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ABSTRACT

The kinetics of oxidation of D-erythrose and DL-glyceraldehyde by chromium
(VD) and vanadium(V) in perchloric acid medium have been investigated spectro-
photometrically. Each reaction was first-order with respect to [oxidant] and [sub-
strate]. The reactions were catalysed by acid, but their dependence on acidity was
complex. Sodium perchlorate accelerated the rate of cach reaction. The oxidaticn
rates follow the order glyceraldehyde > erythrose. The activation parameters were
calculated and mechanisms consistent with the experimental observations are pro-
posed.

INTRODUCTION

Erythrose and its oxidation-reduction products are of interest, particularly
with reference to their use as intermediates in the synthesis of sugars and their con-
version into various phosphate esters'®. Glyceraldehyde is also an important com-
pound because of its interesting physiological actions'®. Only limited data are avail-
able? on the mechanisms of the oxidation reactions of this aldotetrose and aldo-
triose.

The kinetics and mechanism of oxidations of some aldohexoses and aldo-
pentoses by chromium(VI) and vanadium(V) in perchloric acid medium have been
reported® 3. Unlike aldohexoses and aldopentoses, the aldotetrose and aldotriose
exist mainly in acyclic forms®. So it is conceivable that the kinetics and mechanism
of their oxidations could be different from those of higher aldoses. We have therefore
studied the Kkinetics of the oxidations of p-erythrose and br-glyceraldehyde by
chromium(VI) and vanadium(V) in perchloric acid medium.

EXPERIMENTAL

Reagents. — D-Erythrose and pL-glyceraldehyde were commercial materials.

*To whom correspondence should be directed.
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Their aqueous solutions were freshly prepared in doubly distilled water. Details of
the oxidants and other chemicals were given in earlier communications®~5.

Kinetic measurements. — Solutions of the oxidants and the reaction mixture
containing known quantities of the organic substrate, perchloric acid, and salts
(where necessary) were separately thermostated (£0.1°). The reaction was initiated
by mixing requisite amounts of the oxidant with the reaction mixture as described
earlier® ~°. The rates of oxidation were determined spectrophotometrically by using
a Perkin—-Elmer Spectrophotometer (digital) equipped with a thermospacer cell
compartment. Chromium(VI) oxidations were followed® by recording the decrease
in Cr(VI) absorbance at 350 nm. The vanadium(V) oxidation of D-erythrose was
studied by following the increase of the absorbance at 765 nm (Z4,,,’) for VOIV);
whereas that of pL-glyceraldehyde was followed by observing the decrease of ab-
sorbance for vanadium(V) at 313 nm8-%. Neither the substrates nor their oxidised
products absorb at the above wavelengths. All reactions were performed in the
presence of a large excess of substrate. Pseudo-first-order rate constants (k) were
calculated® for the Cr(VI) oxidations. The values of k., for the V(V) oxidation of
D-erythrose were calculated from the slopes of the plots of log(A, — A,) against
time, where A and A, are the absorbances of V(IV) at infinity and time t, respectively.
The values of &, for the other reaction were calculated from the slopes of the plots
of log A vs. time, where A, is the absorbancy of V(V) at time t. Second-order rate
constants (A,) were obtained from the relationship k, = k,,./[Aldose],. Duplicate
measurements were reproducible within + 5 %. The reactions were followed for up to
~ 2 half-lives.

Stoichiometry. — The stoichiometry of these oxidations was determined by
using a large excess of oxidants. For the Cr(VI) oxidations, unreacted Cr(VI) was
determined whereas for V(V) oxidations, the product V(IV) was determined spectro-
photometrically. The results (Table I) indicate that b-erythrose and pL-glyceraldehyde
were oxidised to carbon dioxide by Cr(VI), whereas formic acid was formed in the

TABLE 1

STOICHIOMETRY OF THE OXIDATION OF ALDOSES BY CHROMIUM(VI) AND VANADIUM(V) IN THE PRESENCE
OF A LARGE EXCESS OF OXIDANT

Aldose Consumption ratio
Experimentally On tke basis of formation of
observed Formic acid Carbon dioxide
p-Erythrosee 2.60 1.33 2.67
pL-Glyceraldehyde” 1.95 1.0 2.0
p-Erythrose? 74 8.0 16.0
pL-Glyceraldehyde? 5.6 6.0 12.0

«Cr(VI). 8V(V).
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V(V) oxidations when the reaction mixtures were kept for several days. The reactions
accord with Equations / and 2.

3 C,H,,0, + 4n HCrO; + 16n H* »3nCO, + 4n Cr** + 13n H,0 (/)
C,H,.0, + 20 V(V) + n H,0-n HCOOH + 2n V(IV) + 2n H* )

The rate of oxidation of the intermediates cannot be kinetically significant!®, since
the rate of reduction of [oxidant] was first order under the kinetic conditions.

Product analysis. — The reaction products, under kinetic conditions, were
identified by paper chromatography®-*. This indicated the presence of erythronic
and glyceric acids as the main products, which were identical with those obtained
by bromine!! oxidation of the respective aldoses.

Polymerisation test. — A solution of Cr(VI) or V(V) was added to a mixture
containing aldose, perchloric acid, and acrylamide (10% w/v). In media of low and
high acidity, polymers were formed in the Cr(VI) and V(V) oxidations of both
D-erythrose and bpL-glyceraldehyde. However, no polymerisation occurred when
either the oxidant or the substrate was excluded. These results indicated that the
reactions between chromium(VI) or vanadium(V) and the aldoses produced free-
radical intermediates.

RESULTS

Effect of variation of concentration of reactants. — For each oxidation, the
values of k,,, were ascertained at various [oxidant}y, but at constant [aldose],,
[HClO, ]o, and temperature. The average values of k,,, (Table II) were independent
of [oxidant]y, thereby establishing that these reactions were first order with respect
to [oxidant]. The reactions were also studied at constant [oxidant],, [HCIO,],,
and temperature, but at different [aldose],. The values of k., increased with in-
crease in [aldose], (Table III). The plots of 4, against [aldose], were linear and

TABLE 11

EFFECT OF INITIAL CONCENTRATION OF OXIDANT ON PSEUDO-FIRST-ORDER RATE CONSTANT AT {HCIO4lo =
2.4M

Aldose Temperature Kops X 103 (sec™l)
(degrees)

p-Erythrose# 30 11.75 =0.3

pL-Glyceraldehydev 20 33.7 =08

D-Erythrose? 25 1.22 4-0.04

pL-~Glyceraldehyde? 28 3.19 +0.09

afCe(VD]o = (0.55-3.33) x 109 and faldoselp = 1.0 x 1073nm. ?[V(V)]o = (1.0-2.5) x 10-3mand
[aldose]o = 1.0 < 10—2m.
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TABLE III
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EFFECT OF SUBSTRATE CONCENTRATION ON PSEUDO-FIRST-ORDER RATE CONSTANTS AT [HCIOi]o = 2.4Mm

[Erythrose] x 103m= 0.5
kops X 10% (sec™?) 5.70
k
-—L (Mlsec™ ) 1.14
{Erythrose]
[Glyceraldehyde] x 103m?Y 0.5
kops X 103 (sec™1) 16.6
kohs
_  (Mlsecl) 3.32
[Glyceraldehyde]
[Erythrose] < 102Afc 0.5
kovs > 102 (sec™) 0.60
kobs
— X 102 (mlsec™}) 1.20
[Erythrose]
[Glyceraldehyde] < 10°m¢ 0.5
kons X 10% (sec™?) 1.59
kobs

-_ X 102 (v lsec)) 3.18
[Glyceraldehyde]

0.8
9.56

1.195

0.3
26.2

3.28
0.7
0.82
1.17
1.0
3.19

3.19

1.0
11.75

1.175
1.0
33.7
3.37
0.8
0.98
1.20
20
6.02

3.0t

1.5
18.00

1.20

13
45.7

3.51
0.9
1.12
1.24
3.0
9.30

3.10

2.0
23.6

1.18

5.0
154

3.08

3.0
107.5

3.58

f[Cr(VDlo = 1.67 x 10~%m; temperature, 30°. ’[Cr(VD)]o

10-3m; 25°. 4[V(V)Jo = 1.0 % 10-3m: 28°.

TABLE LV

= 1.67 X 10~%m; 20°. fV(V)lo = 2.0 X

SLOPES OF THE ZUCKER-HAMMETT PLOTS (log Agbs vs. log [HCIO4)o) AT pt = 2.4M

Aldose [HCIOs}(M) Slope
p-Eryvthrose« <1.0 0.5
>1.0 1.0
bL-Glyceraldehyde? <0.7 1.0
>0.7 1.5
D-Erythrosec <1.0 0.1
>1.0 0.5
pL-Glyceraldehyded <10 0.1
>1.0 0.55

“[Cr(VDlo = 1.67 x 197Mm, [Aldose]o = 1.0 x 10-3p1, and temperature = 30°. 3[Cx(VD)]o = 1.67 x
10~m, [Aldoselo = 1.0 x 10-3p, 20°. fV(V)lo = 2.0 X 10-3m, [Aldoselo = 1.0 X 10-2p, 25°.

AV(V)lo = 1.0 x 10-3Mm, [Aldose]lo = 1.0 X 10-2M, 28°,
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passed through the origin for each reaction, indicating that these oxidations were
essentially first order with respect to each [aldose]. The average values of k&, for
Cr(VI) oxidations of erythrose and glyceraldehyde are 1.18 4+0.04 and 3.44 +0.16
M~ ‘sec™! at 30° and 20°, respectively. The corresponding values for the V(V)
oxidations are (1.21 +0.04) x 107% and (3.10 +0.09) x 1072 M~ l.sec™ ! at 25°
and 28°, respectively. Thus, the oxidation rates with both these oxidants follow the
order glyceraldehyde > erythrose.

Effect of variation of concentration of perchloric acid. — The effect of variation
of [H*] on the rate of oxidation was studied at different [HCIO, ],, but at constant
[oxidant],, [substrate],, ionic strength (maintained by adding the requisite amounts
of NaClQO,), and temperature. These oxidations were found to be acid-catalysed.
The slopes of the plots of log ks vs log [HCIO, ], are presented in Table IV.

Effect of variation of concentration of sodium perchiorate. — The effect of
variation of [NaClO,], on the rate of oxidation was measured at fixed [oxidant],
[substrate],, [HClO,],, and temperature. The rates increased with increase of
[salt]y. In 2.0Mm NaClO,, the increases in rate were 86 and 141 9, respectively, for the
Cr(VI) oxidations of erythrose and glyceraldehyde, and 50 and 989, respectively,
for the V(V) oxidations. The results are similar to those obtained® ~* for the oxidations
of higher aldoses by these oxidants.

Effect of variation of temperature and activation parameters. — The values of
the second-order rate constants (4,) for the oxidations of the aldoses were measured
at various temperatures, but at fixed [oxidant],, [substrate]o, and [HCIO 1 Jo- The
activation parameters, calculated as described previously®*~>, are AHY = 40 +3
(erythrose) and 35.5 + 1 (glyceraldehyde) ki.mol ™' and AS% = —119 +10 (erythrose)
and —121 +4 (glyceraldehyde) J.deg” l.mol~! for chromium(VI) oxidations; and
AH% = 70 +4 (erythrose) and 67 +3 (glyceraldehyde) kJ.moi~! and 48% = —54
+13 (erythrose) and —61 +7 (glyceraldehyde) J.deg™'.mol™! for vanadium(V)
oxidations at 35°.

DISCUSSION

p-Erythrose, in aqueous solution, exists'? as an equilibrium mixture of solvated
forms. A dimeric form is believed to be present besides the solvated and the unsolvated
monomers. Similarly, although the crystalline form of pL-glyceraldehyde is dimeric
with a 1,4-dioxane structure, in aqueous solution, monomeric forms are present!?
in an equilibrium of hydrated and non-hydrated forms. Thus, a very rapid equilibrium
is established between the three forms for both aldoses:

Dimer == Monomer == Hydrated monomer.

Since the experiments were performed with low concentrations (<5.0 x 1072m)
of substrates, it is expected that the hydrated monomeric forms should be preponder-
ant. Moreover, sugars that exist mainly in aldehydo-forms, like some aliphatic
aldehydes'3®, are known to be hydrated!3®. Since the kinetic data as well as the
activation parameters are not widely different from those obtained for the oxidations
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of alcohols!# by Cr(VI) and V(V), it is suggested that it is the hydrated monomeric
forms of these aldoses which are mainly oxidised by these oxidants.

The oxidation of erythrose and glyceraldehyde by chromium(V1) was first
order in [Cr(VI)] and in [aldose], but the order with respect to [H* |} was complex.
For erythrose, the order with respect to [HClO,] was 0.5 when [H*] was < 1.0y,
and 1.0 when [H* ] was > 1.0M. The order with respect to [HCIO, ] in the oxidation
of glyceraldehyde was 1.0 in the acid range 0.24-0.70M, whereas at higher acidities
(up to 2.4Mm), this value was 1.5. Again, as most of these oxidations were carried out
at [Cr(VI)] of 1.67 x 10™*M and the values of &, were independent of {Cr(VI)],
the monomeric species'®* of Cr(V1), namely HCrQ, is considered to be the reactive
oxidant.

The formation of erythronic acid in the oxidation of erythrose by Cr(VI)
under kinetic conditions is believed to proceed via a chromic ester of the hydrated
form of the aldose, HCrO}, and H™ ions, followed by decomposition of the inter-
mediate ester. Since there is no direct kinetic evidence for the existence of such an
intermediate chromic ester, the equilibrium constant for reaction 3 would be very
small. The mechanism of oxidation of erythrose by Cr(VI) in perchloric acid media
([H*7 > 1.0M) may therefore be explained by each of the following Schemes (I-I1),
where R = CH,OH.(CHOH),. Of the different steps suggested, only step 4 is slow.

oH TH ﬁ

R-hcl:-—-oa + wero” + wt oo R——T——o—-—clr——-OH + H0 (2)
" H o
OH o OH

R-—»——(Lv—o-—(-}(!‘r—-—OH ———~ R (‘:-—0 +  H,er®

—C== LceFo, ta)

Yoo
H o
TH oH

R——({:——OH + Cri®) ———= R~—C—OH + Crlil) + ut (51
H
on OH

R~—C——OH + CrimDd ———= R—C==0 + Cr¥) + H 15)
oH C!)H

R—C—OH + Cr(X) —— R—C==0 + cr(m + 2% 73

l

H

Scheme |
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Reactions 3 and 4

CrI¥) + Cr(¥D ———— 2Cr () 18
2 x {RCH(OH)Z +  Ccrix) — = RCOOH + Crlmn + zH“‘} 17)
Scheme |

Reaction 3

oH [o) OH
N =

R—-—C-——O—DCr——OH — R—C—O+ + HCrro, 19

| I |

H (o] H

7"‘ OH
R—Tj-o' +  crgn —_— R—C==0 + cr(@ + u* 110)

H

OH

2 x {RCH(OH)Z + (D —_— R—C==0 + Cr(II} + zu“} 17)
Scheme [l

The addition of [Mn?*7] of 5.0 x 107 2n decreased the rate of oxidation of the
aldoses considerably, i.e., by 50 and 359 in the respective reactions. The retardation
was not due to the change in ionic strength, since addition of NaClO; of the same
ionic strength as that of the Mn?* compounds did not seem to have any effect on
the rate of oxidation. Regardless of which scheme is correct, the participation of
intermediate valence states of chromium!®~!8 cannot, therefore, be ruled out.

The formation of free-radical intermediates, as evidenced by the initiation of
polymerisation of acrylamide, is not in keeping with Scheme II. On the other hand,
both RCH(OH)O- and Cr(V) are highly reactive, with the result that one would
not expect them to be formed in step 9 of Scheme III. Consequently, the reaction
cannot proceed by the steps shown in Schemes II and III. This further indicates that
Cr(LV), which is formed in step 4 of Scheme I, may react further with substrate to
yield the free radical®®® and the stable Cr(III) species, according to step 5. Thus,
Scheme I seems to be the preferred mechanism, where the rate-determining step is a
two-electron carbon-hydrogen bond cleavage of a chromic ester. The free radicals
that are formed by subsequent fast reaction®®® between the reactive species of aldose
and Cr(IV) probably initiate the polymerisation of acrylamide. The free radical
R-C(OH),, with trivalent carbon, is known to be in tautomeric equilibrium with
R-CH(OH)O-, but the former is likely to preponderate’?®, as the C-H bond is
weaker than the O-H bond.

The oxidation of glyceraldehyde by Cr(VI) at lower acidities (where [H™*]
< 0.7M) may also be explained by Scheme I (where R = CH,OH.CHOH). However,
at higher acidities (up to 2.4Mm), the order with respect to [ HCIO,] was higher (1.5)
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than 1. This may be due to the fact that the 1:1 ester reacts further with a proton, to
yield a protonated ester that subsequently decomposes to give the products of the
reaction.

The kinetics of oxidation of erythrose and glyceraldehyde by V(V) were similar
in all respects, indicating that identical mechanisms may occur in these cases. Thus,
the total order of these oxidations at constant acidity was 2, being 1 with respect to
[oxidant] and [substrate]; the order with respect to [HCIO,] was not constant, but
~0.1 at lower acidities (when [H*] <1.0M) and ~0.5 at higher acidities (when
[H*] >1.0m).

It has been reported earlier?® that, in acidified vanadate solution, pervanadyl
ion (VOF) and its protonated species?! (which may exist in the hydrated form) are
present. Since most of the experiments were performed at a [HCIO, ] of 2.4M, it is
likely that protonated vanadium(V) is the reactive oxidant species. The observed
hydrogen-ion dependence on rate constant suggests that these oxidations are effected
by the monoprotonated V(V) species VO(OH)?* [or its hydrated form V(OH)3*],
which remains in equilibrium with the non-protonated species YO (or its hydrated
form, V(OH); ]. The reactions are believed to occur according to steps 7/ and 12.

K
VOF + H* = VO(OH)** un
k
Aldose + VO(OH)?* — Products (12)
The corresponding rate equation would be
d[v(V)] .
— T = k[Aldose ][[VO(OH]*"] 3
kK[Aldose] [V(V)] [H*]
= (149
1 + K[H*]
Since total [V(V)] = [VOJ] + [VO(OH)**],
K[H*]
[VO(OH)**] = V(V) {—n——¢,
1 + K[H*]
or,
d[viv)] 1 kK[Aldose][H*]
abs — T x = (15)
dt [V(V)1 1 + K[H*]

The rate expression 15 is in keeping with the observed orders with respect to each
reactant. Moreover, the linear plots of log k. against u (where g is the ionic strength)
further supports the view that the reaction takes place between a neutral molecule
and an ion?2 It is therefore suggested that vanadium(V) reacts with the hydrated
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aldoses in the slow step, to yield free-radical intermediaice and VO?*. The free radical
is further oxidised by another VO(OH)?™ in a fast step, to yield the products (Scheme
V).

H
(!) ———————— vit=o
tast ~ -
— + vo(oH)®t _— &
R—CH(OH), H R__L /}_l (l)j
l I
OH H

Transition state

‘slow

fast
R—C* + HOo + vo2*

VvO(OH)Z*

vo** + H0 + R—C

Free-radial
intermediate
Scheme IV
The formation of a polymeric suspension when acrylamide was added to the
reaction mixture indicates that the decomposition of the “transition state™ into
species like R-E(OH)Z, and V (III),followed by their reactions with water and V(V),
respectively, to yield the stable R.COOH and V(IV), are unlikely. On the other hand,
unlike Cr(V) or Cr(IV), V(IV) is stable towards reduction and hence further reaction
of the free radical with V(IV) would not take place. Vanadium(V) therefore behaves
as a l-equivalent oxidant in the rate-determining step, and the two-electron reduction
mechanism of the type shown by Cr(VI) can be ruled out in the present study. The
enthalpy of activation data further corroborate the above contention and are in
keeping with earlier observations®.
It is well known that aldohexoses and aldopentoses exist mainly in cyclic

TABLE V

VALUES OF MEASURED SECOND-ORDER RATE CONSTANTS AND ENTHALPY OF ACTIVATION AT 308 K rFor
THE OXIDATIONS OF DIFFERENT TYPES OF ALDOSE

Chromium( VI) Vanadium( V)

ks x 10 AH* ke x 103 AH*+

(M~1.sec™l) (kJ.mol-1) (M~l.sec™1) (kJ.mol™1)
Aldohexoses3-5 1.78-3.40 56-72 0.95-1.26 97-106
Aldopentoses3—3 3.70-7.55 46-54 5.94-9.29 80-82
Aldotetrose® 149 40 314 70
Aldotrioses 84.0 355 56.8 67

aPresent study.
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forms?3, whereas aldotetroses and the aldotriose exist mainly in acyclic forms®.
It is suggested that the higher as well as the lower aldoses react in their prepon-
derant forms with both Cr(VI) and V(V). Moreover, the dependence of the
rate of oxidation on acidity with both oxidants is different for the higher and the
lower aldoses. This behaviour seems to be due to the protonation of the cyclic forms
of the higher aldoses, followed by their reaction with the oxidants, unlike the present
studies, where the non-protonated, acylic forms of the lower aldoses are oxidised.
However, in an attempt to correlate the pseudo-second-order rate constants (k)
for the oxidations of the higher as well as the lower aldoses (Table V), it was found
that the oxidation rates follow the order: triose> tetrose > pentose > hexose. This
observation is also in agreement with the values of enthalpy of activation (Table V).
Thus, with both Cr(VI) and V(V), the rates of oxidation of aldoses existing mainly
in the acyclic form are higher than for aldoses existing mainly in cyclic forms.
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