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Abstract

Kinetics of oxidation of D-glucose (glc) and D-fructose (fru) by potassium iodate has been studied for the first time in alkaline medium using
Ru(III) as homogeneous catalyst. The linear dependence of the reaction rate at lower [I057] and [OH™] tends towards zero-order at their higher
concentrations. Experimental results also show that the order with respect to [Ru(III)] is unity and the order with respect to [reducing sugar] is
zero in the oxidation of both glc and fru. Variation in [C]1™] and ionic strength (1) of the medium does not affect the oxidation rate. The species,
[RuCl,(H,0),(OH),]~ and 105, were found to be the reactive species of Ru(IlI) chloride and potassium iodate in alkaline medium, respectively.
The reactions have also been studied at four different temperatures and with the help of observed values of pseudo-first-order rate constant (k;), the
entropy of activation and other activation parameters have been calculated. A common mechanism, where the rate determining step involves the
interaction between reactive species of Ru(IIl) chloride and reactive species of potassium iodate resulting in the formation of an activated complex,

o

N

[“—0—RuCl, (H20) (OH);

has been proposed. The formation of activated complex is very well supported by the spectrophotometric evidence, observed kinetic data and also
by the negative entropy of activation observed for the oxidation of both glc and fru. Arabinonic acid and formic acid were identified as the main
oxidation products of the reactions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanistic studies of oxidation of reducing sugars have
been made by different workers using N-halo compounds [1-3],
Cu(II) [4], ammoniacal Ag(I) [5], and Nessler’s reagent [6] in
acidic/alkaline medium. Sen Gupta et al. [7] have described in
their paper that mechanism for the oxidation of some aldoses
by Cr(VD), V(V), Ce(1V), Mn(Ill), Ir(IV), Au(IIl) and periodic
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acid has been investigated in acidic media. A study of the kinet-
ics of periodates oxidation on a series of dextran oligomers and
polymers has been reported recently [8]. Kinetic studies regard-
ing catalyzed oxidations of reducing sugars by various oxidants,
viz N-bromoacetamide (NBA), N-bromosuccinimide (NBS) and
sodium metaperiodate in acidic or alkaline medium using tran-
sition metal ions, viz Os(VIII) [9], PA(IT) [10,11], Ru(VIII) [12],
ruthenate ion [13] and Ir(IIT) [14], as homogeneous catalysts are
also available in literature. The use of transition metal catalyst
Ru(I1II) has not only been made in the oxidation of proline [15],
atenolol [16] and phosphorous acid [17], but has also been made
in the oxidation of reducing sugars where sodium metaperiodate
[18], chloramine-T [19], and NBA [20] have been taken as an
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oxidant. Although iodate has been reported to be used as an oxi-
dant in several uncatalyzed [21-23] reactions, there are very few
reports where iodate has been used as an oxidant in catalyzed
[24-26] reactions. It is reported [27] that carbohydrates are
biologically important substances whose microbiological and
physiological activities depend largely on their redox behaviour.
Oxidation of monosaccharides by different oxidizing agents is
of special importance due to their biological relevance. In view
of biological importance of reducing sugars and also in view
of the fact that no information is available on Ru(Ill)-catalyzed
oxidation of glc and fru by potassium iodate in alkaline medium,
the present study has been undertaken. In this paper, efforts have
been made to determine the kinetic orders with respect to each
reactant of the reactions and to propose a suitable reaction path
for the oxidation of reducing sugars under investigation. The
support for the formation of most reactive activated complex
between reactive species of Ru(Ill) chloride and reactive species
of potassium iodate has been given on the basis of spectropho-
tometric evidence and also on the basis of observed entropy of
activation.

2. Experimental

All chemicals were commercially available and used directly
as received from the manufacturer. KIO3 (E. Merck) was pre-
pared by dissolving its known amount in double distilled water
and its concentration was checked iodometrically. Solution of
RuCls (Uchem limited) was prepared by dissolving the sample
in known strength of hydrochloric acid. The standard solution
of glc and fru (A.R. grade) were freshly prepared. The stan-
dard solution of NaOH (E. Merck) was used to maintain the
required alkalinity. KC1 (E. Merck) was prepared by dissolving
its required amount in double distilled water to fix the C1™ ion
concentration and NaClO4 (E. Merck) was employed to maintain
the required ionic strength of the medium.

Appropriate quantities of the solutions of KIO3;, NaOH,
RuCl3, KCl and NaClOg4 were placed in a jeena glass vessel. The
requisite amount of double-distilled water was added. The reac-
tion mixture was then placed in a thermostatic bath maintained
at constant temperature, i.e. 40°C (£0.1°C) and the reaction
was initiated by adding the requisite amount of sugar solution,
placed separately in the same bath. Progress of the reaction
was followed by estimating unconsumed KIO3 iodometrically
at regular time intervals.

3. Stoichiometry and product analysis

Reaction mixtures, in which [IO37~] was in large excess of
[reducing sugar], were kept in the presence of NaOH, RuCls,
KCI and NaClO4 at room temperature for 72 h. Estimation of
unreacted KIO3; showed that 1 mole of each sugar consumes
2moles of 103~ to oxidize. The stoichiometric equations for
the oxidation of glc and fru are given below

Ru(IlT)/OH™
CeH 206 + 2105~

D-glucose

HCOOH + CsH;¢pO¢ + 2102~
Formic acid  Arabinonic acid
(A)

Ru(IIl)/OH™
CeH 206 + 2105~

D-fructose

HCOOH + CsH;gOg + 2105~

Formic acid  Arabinonic acid
(B)

In order to ascertain the formation of formic acid in the oxi-
dation of glc and fru, the help of spot test [28] and thin layer
chromatography [29] was taken. To perform spot test, a drop of
the reaction mixture was mixed with 10% mercuric chloride and
one drop of buffer solution containing 1 ml of glacial acetic acid
and 1 g of sodium acetate per 100 ml water. The mixture was kept
for dryness and the evaporation residue was taken up in a drop of
water and to it, a drop of 0.1N ammonia was added. The appear-
ance of a black colour confirmed the presence of formic acid
in the reaction mixture. Further confirmation of formic acid in
the reaction mixture was performed by thin layer chromatogra-
phy where n-butanol-diethyl amine—water in the ratio of 85:1:14
was used as developing solvent. The observed Ry value 0.40 is
very close to the reported Ry value 0.41 for formic acid in the
aforesaid solvent system. On the basis of equivalence, kinetic
studies, and spot test as well as TLC experiment performed for
the confirmation of formic acid, it is concluded that arabinonic
acid is the other oxidation product in the oxidation of both glc
and fru.

4. Results

In order to propose a probable reaction mechanism for
Ru(IIl)-catalyzed oxidation of glc and fru by alkaline solu-
tion of potassium iodate, it is necessary to find out the order
of reaction with respect to each reactant taking part in the
reaction. The nature of the reaction in a particular run for
the oxidation of both glc and fru is shown in Fig. 1. In
the case of glc, the initial rate, i.e. (—dc/df) in each kinetic
run was calculated by the slope of the straight line obtained
by the plot of unconsumed [I037] versus time (Fig. 1). In
the case of fru, the initial rate of the reaction was calcu-
lated by the slope of the tangent of the plot of unconsumed
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Fig. 1. Plots between remaining [IO37] and time at 40°C.
[103"1=1.60 x 103 moldm™> (glc) and 1.00 x 103 moldm™> (fru);
[OH™1=20.00 x 10~2 mol dm~3; [Sugar] =2.00 x 10~2 mol dm—3; [Ru(IIl)] =
4.58 x 10"°moldm~> (glc) and 12.21 x 10~®moldm=> (fru); [KCl]=
0.5 x 103 moldm~3, £ =0.6 mol dm 3.
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Table 1
Effect of variations of [I03 ] and ionic strength (1) of the medium on pseudo-
first-order rate constant (k) in the oxidation of glc and fru at 40 °C

[I037] (x 103 moldm—3) u (mol dm~2) ki (x10%s™1)
glc fru

0.40 0.60 0.88 1.53
0.80 0.60 0.92 1.56
1.00 0.60 0.97 1.67
1.20 0.60 0.89 1.56
1.60 0.60 0.91 1.51
2.00 0.60 0.94 1.53
2.40 0.60 0.91 -

2.80 0.60 - 1.38
3.20 0.60 0.81 -

3.60 0.60 0.87 1.23
4.00 0.60 0.83 1.16
1.00 0.25 1.39 1.18
1.00 0.50 1.35 1.75
1.00 0.75 1.39 1.88
1.00 1.00 1.33 1.82
1.00 1.25 1.32 1.82

Solution conditions: [OH™]=1.00 x 1072 moldm~3; [Sugar]=2.00 x 1072
mol dm~3; [RuCl3] =4.58 x 10~¢ mol dm~3; [KCI] =0.50 x 10~ mol dm~3.

[I037] versus time at fixed [I037], except in [IO3™] variation
when a tangent has been drawn at a fixed time (Fig. 1). The
pseudo-first-order rate constant (k1) was calculated as follows:

—de/dt

TN

For the determination of order of reaction with respect to
[I037], the concentration of I03~ was varied from 0.4 x 1073
to 4.0 x 1073 M at constant concentrations of all other reac-
tants and at constant temperature, 40 °C. From the values of
(—dc/dt), it is obvious that they are in direct proportionality
with [I03~] throughout its variation except at higher concentra-
tions where the rate becomes independent of [I037] (Table 1,
Fig. 2). This clearly indicates that the order of reaction with
respect to [I037] is unity up to 2.4 x 1073 M in the case of
glc and up to 2.0 x 107> M in the case of fru, and there after
it tends towards zero-order in case of both reducing sugars.
Our conclusion about unity order with respect to [I0O3~] up
to 2.4 x 1073 and 2.0 x 1073 M in the oxidation of glc and
fru, respectively also finds support from the almost constant
values of pseudo-first-order rate constant, ki (Table 1). Since
throughout the study of variations of [reducing sugar], [OH™],
[Ru(ID)], [C17] and ionic strength of the medium (w), the con-
centration of 103~ was fixed at 1.00 x 1073 M, hence for the
purpose of calculation of pseudo-first-order rate constant (k),
order with respect to [IO37] has been taken as unity. After
determining the order of reaction with respect to [1037], the
concentration of reducing sugar was varied from 1.00 x 1072 to
10.00 x 1072 M in the case of both glc and fru at constant con-
centrations of all other reactants and at constant temperature,
40 °C. The results thus obtained are presented in Table 2, where
almost constant values of k; against varying concentrations of
reducing sugars indicate zero-order kinetics with respect to glc

5_
fru

—_ 4 -
I O
@
3 I
? gle
E 3
°
°
£ [ |
=)
- 24
x
=
ke
[}
T
~— 1_

0 T T T T 1

0 1 2 3 4 5

[105"1x10° (mol dm™)

Fig. 2. Plots between (—dc/df) and [IO37] at 40°C. [OH™]=20.00 x
1072 moldm™3; [Sugar] =2.00 x 1072 moldm™—3; [Ru(Ill)]=4.58 x 10~°©
moldm—3; [KC1]=0.5 x 1073 mol dm—3; ;¢ =0.6 mol dm 3.

and fru throughout their 10-fold variations. The observed val-
ues of pseudo-first-order rate constant (k1) presented in Table 2
against varying concentrations of OH™ in the case of both glc
and fru clearly show that the unity order with respect to OH™
at its low concentration tends towards zero-order at its higher
concentrations. When at constant concentrations of all other
reactants and at constant temperature, 40 °C, the concentra-
tion of Ru(Ill) chloride was varied up to its 10-fold, it has
been found that there is an increase in pseudo-first-order rate
constant k1, values in the same proportion in which the concen-
tration of Ru(IIl) chloride is increased throughout its variation
(Table 2). This information led us to conclude that the order
with respect to Ru(IIl) chloride is unity throughout its vari-
ation. The rate is unaffected by the change in [Cl1™] as well
as in ionic strength (u) of the medium as there is a negli-
gible change in pseudo-first-order rate constant (k1) with the
change in either [C1™] or ionic strength (u) of the medium
(Table 1). The reactions have also been studied at four differ-
ent temperatures, i.e. 30, 35, 40 and 45 °C and observed values
of pseudo-first-order rate constant (k;) were utilized to calculate
various activation parameters including the entropy of activation
(Table 3).

On the basis of observed first to zero-order kinetics with
respect to I03~, zero-order kinetics in reducing sugar concen-
tration, first-order dependence on Ru(IIl) chloride and positive
effect of [OH™] on the rate of reaction, the following experi-
mental rate law in the form of Eq. (C) for the oxidation of both
glc and fru can be expressed as

d[I037] k{1037 ][OH"][Ru(II)]

—a - = = ©)
t a+ b[1037] + ¢[OH™]

where a, b and ¢ are constants and have different values for
different organic substrates.
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Table 2
Effect of variations of [NaOH], [S] and [Ru(III)] on pseudo-first-order rate constant (ki) in the oxidation of glc and fru at 40 °C
[NaOH] (x 10?> mol dm~3) [S] (x10? mol dm~3) [Ru(IID)] (x 10% mol dm~3) kp (x10*s71)
gle fru

5.00 2.00 4.58 0.28 0.38
10.00 2.00 4.58 0.54 0.73
15.00 2.00 4.58 0.88 1.18
20.00 2.00 4.58 1.07 1.61
25.00 2.00 4.58 1.37 1.92
30.00 2.00 4.58 1.72 2.33
35.00 2.00 4.58 1.88 -
40.00 2.00 4.58 2.05 2.78
45.00 2.00 4.58 2.25 3.00
50.00 2.00 4.58 2.32 3.33
20.00 1.00 4.58 1.07 1.60
20.00 2.00 4.58 1.00 1.67
20.00 3.00 4.58 1.11 1.63
20.00 4.00 4.58 1.00 1.67
20.00 6.00 4.58 1.07 1.61
20.00 8.00 4.58 1.03 1.61
20.00 9.00 4.58 1.05 1.67
20.00 10.00 4.58 1.00 1.60
20.00 2.00 1.53 0.32 0.50
20.00 2.00 3.05 0.71 1.11
20.00 2.00 4.58 0.97 1.62
20.00 2.00 6.10 1.33 2.27
20.00 2.00 7.63 1.73 2.86
20.00 2.00 9.16 2.08 3.33
20.00 2.00 12.21 2.78 4.25
20.00 2.00 13.37 3.00 4.77
20.00 2.00 15.26 3.33 542

Solution conditions: [I03~]=1.00 x 1073 mol dm—3; [KCI]=0.50 x 10~3 mol dm—3; ;& =0.60 mol dm—3.

5. Discussion

5.1. Reactive species of ruthenium(IIl) chloride in alkaline
medium

It is reported [30] that at the instant of preparation Ru(III)
exists in solution in the pH range 0.4-2.0 as four major
species, [RuCly(H20),]~, [RuCl3(H20)3], [RuCly(HyO)4]*
and [RuCl(H,0)5]%*. It is also reported that out of these four
species, the species [RuCly(HyO)4]* is fairly stable at pH 2.0
and is stabilized in its hydrolysed form, [RuCl,(H>O)3OH],
according to the following equilibrium:

[RuCl,(H,0),]" + H,O = [RuCl,(H,0);0H] + H;0™"

Since throughout the experiment, the required amount of
catalyst was taken from the solution which was prepared by dis-
solving Ru(III) chloride in 0.01 M HCI (pH 2.0), it is reasonable
to assume that the hydrolysed species, [RuCl,(H2,0)3;0H], is the
starting species of Ru(III) chloride in the present investigation.
Though the solution of Ru(IIl) chloride was prepared by dis-

Table 3
Values of activation parameters for the oxidation of glc and fru at 40 °C

solving it in 0.01 M HCI, throughout the study in the oxidation
of both, D-glucose and D-fructose, the medium was maintained
alkaline by the addition of NaOH to the reaction mixture. On
the basis of observed positive effect of [OH™] on the rate of oxi-
dation of both reducing sugars, the existence of the following
equilibrium in the reaction can be assumed as valid one.

[RuCly(H,0);0H] + OH™ = [RuCly(H,0),(OH),]~ + H,0

Out of species [RuCl,(H,O);OH] and [RuCly(H>O);
(OH)>]~, the species [RuCl,(H,0)2(OH)>]~ can be assumed
as the reactive species of Ru(IIl) chloride in alkaline medium
because by assuming only species [RuCl,(H,O0)2(OH),>]™ as
the reactive species, the observed positive effect of [OH™] on
the rate of oxidation of glc and fru can be explained. Our deci-
sion about the reactive species of Ru(Ill) chloride in alkaline
medium also finds support from the spectral information which
indicate that with the addition of OH™ ions to the solution of
Ru(III) chloride, there is an increase in absorbance from 3.2
to 3.28 and 3.4 (Fig. 3(2-4)). This increase in absorbance led
us to conclude that the starting species, [RuCl,(H>0)30H], in

Reducing sugars E, (kImol™1) k (mol~2 dm®s~!) AS* JK~'mol™1) AH* (kI mol™) AG* (K mol™ 1) A (mol~2dm®s~!)
D-Glucose 50 (£1.09) 1.06 x 10? —52(£0.38) 48 (£0.05) 64 (+0.40) 3.55 x 1010
D-Fructose 44 (£0.39) 1.77 x 107 —68 (£0.46) 41 (£0.05) 63 (£0.26) 0.42 x 10'°
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Fig. 3. Spectra: (1) [I037]1=1.00 x 10~3 moldm~3; (2) [Ru(IlD)]=7.63
x 10~* mol dm—3; (3) [Ru(III)] =7.63 x 10~* mol dm~2 and [OH~]=20.00 x
1072 moldm—3; (4) [Ru(Ill)]=7.63 x 10~*mol dm~3 and [OH~]=50.00 x
1072moldm~3; (5) [Ru(Il)]=7.63 x 10~*moldm—3, [OH~]=20.00 x
102moldm™3 and [I03"]=1.00x 103 moldm™3; (6) [Ru(IlD)]
=7.63x 10~*moldm—3, [OH 1=20.00x 102moldm™> and [IO037]
=3.00 x 1073 moldm 3.

the reaction reacts with OH™ ions to form the complex species,
[RuCl>(H20)2(OH),2] ™, according to the equilibrium indicated
above, which ultimately assumes the role of reactive species of
Ru(IIT) chloride in the present investigation.

5.2. Reactive species of potassium iodate in alkaline
medium

Potassium iodate has been reported to be used as an oxidant in
Os(VIID) [31] and Ru(IIT) [25,31]-catalyzed oxidation of organic
compounds in acidic medium. In these cases, reactive species
of KIOs3 in acidic medium is taken either as HIO3 or as I03~.
Kinetic studies for the oxidation of acetophenones [22], ferro-
cyanide [32], thiocynate [33] and 1,3-dihydroxybenzene [34] by
acidic solution of iodate are also reported, where 103~ has been
assumed as the reactive species of KIO3 in acidic medium. Lit-
erature reveals that there is only one report [26] where KIO3 has
been used as an oxidant in Ir(IIT)-catalyzed oxidation of reduc-
ing sugars in alkaline medium. In this case, also on the basis
of observed kinetic data and spectral evidence, 103~ has been
assumed as the reactive species of KIOj3 in alkaline medium.
In ruthenate ion [13] and Ru(IIl) [18]-catalyzed oxidation of
reducing sugars in alkaline medium, NalO4 has been taken as
an oxidant. Both the reports [13,18] contain IOz~ as one of the

oxidation products indicating the existence of IO3™ in alkaline
medium. In view of the reported literature shown above and
also in view of the fact that iodate in alkaline medium exists
in the form of 103~ only, it is most appropriate to infer that
103~ is the reactive species of KIOs3 in alkaline medium. Kinetic
data observed for Ru(Ill)-catalyzed oxidation of glc and fru and
single peak observed for KIO3 solution in alkaline medium at
210 nm also support the above experimental finding (Fig. 3(1)).

5.3. Reactive form of sugar in alkaline medium

It is well known [35,36] that the reducing sugars undergo a
tautomeric change in presence of alkali and exists as the enediol
anion, RC(OH)CHO™, and enediol, RC(OH)CHOH. Taking
into account the base catalyzed formation of enediol anion and
enediol and also the positive effect of [OH™] on the rate of oxi-
dation, it can very easily be concluded that it is the enediol form
of sugar which participates as reductant in the reactions under
investigation.

5.4. Spectrophotometric evidence for the formation of
complexes in the reactions under investigation

When on the basis of kinetic orders with respect to each reac-
tant of the reactions, the reactive species of Ru(IIl) chloride as
[RuCl,(H20),2(OH)2]~ and reactive species of potassium iodate
as 1037, an effort was made to formulate a reaction mechanism,
it was found that there is a possibility of the formation of a
complex,

9.
0 0

N\

[——0——RuCl; (H20) (OH),

by the interaction of [RuCly(H,O)2(OH);]™ and I03™.
In order to verify the existence of the complex species,
[RuCl,(H,0),(OH);]~, and also the existence of most reactive
activated complex,

2-

N

[——0——RuClI; (H20) (OH)2

spectra for Ru(IIl) chloride solution, Ru(IIl) chloride solution
with two different concentrations of OH™ and Ru(III) chloride
and OH™ with two different concentrations of 103~ solution
have been collected (Fig. 3). From the recorded spectra, it is
clear that with the addition of OH™ solution to the solution of
Ru(III) chloride, there is an increase in absorbance from 3.2
to 3.28 and 3.4 with the very small change in Apax from 220
to 225 nm (Fig. 3(2-4)). This increase in absorbance with the
increase [OH™] can be considered as due to more and more
formation of a complex between [RuCl,(H>0)3OH] and OH™
according to the following equilibrium

[RuCl,(H20);0H] + OH™ = [RuCl>(H20),(OH),]™ 4+ H,O

The existence of above equilibrium in the reaction is sup-
ported by the positive effect of [OH™] on pseudo-first-order
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rate constant, k;. Further, when comparison is made between
the spectrum recorded for the solution of Ru(IIl) chloride and
OH™ and spectra recorded for the solutions of Ru(Ill) chlo-
ride and OH™ with two different concentrations of 1037, it
was found that with the addition of KIO3 solution there is an
increase in absorbance from 3.4 to 3.68 and 3.72 with a shift
in Amax towards longer wavelength (Fig. 3(4-6)). This increase
in absorbance with the increase in [I03 7] clearly indicates that
there is a formation of complex species,
- 2_
0 0
N\ Y4
[“—0—RuCl, (H,0) (OH),

according to the following equilibrium

N

[RuCly(H>0), (OH),] "+ 103"

The shift in Amax value towards longer wavelength is
due to the combination of a chromophore, I03~, and an
auxochrome, OH™, to give rise to another chromophore,

2.

N

Z—0—RuCl; (H0) (OH)2
according to the equilibrium indicated above.

5.5. Reaction scheme

A reaction scheme, based on the kinetic results observed for
the oxidation of glc and fru and also based on the spectral infor-
mation collected for the formation of complex or complexes
during the course of reaction, is presented at the end of the article.

On the basis of proposed reaction scheme, the rate of reaction
in terms of decrease in the concentration of IO3~ can be written
as

rate = —d[Igff] — 2ky[10371[Ca] (1)

where ‘2’ indicates that 1 mole of glc and fru is oxidized by
2 moles of KIO3.

On applying the steady state approximation to [C>], we get
Eq. (2)

ki[C1][OH"]

S 2
k-1 4+ k2[1037] @

[C2]

According to the proposed mechanism, the total concentra-
tion of Ru(Ill), i.e. [Ru(Ill)]T at any moment in the reaction can
be expressed as

[Ru(ID] = [C1] + [C2] 3
On substituting the value of [C,] from Eq. (2) to (3), we have
Eq. 4

k— + k> [1037 ]}[Ru(III
[C1]=k{ + ko[ 3_]}[ u( )]_T @
—1 + k2[I037] + k1 [OH™]

[“—0—RuCl, (H,0) (OH),

On substituting the value of [C;] from Eq. (2) to (1), we get
Eq. (5)
d[1037]  2kik2[1037]J[OHT][Cy]

rate = = — 5)
de k—1 + ko[1037]
From Egs. (4) and (5), we get Eq. (6)
d[I037]  2kik2[IO37][OH™][Ru(lID]y
rate = — = 6)

dt k| + ko[TO37] + ki [OHT]

Eq. (6) is the final rate law which very well explains the
observed positive effects of [I03~] and [OH™] on the rate of
oxidation and also the observed first-order kinetics with respect
to [Ru(IID)] throughout its variation.

2-

+ H,0

On reversing Eq. (6), we get Eq. (7)
[Ru(ID]y k— 1 1

rate  2k1ka[I103][OH] + 2k [OH] + 2k [1057]
(7

where rate = —d[103 ™ |/dt.

According to Eq. (7), if a plotis made between [Ru(Ill)]t/rate
and 1/[I037] or 1/[OH™] for the oxidation of each reducing
sugar, a straight line having positive intercept on y-axis will
be obtained. When plots were made between [Ru(IIl)]t/rate
and 1/[103 7] and between [Ru(IIl)]t/rate and 1/[OH™], straight
lines having positive intercepts on y-axis were obtained
(Figs. 4 and 5). This not only proves the validity of rate law
(6) but also gives support to the proposed reaction scheme.
From the slopes and intercepts of the straight lines, the val-
ues of kp, ki and k_; have been calculated and found as
0.83 x 10> mol~' dm?s~!, 0.83s~! and 0.97s™!, respectively

for the oxidation of D-glucose and 3.64 x 102 mol~! dm3 s~ 1,

15 -
n
< 121 gle
(]
2,
'I-D
S 9
=
[:]
] O _~fru
S
= 64
1
&,
-— 3 4
0. T T L) T L) 1
0 0.5 1 1.5 2 25 3

(1MO;~11*107% (mol™ dm®)

Fig. 4. Plots between [Ru(Ill)]p/rate and 1/[I03~] at 40°C. [OH™]=
20.00 x 102 moldm~3; [Sugar]=2.00 x 1072 moldm—3; [Ru(IIl)] =4.58
x 107% mol dm—3; [KCI]=0.5 x 1073 mol dm~3; ;t =0.6 mol dm—3.
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1.25 " and 4.88 s~!, respectively for the oxidation of D-fructose.
Utilizing these values of rate constants, the reaction rates for the
variations of [Ru(IIT)], [OH™] and [IO3 ] have been calculated
according to the rate law (6) and found to be in close agreement
with the observed rates (Tables 4-6). This further confirms the
validity of rate law (6).

For the reaction between ions of unlike sign there is generally
an entropy increase going from reactants to activated complex
and for ions of like sign, there is an entropy decrease [37]. In the
present study of oxidation of glc and fru by alkaline solution of
KIOj3 in presence of Ru(Ill) chloride as homogeneous catalyst,
the entropy of activation was found as —52 (£+0.38) J K~! mol~!
and —68 (£0.46) JK~! mol~!, respectively. The observed neg-
ative entropy of activation clearly supports the interaction
between the species, [RuCly(H20)2(OH),]™ and the species
1037, leading to the formation of most reactive activated com-
plex,

o2

Vi

[——0——RuClI; (H20) (OH)2
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Table 4
Comparison of observed rates with the rates calculated on the basis of rate law (6) under the conditions of Table 2
[Ru(IID)] (x 10° mol dm~3) —de/dt (x107 mol dm=3 s~ 1)
gle fru
Experimental Calculated Experimental Calculated
1.53 0.32 0.35 0.50 0.49
3.05 0.71 0.70 1.11 0.97
4.58 0.97 1.03 1.62 1.46
6.10 1.33 1.38 2.27 1.94
7.63 1.73 1.72 2.86 243
9.16 2.08 2.07 3.33 2.92
12.21 2.78 2.76 4.25 3.89
13.37 3.00 3.02 4.77 4.37
15.26 3.33 3.45 5.42 4.86
Table 5
Comparison of observed rates with the rates calculated on the basis of rate law (6) under the conditions of Table 2
[NaOH] (x 10? mol dm—3) —de/dt (x 10" mol dm=3 s~ 1)
glc fru
Experimental Calculated Experimental Calculated
5.00 0.28 0.28 0.38 0.38
10.00 0.54 0.56 0.73 0.75
15.00 0.88 0.80 1.18 1.11
20.00 1.07 1.03 1.61 1.46
25.00 1.37 1.25 1.92 1.80
30.00 1.72 1.45 2.33 2.14
35.00 1.88 1.64 - -
40.00 2.05 1.82 2.78 2.79
45.00 2.25 2.00 3.00 3.11
50.00 2.32 2.15 3.33 342
Table 6
Comparison of observed rates with the rates calculated on the basis of rate law (6) under the conditions of Table 1
[KIO3] (x 10> mol dm™3) —de/dt (x 107 mol dm=3 s~ 1)
glc fru
Experimental Calculated Experimental Calculated
0.40 0.35 0.43 0.61 0.61
0.80 0.73 0.84 1.25 1.18
1.00 0.97 1.03 1.67 1.46
1.20 1.07 1.22 1.88 1.73
1.60 1.46 1.59 242 2.25
2.00 1.88 1.93 3.06 2.74
2.40 2.19 2.26 - -
2.80 - - 3.85 3.61
3.20 2.60 2.88 - -
3.60 3.14 3.16 4.44 448
4.00 3.33 343 4.62 4.87

(step II) and hence the proposed reaction mechanism. The
mechanism, common for both glc and fru, also finds sup-
port from the observed Arrhenius frequency factor (A), which
is of the same order of magnitude for both the reducing
sugars.

6. Comparative studies

Efforts have been made to compare the findings of this paper
with the results reported for the oxidation of glc and fru by acidic
solution of NBA in presence of either Pd(II) [10] or Ir(IIT) [14].



80 A.K. Singh et al. / Journal of Molecular Catalysis A: Chemical 278 (2007) 72-81

As far as order of reaction with respect to oxidant is concerned,
it is first order at its low concentrations which changes towards
zero-order at its higher concentrations. Zero-order kinetics with
respect to each substrate in the present study and also in the
reported Ir(I1I)-catalyzed [ 14] oxidation of glc and fru is contrary
to the first to zero-order kinetics reported for Pd (II)-catalyzed
[10] oxidation of glc and fru. Observed first-order kinetics in
[Ru(IIl)] in the present study shows similarity with the reported
Pd(II)-catalyzed [10] oxidation but differs from Ir(IIl)-catalyzed
[14] oxidation, where first- to zero-order kinetics in [Ir(IIT)] was
observed. The nil effect of [C1™] on the rate in Ru(IlI)-catalyzed
oxidation clearly shows that there is no role of [CI™ ] in deciding
the reactive species of Ru(Ill) chloride in alkaline medium but
the observed negative effect of [C1™] in both Pd(II)-catalyzed
[10] and in Ir(IT)-catalyzed [14] oxidation shows that there is a
significant role of CI™ ions in deciding the reactive species of
Pd(II) chloride and Ir(IIT) chloride in acidic medium. The neg-
ative effect of [H*] on the rate of oxidation of glc and fru in
Pd(II) [10] and Ir(III) [ 14]-catalyzed oxidation was made one of
the basis for taking HOBr as the reactive species of NBA in acidic
medium whereas in the present study of Ru(IlI)-catalyzed oxida-
tion, positive effect of [OH™] was made a basis to conclude that
[RuCl>(H20)2(OH),] ™ is the reactive species Ru(Ill) chloride
in alkaline medium. The formation of most reactive activated
complex,
i

NS

Z—0—RuCly (H20) (OH),

in step II of the proposed reaction scheme is supported by neg-
ative entropy of activation whereas in the reported Pd(II) [10]-
and Ir(IIT) [ 14]-catalyzed oxidation it is supported by the positive
entropy of activation.

7. Conclusions

The conclusions drawn, from the observed kinetic data and
from the spectral information collected for the Ru(IlI)-catalyzed
oxidation of glc and fru by potassium iodate in alkaline medium,
are as follows

(i) 103~ and [RuCl(H>0),(OH),]~ have been found as the
reactive species of potassium iodate and Ru(III) chloride in
alkaline medium, respectively.

(i) In the rate determining step, the most reactive activated
complex,

o
0 0

N~Z

[——0——RuClI; (Hz0) (OH)2

is formed by the interaction of reactive species of Ru(IIl)
chloride and reactive species of potassium iodate in alkaline
medium.

(iii)) The observed negative entropy of activation for the oxida-
tion of both glc and fru supports step II of the proposed

reaction scheme, where two negatively charged species
interact to form the most reactive activated complex.
(iv) The existence of the complex species [RuCly(H>O);
(OH);]~ and
5%

N2

——0—RuCl; (H,0) (OH)>

is supported by the spectral information collected in this
regard.

(v) On the basis of observed positive effect of [OH™] on the
rate of reaction, it is concluded that the enediol form of
reducing sugar participates in the fast step of the com-
mon reaction scheme proposed for the oxidation of glc and
fru.
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