eactive species of Ir(III) chloride and the reactive species of iodate
n an alkaline medium expressed by the Eq. (ii) in Scheme 1.The
hift in �max value towards longer wavelength may be ascribed to
he combination of a chromophore, IO3

−,and an auxochrome, OH−,
hich results in the formation of another chromophore

.

.2. Suggested mechanism

On the basis of observed kinetic results and taking [IrCl3
H2O)2OH]− and IO3

− as the most active species of iridium chloride
nd potassium iodate respectively, the reaction steps in Scheme 1
re being proposed for the oxidation of fructose by iodate ion in the
resence of iridium(III) chloride.

Taking all the steps in Scheme 1 for the oxidation of fructose and
toichiometry of the reaction, the following rate law Eq. (1) may be
ritten in terms of loss of concentration of iodate ion

ate= 2kK1K2[OH−][IO3
−]T[Ir(III)]T

1 + K1[OH−] + K1K2[OH−][IO3
−] + K1K2[OH−][Ir(III)]f

(1)

q. (1) is valid for all the concentrations of IO3
−, OH−and Ir(III).

Since, at any time t, in the reaction (Scheme 1), C3 will always
e less than C1, the right hand side of Eq. (1) will be less than 1 and
s a result the inequality K1K2 [OH−][IO3

−] � 1 can be assumed to
e a valid one. Since [Ir(III)]T is in the order of 10−5, the inequality
1K2 [OH−] [Ir(III)]T � 1 can also be taken as valid one. Now with
hese inequalities and with first order in low [IO3

−] at which the
xperiments were performed for the study of the effect of [OH−]
nd [fructose] on the rate of reaction and first order in [Ir(III)]T
except at very high concentration of Ir(III)), it is reasonable to
ssume that 1 + K1[OH−] � K1K2[OH−] [Ir(III)]T + K1K2[OH−][IO3

−]
nd under this condition Eq. (1) will be reduced to Eq. (2)

ate = −d[IO−
3 ]

dt
= 2kK1K2[OH−][IO−

3 ]T[Ir(III)]T

1 + K1[OH−]
(2)

q. (2) is the rate law valid for low concentrations of IO3
− and Ir(III)

nd for all the concentrations of OH−.
Eq. (2) can also be written as

1
Rate

= 1
2kK1K2[OH−][IO−

3 ]T[Ir(III)]T
+ 1

2kK2[IO−
3 ]T[Ir(III)]T

(3)

here Rate = −d[IO3
−]/dt.

According to Eq. (3), the plot between 1/rate and 1/[OH−] will
e a straight line having an intercept on y-axis. A straight line was
btained with an intercept on 1/rate axis when 1/rate was plotted
gainst 1/[OH−] (Fig. 4). This proves the validity of the rate law (2)
nd hence the validity of proposed reaction scheme (Scheme 1). The
alues of K1 and kK2 calculated from the slope and intercept of the
traight line for the oxidation ofd-fructose were 2.13 and 10.19. Uti-
izing values of these constants, i.e., K1 and kK2 the reaction rates for
he variation of [OH−] in the Ir(III)-catalyzed oxidation of fructose
ave been calculated with the help of rate law (2) and found to be
ery close to the rates observed experimentally (Table 2). The close
esemblance between the calculated and the observed rates fur-
her proves the validity of the rate law (2) and hence the proposed
eaction scheme (Scheme 1).
.3. Multiple regression analysis

With the help of multivariate regression analysis a relationship
etween observed pseudo first order rate constant (k1) and concen-

4

i

Fig. 4. Plot between 1/rate and 1/[OH−] under the condition of Table 1.

rations of all the reactants of the reaction except IO3
− was found

o be:

1 = k[OH−]0.68[Ir(III)]0.65 (4)

here k = 4.53 × 10−1.
With the help of Eq. (4), the reaction rate predicted for the

ariation of hydroxyl ion concentrations in the oxidation of fruc-
ose was found to be very close to the calculated and the observed
ates (Table 2). The close similarity among the three rates, i.e., the
bserved, calculated and predicted clearly proves the validity of the
ate law (2) and hence the proposed reaction mechanism.

For the oxidation of fructose, a reaction path was proposed
here the most reactive activated complex was formed by the inter-

ction of a similarly charged species [IrCl3(H2O)2OH]− and IO3
−. In

his case the transition state will have the same charge, but with a
ispersion over a larger volume. This results in the transition state
hat is less polar than the reactants which leads to an increase in its
ntropy. The observed positive entropy of activation for the oxida-
ion of fructose by iodate in the presence of homogeneous catalyst
r(III) chloride certainly is evidence for step (ii) of Scheme 1. In step
iii) the complex in the transition state has the same charge dis-
ersed over larger volume than the charged species. The proposed
echanism is also supported by the moderate values of energy of

ctivation and other parameters.

.4. Effect of dielectric constant and calculation of the size of the
ctivated complex

The change in dielectric constant (D) of the medium has been
ade by addition of ethanol to the reaction mixture. It was found

hat no reaction of the solvent occurs with the oxidant under exper-
mental conditions. It is clear from Table 3, that, −dc/dt and k1 (rate
onstant) values increase with the decrease in D of the medium.
he decrease in first order rate constant with the increase in D of
he medium is also evident from plot of log k1 versus 1/D (Fig. 5).
he plot of log k1 versus 1/D was linear with a negative slope sup-
orting the involvement of similar charges in the rate-limiting step

n the proposed mechanism. The value of the size of the activated
omplex, dAB, has been found to be 3.57 Å.
.5. Comparative studies

An attempt has been made to compare our experimental find-
ngs with the results reported earlier for Ir(III) chloride catalyzed
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Fig. 5. Plot between log k1 and 1/D under the condition of Table 3.

xidation of reducing sugars by iodate [24] in an alkaline medium
nd N-bromoacetamide [34] in an acidic medium. Ru(III) chloride
xidations of indigo carmine [23] in an acidic medium and reducing
ugar [25] by iodate in an alkaline medium have been compared
ith our experimental findings. The studies were focused upon
ow an oxidant, i.e., iodate, in an alkaline medium affect (1) the oxi-
ation of sugar, (2) the catalytic activity of iridium and (3) the mode
f participation of other reactants in the formation of most unsta-
le activated complex. When the results of the present study were
ompared with respect to iodate in iridium catalyzed oxidation of
educing sugar [24], it was found that the species IO3

− is the reactive
pecies of potassium iodate in both the cases. As far as the kinetic
rder with respect to sugar is concerned, it is first to zero order [24]
n the oxidation of maltose and zero order in the present study of the
ridium catalyzed oxidation of fructose. The outcome of the present
tudy shows similarities to Ir(III)-catalyzed oxidation of reducing
ugars [34], being first to zero order with respect to oxidant as well
s catalyst and zero order with respect to reducing sugars. Since
he present study has been performed in an alkaline medium, the
educing sugar molecule participates in the reaction in the ene-
iol form, whereas in the reported Ir(III)-catalyzed oxidation [34],

t participates in the reaction as such. As far as order of reaction
ith respect to oxidant [25] is concerned, it is first order at its low

oncentrations, which deviates towards zero order at its higher con-
entrations. Zero order kinetics with respect to fructose was found
n the present case and was also reported in Ru(III)-catalyzed oxi-
ation ofd-glucose andd-fructose [25]. Observed first to zero order
inetics in [Ir(III)] in the present study shows dissimilarity to the
eported Ru(III)-catalyzed oxidation reaction [25]. Comparisons of
he results of the present study with respect to the role of iodate
o the Ru(III)-catalyzed oxidation of indigo carmine, reflect that the
pecies IO3

− is the reactive species of potassium iodate in acidic
s well as in alkaline medium. As far as the kinetic order with
espect to IO3

−is concerned, it is first order throughout the vari-
tion of [IO3

−] in the reported Ru(III)-catalyzed oxidation and first
o zero order in the present study of the Ir(III)-catalyzed oxidation
f fructose. Based on the observed kinetic data and spectral infor-
ation, it may be concluded that [IrCl3(H2O)2OH]− is the reactive

pecies in the oxidation of fructose in an alkaline medium, whereas
n the reported Ir(III)-catalyzed oxidation of reducing sugars [34],
he reactive species of Ir(III) chloride was found to be [IrCl6]3−.

. Conclusion
Oxidation of fructose by iodate in an alkaline medium is very
luggish, but it becomes facile in the presence of Ir(III) catalyst. IO3

−

nd [IrCl3(H2O)2OH]− have been assumed as the reactive species
f potassium iodate and Ir(III) chloride in the alkaline medium,
espectively. On the basis of the observed positive effect of [OH−]

[

[

[

ysis A: Chemical 293 (2008) 97–102

n the rate of oxidation reaction, it is concluded that the enediol
orm of fructose participates in the fast step of the reaction scheme
roposed for the iridium-catalyzed oxidation of fructose. Positive
ntropy of activation is supported by the formation of the most
nstable activated complex, which forms by the interaction of two
imilarly charged species. The rate of reaction of fructose is unaf-
ected by the ionic strength of the medium. Oxidation products have
een identified and activation parameters have also been evaluated.
he observed results have been explained by a plausible mechanism
nd the related rate law has been deduced. It can be concluded that
r(III) acts as an efficient catalyst in the oxidation of fructose by
odate in alkaline medium.
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