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Abstract The kinetics and mechanism of Ru(III)-catalyzed oxidation of D-arabinose (D-Ara) by

N-bromophthalimide (NBP) in a acidic medium were investigated using titrimetric method for the

redox reaction in the temperature range of 303–323 K. The reaction was first order with respect to

[NBP] and [Ru(III)]. In both cases, the reaction followed identical kinetics with positive fractional

order for [D-Ara] and [H+]. Negative effect with increase in [Cl�], [CH3COOH] and [acetonitrile]

could also be observed. Erythronic acid and formic acid were identified as main oxidation products

of the reaction. Reduced product of the oxidant i.e. phthalimide did not show significant effect on

oxidation rate. Various activation parameters have also been evaluated. Finally a plausible mecha-

nism has been proposed from the kinetic results, reaction stoichiometry and product analysis.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.
1. Introduction

Selective oxidation reactions are usually catalyzed by metal
ions having more than one oxidation state, which are easily

accessible with common oxidizing agents. Most of the increas-
ing interest in these reactions comes from the search for new
catalysts, which aim at the preparation of more valuable oxi-

dized products (Sheldon and Kochi, 1981), but there is also
an interest in elucidating mechanisms and catalytic cycles in
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the metabolism of various biological substrates (Karlin et al.,
1993; Spodine and Manzur, 1992; Kitajima and Moro-oka,
1994). Oxidative reaction plays an important role in a variety

of biochemical events ranging from normal metabolism to
aging and disease process (Stadtman, 1992). Several studies
have been reported to the wide range of properties of N-halo

compounds (Chandra and Srivastava, 1972; Rao et al., 1979;
Kantouch and Fattah, 1971). N-halo compounds have exten-
sively been used as an oxidizing agent for the catalyzed and

uncatalyzed reactions (Singh et al., 1988, 2002, 2003,
2006a,b; Khanchandani et al., 1996; Chaudhary et al., 1999;
Vyas and Sharma, 2001; Kumbhat et al., 2002). In recent
years, transition metal ions have been applied in the oxidation

of several redox processes as catalyst (Singh and Srivastava,
1991; Jagdeesh and Puttaswamy, 2008). The use of redox-
active transition metal ions such as Os, Ru and Ir either alone

or as binary mixtures, as catalysts in various redox processes
has attracted considerable interest (Das, 2001). Fundamental
studies on these transition metals may provide information

on producing highly efficient catalysts (Veerasomaiah et al.,
1987; Singh et al., 2010).

Carbohydrates are biologically important substrate. Their

oxidation can provide new compounds and materials with
interesting physicochemical properties (Ashish et al., 2005).
The kinetics of oxidation of sugars has been the subject of
extensive research in recent years (Gupta et al., 1979;

Shrivastava et al., 1967; Sala et al., 1995; Krishna and Rao,
1995). Oxidation of glucose has been intensively investigated
(Baatz and Prüße, 2007), while the oxidation of arabinose

and galactose is much less investigated.
However, the Ru(III) catalyzed oxidation of D-Ara by NBP

in acidic medium are yet unknown. These studies have

prompted us to probe the catalytic activity of Ru(III) chloride
in the oxidation of D-Ara and to ascertain the oxidative mode
of NBP along with the role of biologically important reducing

sugar D-Ara in the redox system under investigation. Present
investigation aims to analyze comparatively the selected reac-
tions with reference to the behavior of the substrate, reactive
species of oxidant as well as catalyst and also the influence

of various additives on the reaction rate (Singh et al., 2010,
2012).

2. Experimental

2.1. Materials

Analytical grade chemicals and double distilled water were
used throughout the investigation. N-bromophthalimide
O

OH

OOH

OH
OH
HO

O C

C
N H + 2HBr + HCOOH+

C

C
N

O

OO

O

++ 2 2H2OBr + H2O2 (1)

D-Ara NBP Erythronic
acid NHP Formic

acid

HO
(Lancaster, 98%), was used as received. Solution of NBP
was prepared in 80% acetic acid and stored in a black coated

flask in order to prevent photochemical deterioration and
prepared solution of NBP was standardized iodometrically.
An aqueous solution of D-Ara (AR grade) was always freshly
prepared. Ru(III) chloride solution was prepared by dissolv-

ing a known weight of RuCl3 (Johnson-Matthey) in HCl of
known concentration. The Ru(III) chloride solution was also
stored in a black coated bottle. Standard solution of KCl,

KNO3, HClO4 and phthalimide (all of Merck) were prepared
and mercuric acetate (Loba chem., Mumbai, India) was acid-
ified with 20% acetic acid. Acetic acid and acetonitrile (Both

are SD Fine) were use for study of dielectric constant of the
medium.

2.2. Kinetic procedure

All the kinetic measurement were carried out in a black-coated
vessel at 308 K and performed under pseudo first-order condi-
tion with [D-Ara]� [NBP]. The reaction was initiated by the

rapid addition of known amounts of substrate to reaction mix-
ture containing the required amount of the NBP, HClO4,
Ru(III) chloride, mercuric acetate, acetic acid and water in

glass stoppered Pyrex boiling tubes; thermostated at 308 K.
The progress of reaction was monitored by iodometric deter-
mination of unconsumed [NBP] in known aliquots of the reac-

tion mixtures at different time intervals.
The rate constants of reaction in each kinetic run were

determined by first order rate equation which is given below:

k1 ¼
2:303

t
log
½NBP�0
½NBP�t

ð1Þ

where k1 is rate constant, [NBP]0 indicates original concentra-
tion of oxidant (NBP) and [NBP]t indicates remaining concen-
tration of oxidant after t time. From the above equation, graph
has been plotted between remaining log [NBP] and time, and

from the slope (slope = �k/2.303) of this straight line, the rate
constant (k1) was calculated. Each kinetic run was studied for
two half-lives of the reaction. The observed rates of reaction

were within ±5% in replicate kinetic run.

2.3. Stoichiometry and product analysis

Different ratios of NBP to D-Ara were equilibrated at 308 K in
the presence of requisite amount of perchloric acid, mercuric
acetate and acetic acid under the condition of [NBP]� [D-
Ara] for 48 h. Determination of unconsumed NBP revealed

that two mole of NBP were required for the oxidation of each
mole of D-Ara (Table 5). Accordingly, the following stoichiom-
etric equation could be formulated as:
Formic acid and erythronic acid were identified as the main
oxidation products of the D-Ara by the help of kinetic studies,

equivalence, TLC (Singh et al., 2007).



Figure 2 Sample individual time plots for remaining log [NBP]

for various concentrations at 308 K. [D-Ara] = 2.00 · 10�3

mol dm�3, [NBP] = 2.00 · 10�4 mol dm�3, [Ru(III)] = 1.15 ·
10�5 mol dm�3, [KCl] = 1.00 · 10�5 mol dm�3, [Hg(OAc)2] =

3.00 · 10�4 mol dm�3 and CH3COOH = 20%.
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Finally, the formic acid was detected by conventional spot
test method (Feigl, 1966). A drop of the test solution is mixed
in a test tube with a drop of 2 M hydrochloric acid; magnesium

powder is added until no more gas is liberated. Three milliliters
of 1.2 M sulfuric acid and a little chromotropic acids (1,8-dihy-
droxy naphthalene-3,6-disulfonic acid) are then added; the

tube is kept for 10 min at 60� in a water bath. A violet–pink
color appeared. The positive response indicated that formic
acid is present in the product.

2.4. Test for free radicals

The generation of free radicals during the course of the oxida-

tion was confirmed by using acryl amide monomer. In a reac-
tion mixture containing NBP, D-Ara and acetic acid, no
precipitation was marked when a known amount of acryl
amide was added. The negative response of addition of acryl

amide indicated that no free radicals were formed during the
reaction.

2.5. Kinetic measurements & results

The kinetics of the oxidation of D-Ara by NBP was investi-
gated at several initial concentrations of the reactants, at con-

stant temperature of 308 K. The initial rate of reaction in each
run was determined by the slope of the tangent drawn at a
fixed concentration of NBP, except for studies of NBP varia-
tion, where the slope of the tangent was drawn at fixed time.

Considering NBP, D-Ara, hydrogen ions and Ru(III) as the
main reactants, the general form of rate equation for the reac-
tion can be written as

Rate ¼ k1½NBP�a½d-Ara�b½RuðIIIÞ�c½Hþ�d ð2Þ

In order to determine the experimental rate law, a series of

experiments with varying initial concentrations of NBP were
performed at constant concentration of all other reactants and
at constant temperature. Uniform pseudo-first-order rate con-
stant k1 values for the variation of [NBP] (from 0.40 · 10�4

mol dm�3 to 2.00 · 10�4 mol dm�3) clearly indicate that the
order with respect to [NBP] is unity (Table 1 or Fig. 1). This is
Figure 1 Effect of variation of [NBP] on the observed rate

constants at 308 K. [D-Ara] = 2.00 · 10�3 mol dm�3, [H+] =

4.00 · 10�3 mol dm�3, [Ru(III)] = 1.15 · 10�5 mol dm�3, [KCl]

= 1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3

and CH3COOH = 20%.
also obvious from the plots of remaining log [NBP] versus time
were found to be straight lines, indicating that the order with

respect to the oxidant was one and from the slope of the lines
k1, rate constant was calculated (Fig. 2).

The pseudo-first-order rate constant (k1) for the oxidation

of D-Ara by NBP for each kinetic run was calculated as:

Rate ¼ k1½NBP� ð3Þ

The values of k1 under different conditions of the experi-
ments are given in Table 1.The values of k1 slightly vary with

the concentration of D-Ara (from 2.00 · 10�3 mol dm�3 to
20.00 · 10�3 mol dm�3), suggesting that the reaction rate is
positive fractional order with respect to D-Ara (Table 1 or
Fig. 3). A linear increase in the apparent first-order rate con-

stant was observed with increase in Ru(III) chloride concentra-
tion (from 0.38 · 10�5 mol dm�3 to 3.85 · 10�5 mol dm�3)
throughout its variation (Fig. 4). This result was further veri-

fied by the plot that gives unity order 0.99 in Ru(III) from
Figure 3 Pseudo first order rate constants against substrate

concentration at 308 K. [NBP] = 2.00 · 10�4 mol dm�3, [H+] =

4.00 · 10�3 mol dm�3, [Ru(III)] = 1.15 · 10�5 mol dm�3, [KCl]

= 1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3

and CH3COOH = 20%.



Figure 4 Pseudo first order rate constants against catalyst

concentration at 308 K, [D-Ara] = 2.00 · 10�3 mol dm�3, [NBP]

= 2.00 · 10�4 mol dm�3, [H+] = 4.00 · 10�3 mol dm�3, [KCl] =

1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3 and

CH3COOH = 20%.

Figure 6 Effect of variation of [H+] on the observed rate

constants at 308 K. [D-Ara] = 2.00 · 10�3 mol dm�3, [NBP] =

2.00 · 10�4 mol dm�3, [Ru(III)] = 1.15 · 10�5 mol dm�3 [KCl] =

1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3 and

CH3COOH = 20%.

Figure 5 Plot of log k1 versus log [NBP] for the oxidation of

D-Ara at 308 K, [D-Ara] = 2.00 · 10�3 mol dm�3, [NBP] =

2.00 · 10�4 mol dm�3, [H+] = 4.00 · 10�3 mol dm�3, [KCl] =

1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3 and

CH3COOH = 20%.
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the slope of log k1 versus log[Ru(III)] (Table 1 or Fig. 5). On
increasing [HClO4] the values of reaction rate increased with-
out following any relationship. This showed positive effect of

[H+] on the rate of reaction (Fig. 6). The order of reaction
with respect to hydrogen ion (obtained from perchloric acid)
was determined as 0.52 from the slope of the plot of log k1 ver-

sus log [H+] (Table 1). Negative effect of [Cl�] (from
0.20 · 10�5 mol dm�3 to 4.00 · 10�5 mol dm�3) was found
(Table 2 or Fig. 7). When variations in ionic strength of the

medium was made, it was observed that there is almost no
change in pseudo-first-order rate constant, k1 values with the
change in ionic strength of the medium (Table 1). Mercuric
acetate and phthalimide did not bring about any significant

change in k1 values under the constant experimental conditions
(Table 3). It has been reported earlier (Singh et al., 2004) that
Hg(II) can act as a homogeneous catalyst, co-catalyst and oxi-

dant. In order to ascertain the real role of Hg(OAc)2, as a Br�

scavenger, several experiments were performed with different
Figure 7 Effect of variation of [KCl] on the observed rate

constants at 308 K. [D-Ara] = 2.00 · 10�3 mol dm�3, [NBP] =

2.00 · 10�4 mol dm�3, [Ru(III)] = 1.15 · 10�5 mol dm�3, [H+] =

4.00 · 10�3 mol dm�3, [KCl] = 1.00 · 10�5 mol dm�3,

[Hg(OAc)2] = 3.00 · 10�4 mol dm�3 and CH3COOH = 20%.

Figure 8 Plot of log k1 versus 1/T for the oxidation of D-Ara.

[D-Ara] = 2.00 · 10�3 mol dm�3, [NBP] = 2.00 · 10�4 mol dm�3,

[Ru(III)] = 1.15 · 10�5 mol dm�3, [H+] = 4.00 · 10�3 mol dm�3,

[KCl] = 1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol

dm�3 and CH3COOH = 20%.
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initial concentrations of Hg(OAc)2 with and without the pres-
ence of NBP under similar experimental conditions. The
kinetic observations showed that the reaction rate was almost

constant with the increase in concentration of Hg(OAc)2,
which negates its role as a catalyst and co-catalyst in the
reaction. Also, the reaction did not proceed under similar con-

ditions with Hg(OAc)2 without using NBP; indicating
Hg(OAc)2 is not involved as an oxidant. Such kinetic observa-
tions suggest that Hg(OAc)2 acted only as a Br� scavenger

forming [HgBr4]
2� (Bailar, 1956). Rate studies were carried

out with acetonitrile and acetic acid in different composition
(5–30% by volume and 15–40% by volume respectively) in
reaction mixture, thereby varying the dielectric constant of

the medium. It was found that there is negative effect of dielec-
tric constant of the medium on the rate of reaction. The value
of dAB was evaluated using slopes of acetic acid is 3.01 . It was

observed that acetonitrile and acetic acid were oxidized by
NBP under the experimental conditions. Finally, the effect of
temperature (from 303 to 323) on the reaction rate was deter-

mined by keeping constant concentrations of other constitu-
ents of the solution. Activation energy was calculated from
the linear Arrhenius plot of log k1 versus 1/T, which give

straight line equation (y = �3692 · +12.62, Fig. 8). The val-
ues of the activation energy (DEa), enthalpy of activation
(DH#), entropy of activation (DS#), and Gibb’s free energy of
activation (DG#) were determined from the effects of tempera-

ture on the rate. The calculated values are given in Table 4.

3. Discussion

3.1. Reactive species of NBP

It has been reported earlier by several workers (Krishnakumar
et al., 2005; Khazaei and Manesh, 2005; Kirsch and Luning,
1998; Ramachandrappa et al., 1998; Kirsch et al., 1999; Day

et al., 1986; Das and Indrasenan, 1986, 1987; Joshi et al.,
2006; Katre et al., 2008) that NBP is good oxidizing and bro-
minating agent because of large polarity of >N-Br bond.

NBP, like other similar N-halo imides, may exist in various
forms in acidic medium, i.e., free NBP, protonated NBP,
Br+, HOBr, (H2OBr)+, as per the following equilibria:

NBPþH2O�HOBrþNHP ð4Þ
NBPþHþ�NHPþ Brþ ð5Þ
NBPþHþ� ðNBPHÞþ ð6Þ
HOBRþHþ� ðH2OBrÞþ ð7Þ

When (H2OBr)+ was taken as reactive species, the rate law
obtained showed first-order kinetics with respect to hydrogen
ion concentrations, contrary to our observed negative frac-

tional order in [HClO4]. Therefore, the possibilities of involve-
ment of (H2OBr)+ and cationic bromine (Br)+ as reactive
species were ruled out. When HOBr was assumed as the reac-

tive species, the derived rate law failed to explain negligible
effect of phthalimide. Hence neither of these species could be
considered as the reactive species. Thus, only choice left was

NBP, which when considered as the reactive species, led to a
rate law explaining all the kinetic observations and other
effects. Hence in the light of kinetic observation, NBP could

be assumed to be the main reactive species for the present
reaction.
3.2. Reactive species of Ru(III) chloride

Electronic spectral studies by Cady and Connick (1958) and by
Connick and Fine (1960) reveal that species such as [RuCl5
(H2O)]2�, [RuCl4(H2O)2]

�, [RuCl3(H2O)3], [RuCl2(H2O)4]
+

and [RuCl(H2O)5]
2+ do not exist in an aqueous solution of

RuCl3. A study on the oxidation states of ruthenium has
shown that Ru(III) exists (Backhours et al., 1950;
Davfokratova, 1963; Griffith, 1967) in the acid medium as:

½RuCl3 � xH2O� þ 3HCl! ½RuCl6�3� þ xH2Oþ 3Hþ ð8Þ
½RuCl6�3� þH2O� ½RuCl5ðH2OÞ�2� þ Cl� ð9Þ

Several researchers (Singh et al., 1984, 1980) have employed

the above equilibrium in Ru(III)-catalyzed oxidation of various
substrates in acid medium. However, in the present study, addi-
tion of Cl� ion in the form of KCl at fixed [H+] had negative
effect on the rate, indicating that equilibrium (I) play an impor-

tant role in the reaction. Therefore, the [RuCl5(H2O)]2� may
most likely the reactive species in the reaction of D-Ara with
NBP.

Considering the reactive species of Ru(III) chloride and
NBP and with the help of above experimental findings, the
probable reaction mechanism is proposed and considering

the fact that 1 mol of D-Ara is oxidized by 2 mol of NBP.
On the basis of the reaction Scheme 1, the rate in term of

decrease in concentration of NBP can be expressed as:

Rate ¼ 2k½C5� ð10Þ

½C2� ¼
K1½C1�
½Cl�� ð11Þ

½C3� ¼ K2½NBP�½Hþ� ð12Þ
½C4� ¼ K3½C2�½Ara� ð13Þ

Putting the value of [C2] in above equation, we have

½C4� ¼
K1K3½C1�½Ara�

½C�1 �
ð14Þ

½C5� ¼ K4½C3�½C4� ð15Þ

Putting the value of [C3] and [C4] in above equation, we

have

½C5� ¼
K1K2K3K4½C1�½Ara�½NBP�½Hþ�

Cl�
ð16Þ

Substitution of Eq. (16) into Eq. (10) gives

½C5� ¼
2kK1K2K3K4½C1�½Ara�½NBP�½Hþ�

½Cl�� ð17Þ

At any time of the reaction, the total concentration of NBP,

i.e. [NBP]T can be shown as

½NBP�T ¼ ½NBP� þ C3 þ C5 ð18Þ

On substituting the value of [C3] & [C5] in Eq. (18) we get
Eq. (19)

½NBP�T ¼NBPþK2½NBP�½Hþ�þK1K2K3K4½C1�½Ara�½NBP�½Hþ�
Cl�

ð19Þ

½NBP� ¼ ½NBP�T½Cl
��

½Cl��þK2½Cl��½Hþ�þK1K2K3K4½C1�½Ara�½Hþ� ð20Þ

Rate¼ 2kK1K2K3K4½C1�½Ara�½NBP�T½Hþ�
½Cl��þK2½Cl��½Hþ�þK1K2K3K4½C1�½Ara�½Hþ� ð21Þ

½RuðIIIÞ�T¼ ½C1�þ ½C2�þ ½C4�þ ½C5� ð22Þ



[RuCl6]3- + H2O [RuCl5(H2O)]2- + Cl-
K1

(C1) (C2)
(28)

[RuCl5(H2O)]2- + [RuCl5C5H10O5]2- + H2OC5H10O5

NBP + H+ [NBPH+]

(C3)

(29)

(30)

(C2)

[RuCl5C5H10O5]2-

(C4)

(C4)

+ [NBPH+]

(C3)

K2

K3

K4
[RuCl5(NBPH)C5H10O5]-

[RuCl5(NBPH)C5H10O5]- k
[RuCl5(H2O)] +

O
OBr

OHHO

OH

(31)

(32)
+ H2O NHP + H+ +

O
OBr

OHHO

OH

+ Br- (33)

Erythronic acid

NBP/H+

Ru(III)

O

OHHO

O

HCHO
HCOOHNBP/H+

Ru(III)
(34)

Formic acid

Scheme 1 Reaction path f or the oxidation of D-Ara by NBP in the presence of Ru(III) chloride.

Figure 9 Verification of rate law for 1/[Cl�] oxidation of D-Ara by

NBP in acidic medium at 308 K. [D-Ara] = 2.00 · 10�3 mol dm�3,

[NBP] = 2.00 · 10�4 mol dm�3, [Ru(III)] = 1.15 · 10�5 mo dm�3,

[H+] = 4.00 · 10�3 mol dm�3, [KCl] = 1.00 · 10�5 mol

dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3 andCH3COOH= 20%.
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Putting the value of [C1], [C2], [C4] and [C5] in above equa-

tion, we have

½RuðIIIÞ�T ¼ ½C1� þ
K1½C1�
½Cl�� þ

K1K3½C1�½Ara�
½Cl��

þ K1K2K3K4½C1�½Ara�½NBP�½Hþ�
½Cl�� ð23Þ

½C1� ¼
½RuðIIIÞ�½Cl��

½Cl�� þ K1 þ K1K3½Ara� þ K1K2K3K4½NBP�½Hþ� ð24Þ

Rate ¼ 2kK1K2K3K4½NBP�T½Hþ�½Ara�½RuðIIIÞT�
½Cl�� þ K1 þ K1K3½Ara� þ K2½Hþ�½Cl��

ð25Þ

Eq. (25), suggests first order dependence of rate with respect
to [NBP] as well as [Ru(III)], and positive fractional order with

respect to [D-Ara] and [H+],whereas it shows negative effect
with respect to [Cl�], which are consistent with the experimen-
tally observed results. Overall, the derived rate law is in agree-

ment with the kinetics obtained in the Ru(III) chlorocomplex
catalyzed oxidation of D-Ara by NBP in the acidic medium.

The rate expression obtained in Eq. (25) can be rewritten as

1

k1
¼ ½NBP�T

Rate
¼ ½Cl��

2kK1K2K3K4½Hþ�½Ara�½RuðIIIÞ�T
þ 1

2kK2K3K4½Hþ�½Ara�½RuðIIIÞ�T
þ 1

2kK2K4½Hþ�½RuðIIIÞ�T

þ ½Cl��
2kK1K3K4½Ara�½RuðIIIÞ�T

ð26Þ

According to Eq. (26), graph is plotted between 1/rate ver-
sus [Cl�], 1/[Ru(III)], 1/[H+] and 1/[D-Ara] should be straight
line having an intercept on the y-axis (Figs. 9–12). The value of

kK1K2K3K4, kK2K3K4, kK2K4 and kK1K3K4, K1, K2, K3, kK4
calculated from the slope and intercept of the plot were

1.08 · 102 mol�1 dm3, 3.57 · 10�1 mol�1 dm3, 7.71 · 103

mol�1 dm3, 6.25 · 106 mol�1 dm3 0.30 · 103 mol�1 dm3,
1.70 · 10�5 mol�1 dm3, 4.60 · 10�5 mol�1 dm3 and 4.50 · 108

mol�1 dm3, respectively.

3.3. Activation parameters

The reaction was studied at five different temperatures (303–

323 K), for the Ru(III) catalyzed reaction. From the plot of



Figure 10 Verification of rate law for 1/[Ru(III)] oxidation of

D-Ara by NBP in acidic medium at 308 K. [D-Ara] = 2.00 · 10�3

mol dm�3, [NBP] = 2.00 · 10�4 mol dm�3, [H+] = 4.00 · 10�3

mol dm�3, [KCl] = 1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 ·
10�4 mol dm�3 and CH3COOH = 20%.

Figure 11 Verification of rate law for 1/[H+] oxidation of D-Ara

by NBP in acidic medium at 308 K. [D-Ara] = 2.00 · 10�3

mol dm�3, [NBP] = 2.00 · 10�4 mol dm�3, [Ru(III)] = 1.15 ·
10�5 mol dm�3, [KCl] = 1.00 · 10�5 mol dm�3, [Hg(OAc)2] =

3.00 · 10�4 mol dm�3 and CH3COOH = 20%.

Figure 12 Verification of rate law for 1/[D-Ara] oxidation of

D-Ara by NBP in acidic medium at 308 K. [NBP] = 2.00 · 10�4

mol dm�3, [Ru(III)] = 1.15 · 10�5 mol dm�3, [H+] = 4.00 ·
10�3 mol dm�3, [KCl] = 1.00 · 10�5 mol dm�3, [Hg(OAc)2] =

3.00 · 10�4 mol dm�3 and CH3COOH = 20%.

Table 1 Effect of variation [NBP], [D-Ara], [H+] and [Ru(III)]

on the rate of oxidation of D-Ara at 308 K.

[NBP] · 104

mol dm�3
[D-Ara] · 103

mol dm�3
[H+] · 103

mol dm�3
[Ru(III)] · 105

mol dm�3
k1 · 104s�1

0.40 2.00 4.00 1.15 3.86

0.60 2.00 4.00 1.15 3.55

0.80 2.00 4.00 1.15 3.58

1.00 2.00 4.00 1.15 3.44

1.50 2.00 4.00 1.15 3.43

2.00 2.00 4.00 1.15 3.42

2.00 2.00 4.00 1.15 3.21

2.00 3.00 4.00 1.15 3.41

2.00 4.00 4.00 1.15 3.98

2.00 5.00 4.00 1.15 4.23

2.00 6.00 4.00 1.15 4.48

2.00 8.00 4.00 1.15 4.97

2.00 10.00 4.00 1.15 5.45

2.00 15.00 4.00 1.15 6.54

2.00 20.00 4.00 1.15 7.86

2.00 2.00 1.00 1.15 0.87

2.00 2.00 2.00 1.15 1.67

2.00 2.00 3.00 1.15 2.47

2.00 2.00 4.00 1.15 3.21

2.00 2.00 5.00 1.15 3.46

2.00 2.00 6.00 1.15 4.66

2.00 2.00 8.00 1.15 5.89

2.00 2.00 10.00 1.15 6.77

2.00 2.00 4.00 0.38 1.21

2.00 2.00 4.00 0.77 2.05

2.00 2.00 4.00 1.15 3.12

2.00 2.00 4.00 1.54 4.28

2.00 2.00 4.00 2.31 6.64

2.00 2.00 4.00 3.08 8.92

2.00 2.00 4.00 3.85 11.54

Solution conditions: [NBP] = 2.00 · 10�4 mol dm�3, [D-Ara] =

2.00 · 10�3 mol dm�3, [H+] = 4.00 · 10�3 mol dm�3, [Hg(OAc)2]

= 3.00 · 10�4 mol dm�3, [KCl] = 1.00 · 10�5 mol dm�3, [Ru(III)]

= 1.92 · 10�5 mol dm�3 and CH3COOH= 20%.

Table 2 Effect of varying [KNO3] and [KCl] on the rate of

oxidation of D-Ara at 308 K.

[KNO3] · 105 mol dm�3 [KCl] · 105 mol dm�3 k1 · 104s�1

0.20 – 3.02

0.80 – 3.09

2.40 – 3.15

4.00 – 3.15

– 0.20 3.64

– 0.80 3.21

– 1.00 3.06

– 1.60 2.53

– 2.40 2.06

– 4.00 1.06

Solution conditions: [NBP] = 2.00 · 10�4 mol dm�3, [D-Ara] =

2.00 · 10�3 mol dm�3, [H+] = 4.00 · 10�3 mol dm�3, [Hg(OAc)2]

= 3.00 · 10�4 mol dm�3, [KCl] = 1.00 · 10�5 mol dm�3,

[Ru(III)] = 1.92 · 10�5 mol dm�3 and CH3COOH= 20%.
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Table 3 Effect of varying [NHP], [Hg(OAc)2] Acetic Acid and Acetonitrile of the medium on the rate of oxidation of D-Ara at 308 K.

[NHP] · 104 mol dm�3 Acetic acid % by volume Acetonitrile % by volume [Hg(OAc)2] · 104 mol dm�3 k1 · 104s�1

1.00 – – 3.00 3.10

3.00 – – 3.00 3.11

6.00 – – 3.00 3.02

12.00 – – 3.00 3.03

– 15 – 3.00 4.26

– 20 – 3.00 3.36

– 25 – 3.00 2.81

– 30 – 3.00 2.02

– 40 – 3.00 1.46

– 0 3.00 3.32

– 5 3.00 4.21

– 10 3.00 3.75

– 20 3.00 3.27

30 3.00 2.37

– 3.00 3.38

– 4.00 3.07

– 6.00 3.06

– 8.00 3.14

Solution conditions: [NBP] = 2.00 · 10�4 mol dm�3, [D-Ara] = 2.00 · 10�3 mol dm�3,[KCl] = 1.00 · 10�5 mol dm�3, [H+] = 4.00 · 10�3 -

mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3, [Ru(III)] = 1.15 · 10�5 mol dm�3 and CH3COOH= 20%.

Table 4 Effect of temperature and corresponding activation

parameter on the rate of oxidation of D-Ara.

Temperature K k1 · 104 s�1

303 2.74

308 3.92

313 7.74

318 10.55

323 14.61

Ea (kJ mol�1) 70.69

DH#(kJ mol�1) 24.90

DS# (JK�1 mol�1) �310.66
DG# (kJ mol�1) 98.17

LogA �3.39
Solution conditions: [NBP] = 2.00 · 10�4 mol dm�3, [D-Ara] =

2.00 · 10�3 mol dm�3, [H+] = 4.00 · 10�3 mol dm�3, [KCl] =

1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3,

[Ru(III)] = 1.15 · 10�5 mol dm�3 and CH3COOH= 20%.
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log k1versus 1/T (Arrhenius plot), the activation Energy (Ea)
was evaluated. The proposed mechanism is also supported

by the moderate values energy of activation and other thermo-
dynamic parameters. The positive values of free energy of acti-
vation and of the enthalpy of activation suggest that the

transition state is highly solvated, while the negative entropy
Table 5 Consumption of NBP in the oxidation of D-Ara with NBP

[D-Ara] · 104 mol dm�3 [NBP] · 104 mol dm�3Initial [NBP] · 104 m

2.00 20.00 15.87

4.00 40.00 31.94

6.00 60.00 48.00

Solution conditions: [H+] = 4.00 10�3 mol dm�3, [KC

[Ru(III)] = 1.15 · 10�5 mol dm�3 and CH3COOH= 20%.
of activation indicates that transition state is highly associated.
The order of frequency factor (A) and values of free energy of

activation (DG*) for the redox system also supports a reaction
scheme proposed for the oxidation of D-Ara by NBP in the
presence of Ru(III) under acidic conditions.

3.4. Multiple regression analysis

With the help of multivariate regression analysis, a relation-

ship between observed pseudo first-order rate constant (k1)
and concentrations of all the reactants of the reaction of the
reaction was found to be:

k1 ¼ k½RuðIIIÞ�1:03½Hþ�0:89½Cl��0:39½d-Ara�0:39 ð27Þ

where k = 6.55 · 102.
With the help of Eq. (18), the reaction rate predicted for the

hydrogen, chloride ions, Ru(III) chloride and D-Ara concen-

trations in the oxidation of D-Ara were found to be very close
to the calculated and observed rates (Table 6). The close sim-
ilarity among the two rates, i.e., the calculated and predicted

rates, clearly proves the validity of the rate law (Eq. (17)),
and hence the proposed mechanism.

3.5. Comparative study

When an effort was made to compare the findings of Ru(III)
catalyzed oxidation of D-Ara with the results reported for
at 308 K.

ol dm�3 Final [NBP] · 104 mol dm�3 Consumed [NBP]:[D-Ara]

4.06 1:2.03

8.04 1:2.01

12.00 1:2.00

l] = 1.00 · 10�5 mol dm�3, [Hg(OAc)2] = 3.00 · 10�4 mol dm�3,



Table 6 Comparison of observed rates in the variation of [Ru(III)], [H+], [KCl] & [D-Ara] with calculated and predicted rate for the

oxidation of D-Ara with NBP at 308 K.

[Ru(III)] · 105

(mol dm�3)

[H+] · 103

(mol dm�3)

[KCl] · 105

(mol dm�3)

[D-Ara] · 103

(mol dm�3)

k1 · 104 (s�1)

(Observed)

k1 · 104 (s�1)

(Calculated)

k1 · 104(s�1)

(Predicted)

0.38 4.00 1.00 2.00 1.21 0.97 0.95

0.77 4.00 1.00 2.00 2.05 1.97 1.97

1.15 4.00 1.00 2.00 3.12 2.94 3.01

2.31 4.00 1.00 2.00 6.64 5.92 6.13

3.08 4.00 1.00 2.00 8.92 7.89 8.24

3.85 4.00 1.00 2.00 11.54 9.87 10.38

1.15 1.00 1.00 2.00 0.87 1.21 0.86

1.15 2.00 1.00 2.00 1.67 2.25 1.60

1.15 4.00 1.00 2.00 3.21 3.96 2.31

1.15 6.00 1.00 2.00 4.66 5.30 3.65

1.15 8.00 1.00 2.00 5.89 6.38 4.29

1.15 10.00 1.00 2.00 6.77 7.27 5.56

1.15 4.00 0.20 2.00 3.64 3.96 5.61

1.15 4.00 0.80 2.00 3.21 3.61 3.26

1.15 4.00 1.00 2.00 3.06 3.46 2.99

1.15 4.00 1.60 2.00 2.53 3.07 2.48

1.15 4.00 2.40 2.00 2.06 2.67 2.21

1.15 4.00 4.00 2.00 1.06 2.12 1.73

1.15 4.00 1.00 2.00 3.22 2.12 2.98

1.15 4.00 1.00 4.00 3.97 3.95 3.92

1.15 4.00 1.00 8.00 4.97 4.63 5.14

1.15 4.00 1.00 10.00 5.44 5.07 5.61

1.15 4.00 1.00 15.00 6.56 6.41 6.58

1.15 4.00 1.00 20.00 7.87 6.57 7.36

kobs = Calculated with the help of graph between log (a � x) versus T.

kcal = Calculated on the basis of rate law.

kpre = Calculated with the help of multiple regression analysis.
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thenovel and facile oxidation of D-glucose by NBP in the pres-
ence of chloro-complexes of Ru(III) (Singh et al., 2010) and

Ir(III) (Singh et al., 2012), it was found that NBP itself is the
reactive species in each case. Zero order kinetics was observed
with respect to [D-Glu] in presence of Ru(III) (Singh et al.,

2010) as well as Ir(III) (Singh et al., 2012), but in the present
investigation with respect to [D-Ara], the reaction exhibited
positive fractional order. With respect to increasing [Cl�],

Ru(III) catalyzed oxidation reactions of [D-Glu] as well as
[D-Ara] showed negative influences whereas [Ir(III)] catalyzed
oxidation of D-Glu showed positive influence. Similarly,
Ru(III) catalyzed oxidation of [D-Glu] and [D-Ara] showed

no effect with respect to ionic strength but Ir(III) catalyzed
oxidation of [D-Glu] showed positive effect. Negative effect
with respect to dielectric constant was observed in both the

cases of Ir(III) catalyzed oxidation of D-Glu and Ru(III) cata-
lyzed oxidation of D-Ara, but no solvent effect was observed in
case of Ru(III) catalyzed oxidation of D-Glu. The present

study entirely differs from other two studies as for as effect
of [H+] on the rate of reaction is concerned. Negative effect
of [H+] was observed in Ru(III) (Singh et al., 2010) and Ir(III)
(Singh et al., 2012) catalyzed oxidation of reducing sugars,

whereas positive effect of [H+] on the rate of reaction was
observed in the present study. No effect of [NHP] was
observed in all the three catalyzed reactions. On the basis of

observed kinetic data and observed negative entropy of
activation, the species,[RuCl5(H2O)]2� is proposed as the most
reactive species in the present study whereas the

species,[RuCl2(H2O)3OH and the species, [IrCl3(H2O)2(OH)2]2
have been reported as the most reactive species for Ru(III)
(Singh et al., 2010) and Ir(III) (Singh et al., 2012) catalyzed

oxidation of reducing sugars, respectively.
4. Conclusion

In the light of kinetic observations on the Ru(III) catalyzed
oxidation of D-Ara by NBP in the presence of perchloric acid,
following conclusions can be easily drawn: among the various

species of Ru(III) chloride in an acidic medium, [RuCl5(H2-

O)]2� was determined to be the catalytic species. The rate of
oxidation of D-Ara is unaffected by the ionic strength of the

medium. Protonated NBP was identified as the reactive species
of the oxidant. The obtained kinetic data have been explained
by elegant mechanisms and the relevant rate law. It can be con-
cluded that oxidation became facile in the presence of micro

quantity of Ru(III) catalyst.
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