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ABSTRACT

Kinetics of oxidation of D-arabinose and D-Xylose by acidic solution of Vanadium (V) ions in the presence of manganese (II) has been reported. First-order
dependence of the reaction rate was observed on [sugars] and [H'] at low concentrations throughout the oxidation reaction and a zeroth-order dependence on
[sugar] and [H] was observed at high concentrations. First-order kinetics with respect to [Mn (II)] was also observed throughout the oxidation for both sugars.
The effect of Cl” concentration was found to be negligible. The reaction rates increases with the ionic strength of the medium. Various activation parameters were
evaluated and provide further support to the proposed mechanism. Formic acid was reported as one of the oxidation products of the sugars.
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INTRODUCTION

The biological and economic importance of carbohydrates has been largely
responsible for the interest in the study of their bio-chemical and physiochemical
properties and reactivities. Aldoses are important for the understanding of
carbohydrate metabolism because they undergo a wide variety of reactions and
give rise to different products. Studies have been carried out on the structural
elucidation, chemical degradation and oxidation reactions of various sugars
likewise the catalytic oxidation of sugars have also been reported in both acidic
and alkaline media using oxidants such as transition metal ions, inorganic
acids, organometallic complexes and enzymes [1-9].

Vanadium is a trace transition metal with relevant biological properties.
In recent years there has been extensive interest in the chemistry of vanadium
complexes [20]. Vanadium is present as Vanadium (III) in the blood cells of
certain marine invertebrates and it is formed as a reduction of Vanadium (V),
the oxidation mechanisms of biologically important substances by vanadium
(V) have been studied in detail because of their relevance in bio-inorganic
chemistry [21].

Recently Mn (II) was reported to catalyze the oxidation of paracetamol
and also reported to catalyze Xylose and Arabinose in chromium VI [10, 22].

In view of biological importance of reducing sugars and also in view of
the fact that little or no information is available on Mn (II)-catalyzed oxidation
of xylose and arabinose using V(V) as oxidants in acidic medium, the present
study has been undertaken.

The aim of this present study is to determine the kinetic parameters of the
catalysed reaction using Mn (II) from which a suitable reaction mechanism
for the oxidation of reducing sugars under investigation will be proposed and
the rate law derived also Activation parameters of both the catalyzed reaction
and the uncatalyzed reaction would be compared to confirm if catalysis has
occured .

EXPERIMENTAL

All chemicals were of analytical reagent grade and were used as received.
Vanadium (V) (BDH) was prepared by dissolving 3g of NH,VO, in 40cm*® of
2M NaOH and 80cm?® of 1M H,SO, added to the mixture. A yellow solution
indicates V (V) [12], in preparation of the required concentration dilution factor
was employed and its concentration was checked iodometrically. Solution
of MnCl, (Uchem limited) was prepared by dissolving the sample in known
strength of very dilute hydrochloric acid (0.001M). The standard solution of
arabinose and xylose (A.R. grade) were freshly prepared with doubly distilled
water. The standard solution of HCIO, (E. Merck) was used to maintain the
required acidity. KCI (Analar) was prepared by dissolving its required amount
in doubly distilled water to fix the CI” ion concentration and NaClO, (Analar)
was used to maintain the required ionic strength of the medium.
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Kinetic Measurements

Appropriate quantities of the solutions of V(V), HCIO,, MnCl,, KCI and
NaClO, were placed in separate glass vessels and kept for at least one hour in a
thermo stated water bath after reaching the temperature of 40 °C, the calculated
amount of each reaction mixture were then added together into a particular
glass vessel followed by the requisite amount of double-distilled water mixed
together. The reaction mixture was then placed in a thermo stated water bath
maintained at constant temperature of 40 °C (£0.5 °C) and the reaction was
initiated by adding the requisite amount of oxidant solution placed separately
in the same bath. Progress of the reaction was followed by estimating the
decrease in the absorbance of V (V) spectrophotometrically.

RESULTS AND DISCUSSION

The progress of the reaction was followed by measuring the decrease in
absorbance of the vanadium (V) ions at regular time interval, using a UNISPEC
SM7504UV spectrophotometer. The pseudo-first-order rate constants (k )
were determined from the linear portion of the plots of log (absorbance) versus
time. [16]. The effect of the variations are shown in tables I and II below.

It was also observed that an increase in [HCIO,] (0.03 — 0.57 mol dm™)
in the reaction mixture results to an increase in the rate of reaction, thereby
indicating a positive effect of [H*] on the system, but tends to zero order at a
higher concentration (Table-I).

V(V) were varied at a concentration range of 1.0- 8.0 x 10 mol dm?, the
rate of the reaction increases with an increase in oxidant concentration. Table
1L

First order kinetics with respect to Xylose and Arabinose (from 0.2 — 2.2
x 102 mol dm™), while a zero-order was observed at higher concentrations
(Table-I).

The reaction follows first-order kinetics with respect to [Mn (II)] (1.0 —
11.0 x 10* mol dm™) indicating that the reaction is Mn (II) dependent (Table-
).

[NaClO,] (0.05- 0.25 mol dm?) the positive effect indicates that the
reactions take place between ions of similar charges [18] (Table-1II).

It was reported that the rate of the reaction has no effect on the [CI].
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Table I: Effect of variation of [Sugars] and [HCIO,] of the medium on

Table III: For the catalysed path.

pseudo first- order rate constant k , in the oxidation of arabinose and xylose
at 40°C. ” AS* . . ,
_— SUGARS w | AH e | AGT ] KD A (mol
[HCIO | M [Sugar] M k,, x10%s kJmol kJmol KA kJmol %107 dm°s™!)
D-arabinose D-xylose
Xylose 44.52 41.92 -154.63 90.32 1.33 5.42x10*
0.03 0.01 0.17 0.09 Ambinose | 4516 | 4255 | -15048 | 89.65 | 215 | 893x10°
0.15 0.01 0.68 0.36
0.21 0.01 0.98 0.40 Table IV: For the uncatalysed path.
0.27 0.01 1.12 0.50
0.33 0.01 1.32 0.60 ” AS? ' " .
0.39 0.01 1.47 0.80 SUGARS | | B | AE L mor kJAlfor, Y jzl(n"ﬁ‘s‘?,')
0.45 0.01 1.53 1.20 K
0.51 0.01 1.55 1.30 5
0.57 0.01 1.59 1.40 Xylose 98.83 96.23 8.34 93.62 0.85 1.76x10"
0.15 0.002 1.21 0.35 Arabinose 99.90 97.30 14.17 92.86 0.95 3.55%x10"
0.15 0.008 1.63 0.83 ) . )
0.15 0.010 2.15 1.33 Average linear regression coefficients, r > 0.9, were observed for all
0.15 0.012 2.72 1.67 activation parameters.
0.15 0.014 3.19 1.80
0.15 0.016 3.55 2.17 Polymerization test
0.15 0.018 3.87 2.15 To test for the presence of free radicals in the reaction, 20% acryl amide
0.15 0.02 3.92 2.2 solution was added to reaction mixtures containing the substrate and the
0.15 0.022 3.97 223 Vanadium (V) solution and was placed in an inert atmosphere for 24 hours.

Solution conditions: [V (V)] =1 x107 M, [MnCL] = 6x10*M; [KCI]
=5x10"M; [NaClO,]=0.1M.

Table II: Effect of variation of [NaClO,] and [MnCl,] of the medium on
pseudo first- order rate constant k  in the oxidation of arabinose and xylose
at 40°C.

[V(V)] | [MnCL]x10° k<1075’
[NaClO,JM x10°M M D-arabinose | D-xylose
0.05 1.0 6.0 0.65 0.50
0.08 1.0 6.0 0.73 0.67
0.12 1.0 6.0 0.86 0.83
0.15 1.0 6.0 1.23 1.00
0.16 1.0 6.0 1.36 1.17
0.20 1.0 6.0 1.46 1.34
0.25 1.0 6.0 1.58 1.78
0.1 2.0 6.0 2.3 1.0
0.1 3.0 6.0 3.6 1.5
0.1 4.0 6.0 4.5 2.4
0.1 5.0 6.0 5.8 32
0.1 6.0 6.0 6.9 5.0
0.1 7.0 6.0 8.4 6.8
0.1 8.0 6.0 9.3 8.3
0.1 1.0 1.0 0.38 0.30
0.1 1.0 3.0 1.15 0.91
0.1 1.0 5.0 1.85 1.41
0.1 1.0 7.0 2.70 1.90
0.1 1.0 9.0 3.45 2.80
0.1 1.0 11.0 3.98 3.20

Solution conditions: [Sugar] = 1.00x10> M, [HCIO,] = 0.15M, [KCI]
=5x10"“*M

The reactions were further studied at four different temperatures, i.e. 40,
50, 60 and 70°C and the observed values of pseudo-first-order rate constant,
k. were utilized to calculate the activation parameters of the various sugars
including their entropy of activation reported in Table IIl and IV. The Arrhenius
activation energies, E , for the uncatalysed path were 98.83 and 99.90kJmol!
for Xylose and Arabinose respectively, while the Arrhenius activation energies
for the catalysed path were 44.52 and 45.16 kJmol for xylose and arabinose
respectively. The wide difference in Activation energies of 54.31 and 53.84 k
Jmol ! were observed for Xylose and Arabinose respectively indicating that the
reaction is catalyzed [19].

Energy of activation and other activation parameters observed for the
oxidation of D-arabinose and D-xylose at 40 °C.
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When the reaction mixture was diluted with methanol a precipitate was formed
in the reaction mixture. This confirms the formation of free radicals in the
redox reactions under investigation.

Stoichiometry and product analysis

Reaction mixtures, in which the concentration of V (V) was in large excess
of the reducing sugars, were kept in the presence of appropriate quantities of
KCl, NaClO 1 MnCl2 and HCI1O , at room temperature for 72 hours. Estimation
of the unreacted V (V) showed that 1 mole of each sugar consumes 1 moles
of V (V) for oxidation to take place on the assumption that all the sugars are
consumed under this condition. Formic acid was confirmed as one of the
products of oxidation of the two sugars using spot test [12].

Mn(I) /H®
————

V,05+ H30 + C5H{Os HCOOH +RCOOH + V,0,+H,,

Formic acid erythronic acid

where, R= C;H;0;

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

In order to prove the formation of a complex between the Sugars, V (V) and
MnCl, a spectral graph is used. Comparisons were made between the spectrum
recorded for the solution of V(V) , Mn(II) and H" and spectra recorded for the
solutions of V(V), Mn(II) and H* with two different concentrations of sugar,
it was found that there is an increase in absorbance from 0.288 to 0.300. This
increase in absorbance with the increase in sugar and V(V) concentrations
clearly indicates that there is a formation of complex species[Mn (II)--S--Cr

(W1119].



Complex formation using V(V)

series 1

320 340 380 330 400 420 440 460 480 500
Wavelenght nm

(1) [V (V)] = 1.00x10 mol dm and [H*] = 15.00x 10 mol dm™;

(2) [Mn (ID] = 7.63x10* mol dm™?, [H'] = 15.00x 102 mol dm™ and [V (V)]
=1.00x10"* moldm™

(3) [Mn (ID] = 7.63x10* mol dm™?, [H'] = 15.00x 102 mol dm™ and [V (V)]
=1.00x107 mol dm™

(4) [Mn (ID] = 7.63x10* mol dm™3, [H'] = 15.00x102 mol dm® and [V (V)]
=3.00x10"° mol dm™ and [Sugar] = 1x1072 mol dm™.

Mechanism

From the present study between the oxidation of xylose and arabinose
by V (V) in the presence of Mn (II) chloride as homogeneous catalyst, the
entropy of activation was negative which suggest that the reaction proceeds
through a hydride transfer process for complex formation. Thus when vanadate
is acidified by perchloric acid the yellow pervanadyl ion, VO, is formed as the
initial species [14]. )

VO, +2H" VO, + H,0 1)
This may exist in hydrated form V (OH) ;" [15]. In stronger perchloric acid
(H">2 M) the species becomes protonated to form VO (OH)?*" [13].

Reaction scheme

A reaction mechanism based on the observed kinetic results and the
spectral information collected for the formation of complex is as proposed in
the reaction scheme below: [17].

H—C—O0H H—C—OH
[ s —& or (SH+)
C—OH H—C—OH
| | ®
R R

R =CH,0,

Where SH *represent the protonated form of the sugars.
The protonated sugar then reacts with the catalyst Mn(II) ,according to the
equation(3) below to give the first complex labelled C,.

H +
.
H_|C_°H . H—C—0---Mn(ll}
+ Mn(IIl) [ — (3)
H_T*O H—C—OH
R R
G

The positively charged complex then reacts further with the protonated
Vanadium in the slow and rate determining step.

H +
H—C—0---Mn(ll) k
+ VO,” ———| VO,” ——SH*—Mn(ll)
H—C—OH slow
complex C
R
C
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Equation 4 is supported by the positive effect of addition of sodium
perchlorate on the rate of the reactions and indication that reactions take place
between ions of similar charges [18]. The lower aldose undergoes further
oxidation with the protonated chromic acid to yield the Erythronic acid.

Comples Bty Ma(l) + HCOOH + R—C—H
formic acid
OH  (4-5)
+ +
R—C—H + vy MID/H o o .

+ VIV) + H
OH OH

From the proposed mechanism, the rate of the reaction in terms of decrease
in the concentration of V(V) was derived as;

-d[VO,']
dt

“k[C]1[Vo,] ()
From the reaction mechanism the total Mn(Il) i.e. Mn(II), is given below:

Mn(II)7 = Mn(II) + C
where Mn(II) = Mn(Il); - C ™
K[S][H]=[SH]
Substituting equation 7 into the equation below:

____c
[SH' ][ Mn(II) ]

C
C K[ ST[H'T[MaaD) ]

Making the complex ‘C” subject of the formulae;

K, K[ 8] [H][ Ma(I) ]

C

¢ = KK [S][HMI] 1-C |

®)
C = KK [SIH] M) I - K,K[S]HIC
C= Ky K[ S1[H'1[ Mn(D) Iy
1+ K, K[ S1[H']
Substituting eq.8 into eq.6 gives;
-d[vo,"
rate LY ] C i 081 1) [vo, ) [vnan g )
dt 1+ KK [S][H]
Inverse of the reaction gives;
1
1 _
Ml * ——— = - 10)
W e RKK[S]H 1[VO, ]

k[ VO,7]

From the double reciprocal plot of the graph Mn (II)/rate against 1/[S]
and Mn (IT)/rate against 1/ [H'] the values of k,K K, and k, were obtained as
the slope and intercept respectively. From the respective plots of the data a
straight line was obtained with a positive intercept which confirms the validity
of equation (10).
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s’

Fig. I: Plot of Mn(Il) /k , against 1/[xylose] at 40°C. [V (V)] =1 x107
M, [MnClL,] = 6x10*M; [KCI] =5x10*M; [NaClO,]=0.1M, [HCIO,] = 0.15M

rateMn(ll)

[ 0.005 0.01 0,015 0.02
[s1m

Fig. II. Plot of rate/Mn(II), against [xylose] at 40°C . [V (V)] =1 x107}
M, [MnCl,] = 6x10~*M; [KCI] =5x10"*M; [NaClO,]=0.1M, [HCIO,] = 0.15M.

in(IN/rate

U

Fig. HI. Plots of Mn(Il)/k = against 1/[H'] for xylose at 40°C:
[xylose]=0.01M [V (V)] =1 x107° M, [MnCL] = 6x10*M; [KCI] =5x10*M;
[NaClO,]=0.1M
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Fig.IV. Plot of rate/Mn(1I), against [H"] for xylose at 40°C.[xylose]=0.01M,
[V (V)] =1 x107 M, [MnClL,] = 6x10*M; [KCI] =5x10“*M; [NaClO,]=0.IM

Mn(lyrate
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Fig.V. Plot of Mn(II), /rate against 1/[arabinose] : [V (V)] =1 x107° M,
[MnCL] = 6x10~M; [KCI] =5x10~*M; [NaClO,]=0.1M, [HCIO,] = 0.15M.

Is1M

Fig.VLI. plot of rate/Mn(II), against 1/[arabinose] at 40°C [V (V)] =1 x10"*
M, [MnCL] = 6x10*M; [KCI] =5x10*M; [NaClO,]=0.1M, [HCIO,] = 0.15M.



100

EY

80

7

60

Mn(lirate

50

40

30

20

AHM"
Fig.VIL plots of Mn(Il) /rate against 1/[H'] for arabinose at 40°C.

[arabinose] = 0.01M [V (V)] = 1 x102 M, [MnCL] = 6x10~*M; [KCI] =
5x10°*M; [NaClO,] = 0.1M

0025
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Fig.VIII. Plots of rate/Mn(Il), against [H'] for arabinose at 40°C:
[arabinose]=0.01M, [V (V)] =1 x107* M, [MnCl,] = 6x10*M; [KCI] =5x10"*M;
[NaClO,]=0.1M

For Xylose the values obtained from the above (fig.I and III) plots of
Mn (II)/rate against 1/[S] and Mn (II)/rate against 1/ [H'] respectively were
2.123moldm’s" and 0.0483 moldm’s' ,the value k, obtained from the
intercepts of the above plots are 0.308 s and 0.033 s respectively.

A similar plot was also made for Arabinose which also support the validity
of the equation (fig. V and VII) and the values of the plot were found to be
0.416 moldm~s” and 0.092 moldm~s" and the value of k, obtained from the
intercepts of the above plots are 0.280 s and 0.072 s,

At low concentration of [S] and [H'] ,the integral;1 >> K K [S][H'] will
be valid, so the rate =k,K,K [S][H][VO,’] ;

The graph of rate/Mn(II) vs. [S] and a graph of rate/Mn(II) vs. [H'] were
plotted the values of k,K K, obtained for xylose (fig. II and IV) are 2.045
moldm3.s and 0.040 moldm=.s respectively. A similar plot for arabinose
gives the values of (fig. VI and VIII) kK K, to be 0.342 moldm~.s and 0.064
moldm- s respectively. The table V and VI below gives the value of k,K,K
and k; obtained from the various plots above.

From the plots based on the two equations reveals that the values of
k,K K, and k; are in good agreement with one another. These results support
the validity of the rate law equation.

1 1
1— = +
Rate kKoK [S ] [H ] [VO,'] k[ VO, ]

Mn(ID *

J. Chil. Chem. Soc., 55, N° 3 (2010)

Table V: Values of k,K K, obtained from the various plots below;

Mn(II)/ Rate/
Sugars M‘tls(IB/[g?te rate vs. 1/ Mn(II) Ra::/l?’][;ﬁll)
: [HY] vs.[S] :
Xylose 2.123 0.0483 2.045 0.040
Arabinose 0.416 0.092 0.342 0.064

Average linear regression coefficients, r > 0.9, were observed for the
parameters.

Table VI: Values of k, were obtained from the plots of Mn(II)/rate versus
1/[S]and Mn(II)/rate

Sugars Mn(IT)/rate vs. 1/[S] M“(H)[/glﬁe vs- 1/
Xylose 0.308 0.033
Arabinose 0.280 0.072

Average linear regression coefficients, r > 0.9, were observed for the
parameters.

CONCLUSION

The conclusions drawn, from the spectral information and from the
observed kinetic data i The observed negative entropy of activation for the
oxidation of both sugars supports the fact that a complex is formed between the
[sugar], [V(V)] and Mn(II).

ii The value of activation energy (Ea) of the catalyzed and the
uncatalysed paths is consistent with the accepted view that a slow reaction
would require a higher energy of activation and also that the reactions is
catalysed by Mn(II) under the reaction conditions.
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