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ABSTRACT 

The kinetics of oxidation of hexoses, pentoses hexitols, and a pentitol by 
vanadium(V), cerium(IV), manganese(III), and thallium(II1) in aqueous acidic 
media are best explained by a free-radical mechanism. Oxidation reactions of alditols 
produces the corresponding aldoses, which are further oxidised in the presence of 
an excess of oxidant to lower monosaccharides and thence to formaldehyde, formic 
acid, and even to carbon dioxide. All of the reactions except that of thallium(II1) 
are acid-catalysed. Other kinetic data are summarised and the rate laws are given. 

INTRODUCTION 

Metal-ion oxidants have been widely employed in synthetic chemistry1-3 in- 
cluding carbohydrate chemistry 4 - 7. These are stable, inexpensive, and can readily 
be stored and handled. This paper presents a summary of the oxidation reactions 
of certain metal ions with monosaccharides. The oxidants used were vanadium(V)8,9, 
cerium(IV)‘OJ, manganese(III)12J3, and thallium(III)14. The monosaccharides 
employed included hexoses (D-glucose, D-mannose, D-galactose, D-fructose, L- 

sorbose, and L-rhamnose), pentoses (D-xylose, D-arabinose, and D-ribose), hexitols 
(D-mannitol, D-glucitol, and D-galactitol), and a pentitol (ribitol). The mode of 
investigation was mainly kinetic. Other relevant supporting data were also ob- 
tained. 

EXPERIMENTAL 

Materials. - Commercially available chemicals of pure quality were used 
without further purifications. Stock solutions of monosaccharides (BDH Bio- 
chemical, BDWAR) were prepared fresh in double-distilled water. Vanadium(V), 
cerium(IV), and thallium(II1) stock-solutions were prepared by dissolving am- 
monium metavanadate (Reidel, Germany), ceric sulphate (E. Merck), and thallic 
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oxide (BDH/AR), respectively, in aqueous sulphuric, hydrochloric, or perchloric 

acids. The manganese(II1) stock-solution was prepared by the procedure described 

in the literature’5. 

Kinetic methods. - The kinetic runs were performed in stoppered glass ves- 

sels in a controlled-temperature (+O. 1”) water-bath. The reactions were monitored 

titrimetrically by determining the concentration of unused oxidant in the presence 

of excess concentrations (-10-20 fold) of monosaccharide and acid. Vanadium(V). 

cerium(IV), and manganese(II1) were estimated by quenching the aliquots in an 

excess of Fe(I1) solution and then determining unreacted Fe(II) with a previously 

standardised solution of cericsulphate, with N-phenyl anthranilic acid as indicator”- Ii. 

Thallium(II1) was estimated iodometrically’J. 

RESULTS AND DISCUSSION 

(a) Monosaccharide in excess. - Under the kinetic-run conditions. one mol 

of monosaccharide consumed -2 equivalents of vanadium(V), cerium(IV), and 

manganese(III), and -1 equivalent of thallium(II1). In the reactions with hexitols, 

the corresponding aldohexoses, and in the reactions of the aldohexoses and the 

pentitol, the corresponding aldopentoses, were confirmed as products by paper 

chromatography and other conventional tests. 

The stoichiometric reactions may therefore be represented as in Eq. Z-3. 

C6H,,0, + 2V(V)/Ce(IV)/Mn(III)-+C,H,20, + 2V(IV)/Ce(III)iMn(II) + 2H+ (I) 

C,H,20, + 2V(V)/Ce(IV)/Mn(III)+C~H,,,O, + HCO,H 

f 2V(IV)/Ce(III)/Mn(II) + 2H+ (2) 
C,H,,O, -t T1(III)--KSH,005 -t HCO?H + Tl(I) -t 2H+ (3) 

Formic acid was also estimated quantitatively, and the results confirmedlJb 

the Eq. 3. Aldotetroses were also confirmed as products of the oxidation reactions 

of the aldopentoses. 

(b) Oxidant in excess. When the oxidant is present in large excess (-20 fold), 

the monosaccharide molecule is oxidised to formaldehyde, formic acid, and even 

to carbon dioxide. The stoichiometric equations, on the basis of equivalents of 

oxidant consumed per mol of monosaccharide under various experimental condi- 

tions, may be given as in Eq. 4-11. 

C,H,,O, + 14V(V)/Ce(IV) + 6H,0-+6HCO,H + 14V(IV)/Ce(IIl) + 14H+ (4) 
C,H,,O, + 8Mn(III) + 3H,O-+3HCO,H + 3HCH0 + 8Mn(II) + 8H+ (5) 
C,H,,O, + 12Tl(III) + 6H,0+6C02 -t 12Tl(I) + 24H+ (6) 
C,H,20, + STl(II1) + 5H,0+4HCOzH + 2HCH0 + 5Tl(I) + lOH+ (7> 
C,H,,O, + 12V(V)/Ce(IV) + 5H20--+5HCOzH + 12V(IV)/Ce(III) + 12H+ (8) 
CSH,,O, + 6Mn(III) + 2H,0+2HCO,H + 3HCH0 + 6Mn(II) + 6H+ (9) 
CSH,,,O, + lOV(V) + 5H20-+5HC0,H + lOV(IV)/Ce(III) + lOH+ (10) 
C,H,,O, + 6Mn(III) + 3H,O-+3HCO,H + 2HCH0 + 6Mn(II) + 6H+ (11) 
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The formation of free radicals during these reactions (1-12) was confirmed 
by the polymerization reaction induced with acrylonitrile. 

Kinetic studies. - (a) Variation in concentrations of oxidant and mono- 
saccharide. The disappearance of oxidant with time uniformly followed first-order 
kinetics in each run. The values of the pseudo-first-order rate-constants, kobs(sec-I), 
at different initial concentrations of oxidant were generally found constant, with 
some exceptions. 

However, the rate constant (kobs, set-l) increased as a function of increase in 
the concentration of monosaccharide. The order with respect to substrate is unity 
in all of the reactions except those of vanadium(V), cerium(IV), and manganese(III) 
with hexitols, manganese(II1) with pentoses, and thallium(II1) with ketohexoses. 
In these reactions, the formation constants of the complexes (K) and their rates of 
disproportionation (k,) were determined from Michaelis-Menten plots (Table I). 

(b) Variations in concentration ofacid. -The rate of oxidation by vanadium(V) 
and manganese(II1) increased with acid (sulphuric-hydrochloric-perchloric) 
concentration, whereas the rate of oxidation by cerium(IV) and thallium(II1) de- 
creased with sulphuric and perchloric acids, respectively. The rate of oxidation by 
vanadium(V), cerium(IV), and manganese(II1) increased with H+ concentration, 
whereas a decrease in rate was observed in reactions with thallium(III), and the 
rate of vanadium(V) reaction with alditols remained unchanged. However, the 
dependence of rate constant on acid-H+ concentrations was found different in the 
individual classes of reactions, according to the type and the concentration-range 
of the acid used. 

Certain criteria following Zticker and Hammett16, Bunnetti7, and Bunnett 
and 01sen18 were applied to the rate data. The involvement of a water molecule as 
the proton-transferring agent has been suggested on the basis of values of the “w” 
and 4 parameters17J8 computed in all of the reactions. Furthermore, the $J values, 

TABLE I 

COMPLEX FORMATION-CONSTANTS (K) AND RATE CONSTANTS FOR COMPLEX DISPROPORTIONATION (k,) 

Monosaccharide 

D-Mannitol 
D-Glucitol 
D-Galactitol 
D-Fructose 
L-Sorbose 
D-Xylose 

D-Arabinose 
D-Ribose 

K x 10-3L.mol-’ k, X 104 set-’ 

V(V) Ce(IV) Mn(lIl) Tl(Il1) V(V) Ce(IV) Mn(lll) Tl(lII) 

2.94 0.96 4.53 0.50 100.0 5.88 
1.25 8.80 4.95 0.01 3125 125.00 
7.11 0.99 3.05 0.07 125.00 47.00 

0 35 14.28 
0.08 32.25 

0.03 32.15 
1.02 38.18 
0.87 25.23 
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which characterise the kinetic response of the reaction to changing concentration 

of the acid was used to calculate the specific rate of the reactions8c,r4b. 

(c) Reactive species of oxidants. - These have been proposed on the basis of 

rate data obtained by the variation of acid, hydrogen-ion concentration and its 

conjugate-anion concentration. Vanadium(V) exists as the yellow pervanadyl ion 

VOt in aqueous acidic medium, but this form may change with the acid used and 

its concentration-range used in a particular reactionl”. The following equilibria have 

been considered in proposing the reactive species in the present reactions studied 

in different acid-mediax q. 

Perchlorid acid 

VO; + H,O = V(OH);+ (14 
VO; + 2H+ zz V(OH);+ (13) 

Sulphuric acid 

VO; + H,O+ + HSO; = [V(OH),HSO,]+ (14 
VO; + 2H+ + 2HSO; = [V(OH),(HS0J2]+ (15) 
(VO, . 2H,O)+ + 2H,SO, = (V0,2HSO,)+ + 2H,O (16) 

Hydrochloric acid 

VO; + H,O+ + Cl- = [V(OH),Cl]+ (17) 

Cerium(IV) exists in various forms in sulphuric acidzO. Ce(SO,), has been 

considered as the reactive species, and the kinetic data have been accounted by 

considering the following equilibriar(‘~r’. 

Ce(SO,), + HSO; * HCe(SO,), (18) 
Ce(SO,), -t SOS- G Ce(SO,)~~ (19) 
Ce(SO& + HSO, = H,Ce(SO,), = 2H+ + Ce(SO,)S- (20) 

Manganese(II1) has been described” as Mn(HzPzO,)$- in the pH range O-3. 

In the present reactions. the increase in rate [H+] may be explained by considering 

the change in active species, as13 in Eq. 21. 

Mn(H,P,OX + H+ = Mn(H,P,O,)(H,P,O,);- _ - (21) 

In oxidation reactions by thallium(W), the inverse dependence of rate on 

[H+] has been explained by considering TI(OH)z as the reactive speciesr4. 

TI”+ + H 0 - 2 - TI(OH);+ = H’ (22) 
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9 
THERMODYNAMIC PARAMETERS 

% 

Monosaccharide AH* W molk’ AS deg-’ mol-’ 5 

V(V) Ce W) Mn (IZI) TI(III) V(V) Ce(ZV) Mn(ZIZ) Tl(ZZI) 
3 

g 

D-Mannitol 88.90 k0.58 135.76 kO.33 109.30 f1.62 -59.27 f5.01 104.40 k6.48 20.44 k4.97 F: 

D-Glucitol 94.12 CL10 138.73 kO.58 81.09 kO.37 -36.71 _+I.23 136.30 kO.12 33.12 20.17 9 

D-Galactitol 103.74 f2.14 113.15 k0.29 93.80 k3.75 34.90 k6.06 52.16 f0.16 34.56 f0.16 E 

D-Glucose 119.13 20.21 24.51 f0.08 

D-Galactose 119.27 kO.25 40.48 kO.16 

D-Mannose 121.01 kO.29 43.91 kO.08 

D-Fructose 134.11 f0.37 86.33 kO.71 

L-Sorbose 88.42 k9.39 103.06 kO.71 28.89 f1.23 39.58 f0.12 

L-Rhamnose 137.81 f0.12 89.63 50.04 

Ribitol 83.31 f0.16 100.19 kO.04 95.72 kO.20 93.25 f0.16 1.29 kO.20 34.77 f0.20 
D-XylOSe 89.86 f0.17 91.69 kO.36 73.69 20.62 -27.76 f0.13 -5.99 kO.38 -42.28 f0.63 

D-Arabinose 95.46 f0.32 80.23 kO.21 78.36 f0.57 -10.21 f0.31 -8.83 kO.41 -25.36 f0.26 

D-Ribose 87.04 kO.36 83.15 kO.36 73.12 _+0.68 -33.66 k0.33 -15.23 k0.62 -20.31 kO.18 



TABLE III 

CORKELATIOH OF PEKC‘ENT OF FREE ALII~HYDE PROM APjD k, (dmi mOi -‘XC-‘) OF DIFFEKENl’ ALDOSES’ 
~--~_- - _-__-^_-._--_ _-_ 

Aldose D-Glucose D- Mannose o-Galactose D-Xylose D-Arabmose o-Ribose (0.1~) 
._~_ _- _~ ---.- _ ____..-__ 

(Free Aldehyde) (%) 0.024 0.064 0.085 0 170 0.280 8.5 
-_- ~-- 

k, x iUzdm? A 0.28 0.32 1.81 5.31 6.93 9.72 
B 4.18 7.38 10.21 17.8 20.32 25.28 

mol-lsec.-L C 6.39 14.81 16.30 25.7 30.32 36.31 
D 2.18 10.42 24x3 22.34 42.30 48.19 

- ._ -__-_ .--.- ..- ____. ._~~ ---. -_- “_ 

(‘(A) [V(V)] = 0.01~. [Aldose] = ().lM, [H2SOJ = 3 SM. Temp. = W: 
(D) [Ce(IV)] = O.OIM, [Aldose] = U.~M. [H,SO,] = 4.0~. Temp. 30”; 
(C) [Mn(III)] = KOOSM, [Aldosef = O.lw, [HzSO,] = 1 0~. [H,P@-] Free = 0 053M. Temp. = 25”: 
(D) [Tl(l~I)] = 0.01~. jAldose] = 0 2M. [HCIO,] = l.oM. Temp. = 6.5”. 
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(d) Variation in temperature. Kinetic data have been obtained at different 
temperatures for the reactions. The thermodynamic parameters were computed 
from Arrhenius plots and are given in Table II. 

(e) Correlation of rate and configuration. - Monosaccharides have both 
acyclic and cyclic forms that exist in dynamic equilibria. The rate of mutarotation 
of D-glucose has been determined as 0.42 sect at 70” and [H+] = 0.68~ from the 
reported rate values, the equilibrium constant, and the activation energy for 
mutarotation of glucose22,23. The rate of oxidation of D-glucose with thallium(II1) is 
determined to be 0.04 x 10-4sec-1 from the experimental pseudo-first-order rate 
constants, kobs 0.79 x W4sec-l, under the same conditions. This value for the rate 
of oxidation is very small compared to the rate of mutarotation, and thus it may be 
assumed that the oxidation rate is not affected by mutarotation and is the sum of 
the rates contributed by (Y, /3, and free-aldehyde forms. 

A linear relation has been observed between the second-order rate constant, 
k,, for various aldoses and their percentages of aldehyde form24,25. This relation 
clearly explains that most of the monosaccharides (aldoses) are oxidised through 
their acyclic forms, as the percentages of their (Y and /3 anomers are almost the 
same. This linear relationship also explains the observed reactivity of different 
aldoses (Table III), which is in the order: D-ribose > D-arabinose > D-xylose > 
D-galactose > D-mannose > D-glucose. 

Mechanistic steps. - A general mechanism for all of these reactions may now 
be proposed on the basis of results obtained during stoichiometric and kinetic 
studies. It is obvious that there is an interaction between oxidant and substrate 
resulting in electron transfer between them. Kinetic evidence shows that, in certain 
reactions (Table I), an intermediate complex is formed in a rapid, preliminary 
equilibrium step, which disproportionates unimolecularly in the rate-determining 
step. In reactions where there is no kinetic evidence for complex formation, it may 
be assumed either that the electron transfer takes place in the transition state or an 
intermediate complex of low stability is formed. Although the kinetic features of all 

of these reactions are different, a general mechanistic scheme may be proposed 
that depicts the general behaviour of monosaccharides toward these metal-ion 
oxidants (Scheme I). 

In the presence of an excess of oxidant, the sequence continues, and formal- 
dehyde, formic acid, and even carbon dioxide are obtained in fast steps by a free- 
radical mechanism. 

Thallium(II1) is a two-equivalent oxidant and may be changed to thallium(I) 
in either a single step26J7 or in two successive, one-electron steps with a thallium(I1) 
intermediate. Formation of a free radical supports the possibility of two successive, 
one-electron changes in thallium(II1). 

Oxidation reactions by manganese(II1) are ligand-displacement reactions in 
which a diphosphate ligand is displaced by a monosaccharide molecule and a cyclic 
complex is formed. This hypothesis is supported by the observed retardation of the 
rate of oxidation by an increase in the concentration of free diphosphate12-I3 
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H-?--on H--C=0 

OH OH 

I 
H--C-OH K 

I - 
H--C-OH\ 

I &A”+ ks w-?--OH 

Hz0 5tow I + Htop + PA”+-’ + tip+ ,251 

H-C-OH H-C-OH CHOH 

I 
CHOH 

I 
I 

CHOH 
I 

,! 

H--2-OH H--:=o 

Rate laws. - From the proposed steps 23 and 24, or 25 and 26 in Scheme I, 
the general rate-law may be derived as: 

_ d [M”+] _ K k, [monosaccharide][M”+] 
dt 1 + K[monosaccharide] 

= kJbs Pfl 

Thus 

k = K k, [monosaccharide] 
ohs 1 + K[monosaccharide] 

P7) 

(28) 

Michaelis-Menten plots have been drawn between l/k,,, and l/[mono- 
saccharide], and the values of the formation constant of the complex (K) and the 
rate constant of its disproportion (k,) have been determined (Table I). 

In order reactions where there is no kinetic evidence for the formation of a 
complex. K should be very small. 
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Hence 

- d 9 = K ks [monosaccharide][M”+] 

= kobs [M”+l 

For a particular reaction, the additional steps for the formation of reactive 

species (Eqs. 12-21) may be considered and the general rate-law (Eq. 28 and 29) 

modified accordingly. 
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