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A general mechanism for Ru(III) catalysed oxidation of L(+) arabinose (Ara) and D(+) galactose (Gal) in aqueous alkaline

medium is proposed. The most reactive species of the catalyst was found to be [RuCl3(OH)2H2O]2). The reactions exhibit pseudo-

first order kinetics with respect to Ru(III) and are first order with respect to lower [IO�
4 ] and OH), but tend towards zeroth order to

both higher [IO�
4 ] and [OH)]. The reactions are zero order with respect to each aldoses. Positive effect of Cl) on the rate of reaction

is also evident in the oxidation of both reducing sugars. A mechanism, involving the interaction of the reactive species of Ru(III)

and [IO�
4 ] leading to the formation of a complex, which in the rate determining step decomposes into another complex with the

release of Cl) ion, is proposed and the rate law is derived.
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1. Introduction

Although periodate is less potent oxidant in alkaline
than in acidic media, it is widely employed as a diol
cleaving reagent [1]. In an alkaline medium, periodate is
known to exist as different species involving multiple
equilibria [2] and this prompted us to know its active
form in the reaction system.

The oxidation of sugars has been studied in detail by
using halogens and N-halogeno compounds [3]. Singh
and coworkers [4] have also used Cu(II), ammoniacal
Ag(I) andNessler’s reagent, [HgI4]

)2, in aqueous alkaline
medium in oxidation of aldo and keto hexoses. In alkaline
solutions aldoses are reported to exist as enediol anions
and also undergo tautomeric change through the forma-
tion of an intermediate enediol [3]. It is necessary to know
the active form of reducing sugars in the reaction.

In recent years, the use of transition metal ions such
as osmium, iridium, palladium and ruthenium, either
alone or as binary mixtures, as catalyst in various redox
systems has attracted considerable interest. Although
the mechanism of catalysis depends upon the nature of
substrates, oxidants and other experimental conditions,
it has been shown [5] that metal ions act as catalysts by
one of these different paths such as the formation of
complexes with reactants or oxidation of the substrate
itself or through the formation of free radicals. Ruthe-
nium and its chloro complexes particularly in the +3
oxidation state have evinced a great deal of interest in
recent years because of their use in homogeneous
catalysis [6–14]. Ruthenium(III) chloride and its EDTA
complexes have, recently, been successfully employed as
catalysts in the oxidation of allyl alcohol, ascorbic acid

and cyclohexanol [9,10]. However, ruthenium(III) catal-
ysed oxidation of sugars by alkaline solution of perio-
date has, yet, not been examined, and we have observed
that ruthenium(III) catalyses periodate oxidation of Ara
and Gal in alkaline medium and hence the study of these
reactions is reported here with a discussion of the
mechanism.

2. Experimental

Reagent grade chemicals were used. Doubly distilled
water was used throughout. A stock standard solution
of [IO�

4 ] was prepared by dissolving a known weight of
NaIO4 (E. Merck) in double distilled water and its
concentration was ascertained iodometrically. In order
to avoid photochemical deterioration the solution of
NaIO4 was preserved in black coated flask. The stan-
dard solutions of Ara and Gal (AR grade) were freshly
prepared. A stock standard solution of Ru(III) was
prepared by dissolving RuCl3 (Ubichem Limited) in
0.20 mol dm)3 HCl and its concentration was deter-
mined as 9.64 · 10)3 mol dm)3 � NaOH and NaClO4

(E. Merck) were employed to maintain the required
alkalinity and ionic strength, respectively. The temper-
ature was maintained constant to within ±0.10 �C.

3. Kinetic measurements

Kinetic runs were initiated by mixing the previously
thermostatted reactant solutions of sugar and IO�

4

(which also contained the required amount of Ru(III),
NaOH and NaClO4). Aliquotes (5 ml) of the reaction
mixture were pipetted out at regular intervals of time
and poured into a conical flask containing 5 mL of 4%
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KI solution and 5 mL of dilute perchloric acid solution.
The liberated iodine equivalent to unconsumed perio-
date [15,16] was titrated against Na2S2O3 solution using
starch as an indicator. The kinetic runs were carried out
under pseudo-first order conditions at 45 ± 0.10 �C
unless stated otherwise. The initial rates were obtained
from the slopes of concentration versus time graphs in
the initial stages of the reactions by plane mirror
method. The rates were reproducible to within ±4.00%.

4. Stoichiometry and product analysis

Different sets of reactions containing excess [IO�
4 ]

over [aldose] with constant concentrations of Ru(III)
and [OH)] were kept for 24 h at 45 �C and then
estimated. The unreacted oxidant was assayed iodomet-
rically as mentioned earlier. The results showed 1 : 2
stoichiometry according to the equations (1) and (2).

C5H10O5 þ 2IO4
�

ðAraÞ
�!

RuðIIIÞ

OH�
C4H8O5 þHCOOHþ 2IO�

3

Erythronicacid

ð1Þ

C6H12O6 þ 2IO4
�

ðGalÞ
�!RuðIIIÞ

OH

C5H10O6 þHCOOHþ 2IO�
3

Lyxonicacid

ð2Þ
Formic acid and corresponding another acids were
confirmed by the help of spot tests [17], equivalence,
kinetic studies and thin layer chromatography.

5. Results

The kinetics of the oxidation of Ara and Gal was
investigated at several initial concentrations of the
reactants. The reactions were carried out by varying
the concentration of oxidant, aldose, catalyst and alkali
in turn while keeping all other conditions constant
(Tales 1 and 2). First order dependence of the reactions
at lower ½IO�

4 � tends to zero-order at its higher concen-
trations. The order in each aldoses was found to be zero,
since the initial rates were independent of the initial
concentration of each aldoses. The order in Ru(III) was
unity as evidenced by the slope (1.02 and 0.96 in
oxidation of Ara and Gal, respectively) of the log–log
plots of initial rates versus concentrations of Ru(III)
whereas the order in [OH)] was less than unity which is
obvious from the slopes (0.56 and 0.52) in oxidation of
Ara and Gal, respectively) of the log–log plots of initial
rates versus [OH)] over the range of concentrations
studied. There is slight increase in the first order rate
constant values with the increase in[Cl)], indicating
positive effect of [Cl)] on the rate of reaction.

Approximately 15-fold variation in the ionic strength
of the medium was made at constant concentrations of
all the reactants and at constant temperature, 45 �C
(Table 3). From the results presented in table 3, it is

quite clear that the observed significant change in the rate
of reaction at very low ionic strength of the medium
becomes almost insignificant at higher ionic strength of
the medium. The rate constants measured at 30, 35, 40
and 45 �C led to the values of Ea, DH# and DS# of the
slow step in oxidation of Ara and Gal catalysed by
Ru(III) by alkaline periodate solution. The values of
specific rate constant (kr), Arrhenius factor (A), energy of
activation (Ea), enthalpy of activation (DH#) and entropy
of activation (DS#) were found at 40 �C in the oxidation
of Ara and Gal as 6.57 and 6.79 mol)2 dm6s)1, respec-
tively, 58.20 and 2.15 · 1012 mol)2 dm6 s)1, respec-
tively, 65.86 and 69.17 kJ mol)1, respectively, 63.21
and 66.57 kJ mol)1, respectively, and )28.50 and
)17.59 JK)1 mol)1, respectively.

Thus on the basis of first order kinetics in lower
concentrations of OH) and IO)

4, zero-order kinetics in
reducing sugar concentrations, positive effect of [Cl)]
and first-order dependence on Ru(III) concentrations, a
probable rate law can be given as:

� d½IO�
4 �

dt
¼

k½IO�
4 �½OH��½Ru(III)]T½Cl

��
1þ a½Cl�� ð3Þ

5.1. Test for free radicals

In order to verify the presence of free radicals in the
reaction, the following test was performed. A reaction
mixture containing acrylamide was kept for 24 h in an
inert atmosphere. On diluting the reaction mixture with
methanol since no precipitate was formed hence this
suggests that there is no possibility of free radical
intervention in the reaction.

6. Discussion

It is reported[18] that the activity of periodate as an
oxidant varies greatly as function of pH. The nature of
IO�

4 in aqueous alkaline medium has received consider-
able attention. Periodic acid (H5IO6) exists in acid
medium[19] and also as [H4 IO6 ]

)1 around pH 7.0 Thus,
under the alkaline conditions, the main species of
periodate ion are expected to be [H3 IO6 ])2 and [H2

IO6 ])3. But, when we have collected the spectrum of
IO�

4 in the presence of OH), it was found that there is
only one peak at 237 nm, which clearly indicates that it
is IO which can be taken as the reactive species of
sodium metaperiodate in alkaline medium. The perio-
date oxidations of Ara and Gal in aqueous alkaline
medium are not realisable experimentally in the absence
of the catalyst, the ruthenium(III). Hence, in the
presence of catalyst the reactions are understood to
occur through catalysed path with negligible contribu-
tions from unrealisable uncatalysed path. Since the
reactions are Ru(III) catalysed hence at this stage it
would be appropriate to discuss about the actual
reacting species of Ru(III) chloride in aqueous alkaline
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medium. It is reported [20] that at the instant of
preparation Ru(III) exists in solution in the pH range
0.4–2.0 as four major species, ½RuCl4ðH2 OÞ2�

�1,

½RuCl3ðH2OÞ3� ½RuCl2ðH2OÞ4�
þ and ½RuClðH2OÞ5�

2þ.
Out of these four species, ½RuCl2ðH2OÞ4�

þ is stabilized
in its hydrolysed form, ½RuCl2ðH2OÞ3OH� according to
the following equilibrium:

½RuCl2ðH2OÞ4�
þ þH2O Ð RuCl2ðH2OÞ3OH� þH3O

þ

ðaÞ

Since the experiments were performed with Ru(III)
chloride dissolved in 0.01M HCl solution, hydrolysed
species of ½RuCl2ðH2OÞ4OH�þ i.e. ½RuCl2ðH2OÞ3OH� can
be assumed as the starting species of Ru(III) chloride in
the present investigation. Our assumption is also sup-

ported by the peak observed at 300 nm for hydrolysed
species of Ru(III) chloride as reported earlier.

Considering the slight positive effect of ½Cl�� on the
rate of reaction and fractional order in ½OH��, the
following equilibria can be assumed to exist in aqueous
alkaline medium.

½RuCl2ðH2OÞ3OH� þ Cl� Ð ½RuCl3ðH2OÞOH��1 þH2O

ðbÞ

½RuCl3ðH2OÞOH��1 þOH� Ð½RuCl3ðH2OÞðOHÞ2�
2�

þH2O

ðcÞ

Since with the increase in ½OH�� there is an increase
in the rate of reaction hence on the basis of

Table 1

Effect of variation of [periodate] and [aldose] on ruthenium (III) catalysed oxidation of aldoses by periodate in aqueous alkaline

medium at 45 �C, with [OH�] = 2.50 � 10)2, [Ru(III)] = 28.92 � 10)5 (Gal), 14.46 · 10)5 (Ara), I = 0.20 mol dm)3

½IO�
4 � � 103 (mol dm)3) [Aldose] · 102 (mol dm)3) )dc/dt �107 (mol dm)3 s)1)

Ara Gal

0.50 2.50 0.64 0.68

0.75 2.50 0.83 –

2.00 2.50 2.76 2.08

3.00 2.50 3.34 2.77

4.00 2.50 4.16 3.34

5.00 2.50 – 4.17

6.00 2.50 5.00 4.75

8.00 2.50 5.08 5.55

2.00 0.50 2.74 2.10

2.00 1.00 2.72 2.04

2.00 2.00 2.77 2.06

2.00 4.00 2.78 2.12

2.00 6.00 2.76 2.08

2.00 10.00 2.72 2.07

Table 2

Effect of variation of [alkali] and [Ru(III)] on ruthenium (III) catalysed oxidation of aldoses by periodate in aqueous alkaline

medium at 45 �C, with [IO�
4 ] = 1.00 � 10)3 (Ara and Gal), [aldose] = 2.50 � 10)2, I = 0.20 (a), 0.026 (b) mol dm)3

½OH�� � 102 (mol dm)3) [Ru(III)] · 105 (mol dm)3) )dc/dt · 107 (mol dm)3 s)1)

Ara Gal

0.50a 28.92 0.38 0.35

1.00a 28.92 0.70 0.56

2.00a 28.92 0.94 0.83

2.50a 28.92 – 0.97

4.00a 28.92 1.39 1.11

6.00a 28.92 1.67 1.25

8.00a 28.92 1.94 –

10.00a 28.92 2.08 1.39

2.50 4.82b 0.13 0.08

2.50 9.64b 0.34 0.12

2.50 14.46b 0.45 –

2.50 19.28b 0.54 0.26

2.50 28.92b 0.75 0.39

2.50 38.56b 0.89 0.53

2.50 48.20b 1.16 0.70

2.50 57.85b 1.43 0.81
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equilibrium (c) the species ½RuCl3ðH2OÞðOHÞ2�
2� can

be taken as the main reactive species of Ru(III) in the
present investigation. This assumption is further sup-
ported by the spectra of Ru(III) observed at two
different concentrations of OH� (1.00·10)2 and
5.00·10)2 M) at 45�C (figure 1(2,3)) where increase
in absorbance with the increase in [OH�] is due to
shift in equilibrium (c) to the right side. The observed
increase in absorbance and shift in kmax towards
longer wave length on one hand support the forma-
tion of reactive species ½RuCl3ðH2OÞðOHÞ2�

2� and on
the other hand it also support the fact that when an
auxochrome (hydroxy group) is attached to a chro-
mophore or chromophore like transition metal com-
plex ion, the intensity of its absorption increases with
an increase in kmax value.

It is well known [21] that in the presence of alkali the
reducing sugars undergo a tautomeric change resulting
in an enediol intermediate. The base catalysed formation
of enediol might be visualised as

(a) Aldehyde sugars

HAC@O
j

HACAOH
j
R

þOH� Ð

HACAO�

k
CAOH
j
R

enediol anion

þH2O

HACAO�

k
CAOH
j
R

þH2O Ð

HACAOH
k
CAOH
j
R

(1,2 enediol)

þOH�

(b) Keto sugars
H
j

HACAOH
j
C@O
j
R

þOH� Ð

HACAOH
k
CAO�

j
R

enediol anion

þH2O

HACAOH
k
CAO�

j
R

þH2O Ð

HACAOH
k
CAOH�

j
R

(1,2 enediol)

þOH�

Oxidation of reducing sugars might be considered
either by the enediol anion or by the enediol which is in
equilibrium with it. Since order with respect to [OH�] is
fractional hence it is resonable to assume that it is the
enediol form of sugar which is taking part in the
reaction.

The results of our study on Ru(III) catalysed perio-
date oxidation of Ara and Gal suggest that there is a
possibility of the formation of a complex between the
reactive species of Ru(III), ½RuCl3ðH2OÞðOHÞ2�

2� and
the active oxidant species, IO4. The formation of
complex between the oxidant and the catalyst has also
be reported earlier [22]. In order to ascertain the possible
formation of complex between ½RuCl3ðH2OÞðOHÞ2�

2�

and IO�
4 , the spectra for the solution of Ru(III) and

Figure 1. Spectra of sugar solution and Ru(III) solutions, Ru(III) and

IO�
4 solutions, Ru(III), IO�

4 and sugar solutions in alkaline medium

recorded at 45 �C. (1) [Sugar]= 5.00 · 10)1 mol dm)3,

(2) [Ru(III)] ¼ 2.30 ·10)4 mol dm)3, [OH�] ¼ 1.00 · 10)2 mol dm)3,

(3) [Ru(III)] ¼ 2.30 · 10)4 mol dm)3, [OH�] ¼ 5.00 · 10)2 mol dm)3,

(4) [Ru(III)] ¼ 2.30 · 10)4 mol dm)3, [OH�] ¼ 5.00 · 10)2 mol dm)3,

[IO�
4 ]=1.00 · 10)3 mol dm)3, (5) [Ru(III)] ¼ 2.30 · 10)4 mol dm)3,

[OH�] ¼ 5.00 · 10)2 mol dm)3, [IO�
4 ] ¼ 1.33 · 10)3 mol dm)3,

(6) [Ru(III)] ¼ 2.30 · 10)4 mol dm)3, [OH�] ¼ 5.00 · 10)2 mol dm)3,

[IO�
4 ] ¼ 1.00 · 10)3 mol dm)3, [Sugar] ¼ 1.00 · 10)2 mol dm)3, (7)

[Ru(III)] ¼ 2.30 · 10)4 mol dm)3, [OH�] ¼ 5.00 · 10)2 mol dm)3,

[IO�
4 ] ¼ 1.00 · 10)3 mol dm)3, [Sugar] ¼ 5.00 · 10)2 mol dm)3.

Table 3
Effect of variation of ionic strength(I) of the medium at 45�C, with
[IO�

4 � ¼ 1:00� 10�3 (Ara and Gal), [OH�� ¼ 2:50� 10�2, [Ru(III)] ¼
28:92� 10�5 (Gal), 14:46� 10�5 (Ara), [aldose] ¼ 2:50� 10�2 (Gal)

2:00� 10�2 (Ara) mol dm)3

ðIÞ � 102 (mol dm)3) ()dc/dt) · 107 (mol dm)3 s)1)

Ara Gal

2.60 0.45 0.39

5.00 0.97 0.83

7.50 1.00 0.93

20.00 1.04 0.97

40.00 1.11 1.00
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OH� as well as for the solution of Ru(III) and OH�

with two different concentrations of IO�
4 were collected

(figure. 1 (3,4,5)) where it has been observed that with
the addition of IO�

4 solution, there is an increase in
absorbance from 2.80 to 2.96 and 3.12. The increase in
absorbance with the increase in concentration of IO�

4 is
due to more and more formation of the complex
½RuCl3ðOHÞ2IO4�3� according to the following equilib-
rium (d)

½RuCl3ðH2OÞðOHÞ2�
2� þ IO�

4 Ð ½RuCl3ðOHÞ2IO4�3�

þH2O

ðdÞ

The absorption at longer wave length is due to the
combination of a chromophore (IO�

4 ) and an auxo-
chrome (OH�) to give rise to another chromophore.

When reducing sugar solution of two different con-
centrations (1.00 · 10)2 and 5.00 · 10)2 mol dm)3) were
added to the solution of Ru(III), IO�

4 and OH�, it was
observed that with the increase in sugar concentration
there is an increase in absorbance from 2.96 to 3.02 and
3.12 at 222 nm (figure 1 (4,6,7)). This increase in absor-
bance can be considered as due to increase in the
concentration of a complex formed according to the
equilibrium (f) to the right side. Since the complex
between ½RuCl3ðOHÞ2IO4�3� and E, the enediol form of

sugar is formedat awave length 222 nm less than thewave
length 225 nm at which the [Ru(III)–IO4] complex is
formed hence before the equilibrium (f) is established, a
rate determining step (e) can be assumed to exist in the
reaction.

½RuCl3ðOHÞ2ðIO4Þ�3� �! ½RuCl2ðOHÞ2IO4�2� þ Cl�

ðeÞ

Figure 3. Verification of rate law (11) by the plot of [Ru(III)]T/rate

versus 1/ [OH�] under the conditions of table 2. A!galactose,

B!arabinose.

Figure 2. Verification of rate law (11) by the plot of [Ru(III)]T/rate

versus 1/[IO�
4 ] under the conditions of table 1. A!galactose, B!arab-

inose.

Figure 4. Verification of rate law (11) by the plot of [Ru(III)]T /rate

versus 1/ [Cl�] under the conditions of table 4. A!galactose,

B!arabinose.
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½RuCl2ðOHÞ2ðIO4Þ�2� þ E Ð ½RuCl2ðOHÞ2ðIO4ÞE�2�

ðf Þ
The shift in kmax towards shorter wave length is due
to release of an auxochrome (Cl�) from the reactive
activated complex, ½RuCl3ðOHÞ2IO4�3. Equilibrium
(e) will find a place in the proposed mechanism just
after the rate determining step because observed order
with respect to reducing sugar concentration is zero.
All the experimental results are in agreement with
scheme 1.

Considering stoichiometric data, the rate of the
reaction in terms of formation of product or in terms

of decreasing concentration of IO�
4 is given by equation

(4)

rate ¼ d½Product�
dt

¼ �d½IO�
4 �

dt
¼ 2k½C4� ð4Þ

Upon applying the law of chemical equilibrium to steps
(i), (ii) and (iii) of the mechanism, we have

½C2� ¼ K1½C1�½Cl�� ð5Þ

½C3� ¼ K1K2½C1�½Cl��½OH�� ð6Þ

½C4� ¼ K1K2K3½C1�½Cl��½OH��½IO�
4 � ð7Þ

where R stands for Ara and Gal respectively.

Scheme 1.
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On substituting the value of [C4] from equation (7) to
rate equation (4), we get

�d½IO�
4 �

dt
¼ 2kK1K2K3½C1�½Cl��½OH��½IO�

4 � ð8Þ

According to the mechanism, the total concentration of
Ru(III) can be written as equation (9)

½RuðIIIÞ�T ¼ ½C1� þ ½C2� þ ½C3� þ ½C4� ð9Þ

On substituting the values of [C2], [C3] and [C4] from
equation (5), (6) and (7) respectively to equation (9), we
get

½RuðIIIÞ�T ¼ ½C1�ð1þ K1½Cl��Þ
þ K1K2½Cl��½OH�� þ K1K2K3½OH��½Cl��½IO�

4 �
or

½C1� ¼
½RuðIIIÞ�T

1þ K1½Cl�� þ K1K2½Cl��½OH�� þ K1K2K3½OH��½Cl��½IO�
4 �

ð10Þ
Now equations (8) and (10) will give

�d½IO�
4 �

dt
¼ 2kK1K2K3½Cl��½OH��½IO�

4 �½RuðIIIÞ�T
1þ K1½Cl�� þ K1K2½Cl��½OH�� þ K1K2K3½OH��½Cl��½IO�

4 �
ð11Þ

The rate law (11) is in complete agreement with our
observed kinetic data. Equation (11) can also be written
as

½RuðIIIÞ�T
rate

¼ 1

2kK1K2K3½Cl��½OH��½IO�
4 �

þ 1

2kK2K3½OH��½IO�
4 �

þ 1

2kK3½IO�
4 �

þ 1

2k
ð10Þ

where rate = �d½IO�
4 �dt

According to equation (12), when
½RuðIIIÞ�T

rate values are
plotted against 1

½IO�
4 �
, 1

½OH
��
and 1

½Cl
�
�
straight lines with

positive intercepts on Y-axis were obtained (figures 2, 3,
4) which prove the validity of the rate law (11) and hence
the proposed mechanism. These positive intercepts in
each case on one hand supports the observed fractional
order with respect to each ½IO�

4 �, ½OH��, ½Cl�� and on the
other hand confirms the formation of a complex between
the reactive species ½RuCl3ðOHÞ2H2O�2� and IO�

4 prior
to the rate determining step. From the slopes and the
intercepts of the straight lines, the values of k, K1, K2 and
K3 were calculated at 45 �C in the oxidation of Ara and
Gal as 8.835 · 10)3 and 1.5 · 10)3 s)1 respectively,
5.238 · 102 and 0.76 · 102 mol)1 dm3 respectively,
0.23 · 102 and 0.53 · 102 mol)1 dm3 respectively and
1.164·102 and 2.312·102 mol)1 dm3 respectively. Using
these values, the rates for the variation of chloride ion
concentration at constant concentration of all other
reactants and at 45 �C were calculated with the help of
rate law (11) under the conditions of Table 4 and were
found to be in agreement with the observed rates
(Table 5). A close resemblance between the calculated
and observed rates for both the reducing sugars clearly

supports the rate law (11) and hence the proposed
mechanism.

Since solvation in general increases with the charge on
the ion, hence in the case of a reaction between two ions of
opposite charge, their unionwill result in a lowering of the
net charge and as result the activated state will be less
polar than the reactants. On the other hand, for ions of
same sign, the activated state will be a more highly
charged ion and as a result it would be expected to be
strongly solvated than the reactants. In the present study
of oxidation of Ara and Gal by IO�

4 in the presence of
Ru(III), the activated state will be a highly charged ion
due to the reactants ½RuCl3ðOHÞ2 H2O�2� and IO�

4 . The
observed decrease in entropy is due to activated state
being strongly solvated than the reactant. The order of the
frequency factor being the same for both reducing sugars
clearly shows that the reactions have commonmechanism
(scheme 1). The increase in the rate with the increase in the
ionic strength (I) of the medium is an indication for the
existence of a primary kinetic salt effect and supports
the involvement of two negative ions in the reaction step
(III) of proposal reaction scheme 1.
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17.42 10.42 10.35 09.72 09.82

37.45 11.10 10.98 10.00 09.97
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