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Abstract—Reaction rates for the quinolinium dichromate oxidation of a-ketoacids (pyruvic and phenylpyru-
vic) are determined and discussed with reference to ketoacid hydration equilibria. The rate of the reaction is
dependent on the first powers of the concentrations of each (substrate, oxidant, and acid). The effect of varia-
tions in solvent composition (water-dimethylformamide mixtures) and temperature are studied. The effect of
solvent is analyzed. The mechanistic pathway involves the rate-determining step of oxidative decomposition of
the chromate ester of the hydrated form of the a-ketoacids and oxidative decarboxylation and a simultaneous

cleavage of the carbon—carbon bond.

INTRODUCTION

The oxidation of pyruvic acid by various oxidants
such as manganese(l11) [1], ceriumions[2], iodine[3],
permanganate [4], hexacyanoferrate(l11) in an akaline
medium [5, 6], periodate [7], and vanadium(V) [8] has
been reported. In our continuing effortsto use quinolin-
ium dichromate [QDC, (C,H,NH*),Cr,05] for the

oxidation of organic substrates [9], this paper presents
the kinetic features of the oxidation of a-ketoacids
(pyruvic acid and phenylpyruvic acid) by QDC in an
acid medium in a nitrogen atmosphere using 20% dim-
ethylformamide asthe solvent. This study was taken up
to explore the efficiency of QDC in cleaving the car-
bon—carbon bond of these substrates. A mechanistic
pathway for the oxidation reaction, consistent with the
kinetic data has been suggested.

EXPERIMENTAL
(a) Materials

Pyruvic acid (Merck) and phenylpyruvic acid
(Fluka) were used after distillation and recrystalliza-
tion, respectively. Quinolinium dichromate (QDC) was
prepared by the reported method [10], and its purity
was checked by spectral analysis. The infrared spec-
trum (KBr) exhibited bands at 930, 875, 767, and
730 cmr!, which is characteristic of the dichromateion.
Perchloric acid (Merck) was used after a check of its
physical constants. Dimethylformamide (DMF) was
distilled under reduced pressure and fraction distilling
at 153°C was used. Doubly distilled water was used to
prepare al solutions. The IR spectra were recorded on
an FT-IR (DA-8, Bomen) spectrophotometer, and NMR
spectra were recorded on an FT-NMR (300 MHz,
Bruker) spectrometer.
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(b) Kinetic measurements

Pseudo-first-order conditions were used (large
excess of substrate over QDC). The reactions were car-
ried out at a constant temperature (£0.1 K) and fol-
lowed by monitoring the absorption band at 440 nm
spectrophotometrically (Beckman DU 650, USA), as
described in earlier papers[9]. The rate constants were
evaluated from thelinear plots (r > 0.996) of log [QDC]
againgt time. The values reported in Tables 1-3 were
the mean of two or more runs (accuracy, £3%). The
reactions were carried out in 20% aqueous DMF, and
water—DM F mixtures were used for studying the effect
of the dielectric constant on the rates of the reactions.
All reactions were performed in a nitrogen atmosphere.

(c) Product analysis

A solution of substrate (0.01 mol/l) was mixed with
QDC solution (0.02 mol/l) in the presence of perchloric
acid (0.08 mal/l) in a 20% agueous-DMF medium at
40°C. The reaction mixture was stirred in a nitrogen
atmosphere for 24 h for the completion of the reaction.

Table 1. Ratedatafor the oxidation of a-ketoacids by QDC
at 313K

kx10° st
[QDC] x 10° mol/I S— S—
pyruvic acid | phenylpyruvic acid
0.10 272 0.93
0.25 2.66 0.99
0.50 2.76 0.91
0.75 2.70 0.89
1.0 2.73 0.95

Note: [HCIO,4] = 0.1 mol/l, [a-keto acid] = 5.0 x 1073 mol/l, sol-
vent = 20% DMF (%, vol/vol).
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The evolution of CO, was observed. The organic layer
was extracted with ether, washed with water, and dried
over anhydrous Na,SO,. The oxidized products (acetic
acid from pyruvic acid and phenylacetic acid from phe-
nylpyruvic acid) were obtained after the complete
removal of ether. Each of the reaction products
obtained was subjected to IR (CCl,,) and NMR (CDCl;
Me,Si) analyses, and characterized as follows:

(i) Acetic acid:

IR: v 3030 (br s, -OH), 1717 (s, C=0), 1414, 1361,
1291, 941, 619 cm!.

'HNMR: 6 8.9 (s, 1H, 1-H), 2.2 (s, 3H, 2-H;).

13C NMR:  165.8 (C-1), 14.9 (C-2).

(i) Phenylacetic acid:

IR: v 2940 (br s, -OH), 1700 (s, C=0), 1520, 1410,
1350, 1280, 1240, 1190, 1030, 930, 680 cnr'.

'HNMR: $11.2 (s, 1H, 1-H), 8.1 (d, 2H, 4-H,), 7.6
(t, 2H, 5-H,), 7.5 (t, 1H, 6-H), 3.6 (s, 2H, 2-H,).

BC NMR: 8 171.4 (C-1), 133.3 (C-3), 129.7 (C-4),
129.1 (C-5), 128.6 (C-6), 16.4 (C-2).

RESULTS AND DISCUSSION

The oxidation of pyruvic acid and phenylpyruvic
acid by QDC in an acid medium resulted in the forma-
tion of acetic acid and phenylacetic acid, respectively.
Under the present experimental conditions, there was
no further oxidation of the products.

Stoichiometry. The stoichiometry of the reaction was
determined [9]. A stoichiometric A[QDCJ/A[a-ketoacid]
ratio of 0.67 was obtained suggesting the overall equa
tion

3RCOCO,H + 2Cr(VI1) + 3H,0
—~ 3RCO,H + 3CO, + 2Cr(l11) + 6H",

where R = CH; (pyruvic acid) and C,Hs;CH, (phe-
nylpyruvic acid), respectively.

Rate law. Under pseudo-first-order conditions, the
reactions exhibited afirst-order dependence in [QDC],
as seen from the constant values of k for atenfold vari-
ation of [QDC] (Table 1). A tenfold variation of [sub-
strate] showed a proportiona increase in the rate con-
stant. The plots of k versus[substrate] were linear pass-
ing through the origin, thereby confirming a first-order
dependence on [substrate] (figure). The order depen-
dence with respect to perchloric acid was unity (Table 1).
A linear increase in the rate with acidity suggested the
involvement of a protonated Cr(V1) speciesin the rate-
determining step of the reaction. The acid catalysis
must be related to the structure of the oxidant (QDC),
which was converted into a protonated species at the
concentrations of minera acid used. Quinolinium
dichromate is a bimetallic species, an anionic con-
densed form of chromic acid. The reactive form of the
oxidant was characterized in the preceding paper [11].
The observed rate law is
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w = K'[substrate] [QDC][H*]. )

Effect of temperature. A linear correlation
between logk and the reciprocal temperature in the
range 303-323 K was observed. Therate of thereaction
was found to increase with an increase in the tempera-
ture. The rate data and activation parameters are shown
inTable 2. The negative values of AS* provided support
for theformation of arigid activated complex. The con-
stancy in AG* values suggested that a common mecha-
nism was applicable for the oxidation of these sub-
strates.

Effect of solvent. The oxidation of a-ketoacids by
QDC was studied in solutions containing varying pro-
portions of water and DMF. The diel ectric constants for
H,O-DMF mixtures were estimated from the diel ectric
constants of the pure solvents[12]. It was observed that
an increase in water content of the medium showed an
increase in the rate of oxidation (Table 3). The absence
of any salt effects on therate of oxidation indicated that
the reaction was not of the ion—ion type. The effect of
solvent was analyzed in terms of its ionizing power,
where Y represents a measure of the ionizing power of
the solvent [13] defined by the equation

Y = logk(H,0) —logk,(H,0). 2)

Here ky(H,0) and k(H,O) are the rate constants of
a-ketoacids at 40°C in 80% water and in successive sol-
vent mixtures (water—DMF), respectively. Using this
definition, Y is zero in 80% water, and Y varies for the
solvent range used (Table 3). The variation of the sol-
volysis rate constant k with the solvent gives a linear
free energy relation [13], where m represents the
parameter measuring the sensitivity of the solvolysis
rate to Y. The values of logk, are shown in Table 3;

m =1 suggests that the passage to the transition state
involved an increase in charge. This could be attributed
to aprogressive increase in solvation in going from the

Table 2. Temperature and activation parameters for oxida-
tion of a-ketoacids by QDC

TiKO'l’ Pyruvic acid Ph\(;.illy;giydru-
kx10° st 303 123 0.39
308 1.90 0.62
313 2.73 0.95
318 4.07 1.32
323 5.62 2.24
E,, kJmol - 63+ 2 71+2
AH?, kI mol - 50+2 67+2
AS, JKT molt — 144+ 3 -129+ 3
AG?, kImol™ - 1021 105x1

Note: [a-Keto acid] = 5.0 x 10~ mol/l, [QDC] = 1.0 x 10~3 mol/I,
[HCIO,4] = 0.1 mal/l, solvent—20% DMF (%, vol/val).
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Plots of k vs. [substrate], [QDC] = 1.0 x 1073 mol/;
[HCIO4] = 0.1 mol/l; [DMF] = 20%(vol/vol); T = 313 K.
(2) Pyruvic acid, (2) phenylpyruvic acid.

reactants to the transition state. Hence, a change to a
more strongly ionizing medium (from 65% H,O to
100% H,0O) resulted in an increase in the rate of the
reaction (Table 3).

M echanism. It has been shown that the oxidation of
pyruvic acid by manganese pyrophosphate did not pro-
ceed by enolization, but by acyclic intermediate which
was kinetically detectable and which underwent
homolytic fission to yield a radical; the acyl radical
reacted further to form acetic acid [14]. The oxidation
of pyruvic acid by vanadium(V) was shown to proceed
through the formation of free radical intermediates
indicating that vanadium(V) underwent one-electron
reduction [15, 16]. In the present investigation, the
addition of acrylonitrile to the reaction mixture did not
result in any polymerization, and the addition of mer-
cury (1) chloride did not result in any reduction [17].
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Thisindicated that QDC did not behave as a one-equiv-
alent oxidant.

It has been shown that a-ketoacids are hydrated in
aqueous solution [18-20].

Pyruvic acid is a strong organic acid with the value
of K,=3.2 x 103 at 25°C [18, 19, 21] and a hydration
constant K, = 3.1. Consequently, in the pH range stud-
ied, the extent of hydration of pyruvic acid increases.
Thus, the hydrated form of pyruvic acid would remain
as an undissociated molecule (since [H] > K,) in the
range of acid concentrations used in this study (0.05—
0.25 mal/l). It is, therefore, suggested that QDC reacts
with the hydrated form of the a-ketoacids. Inthisinves-
tigation, it was observed that QDC reacts quantitatively
with pyruvic acid to give acetic acid and CO, (and
with phenylpyruvic acid to give phenylacetic acid
and CO,). Consequently, the corresponding enol,
CH,=C(OH)COOH, which (by analogy with the
enolic forms of simple ketones) should be more exten-
sively oxidized, does not appear to be involved.

The order of reactivity observed for the oxidation of
o-ketoacids was pyruvic acid > phenylpyruvic acid
(Table 1), showing that the +I effect of the methyl
group (in pyruvic acid) was predominant over the —|
effect of the benzyl group (in phenylpyruvic acid). The
activation parameters obtained indicated that the acti-
vation energy was much less for the oxidation of pyru-
vic acid than for phenylpyruvic acid. Furthermore, the
presence of an electron-releasing group (asin pyruvic
acid) accelerated the oxidation process by increasing
the electron availability at the oxygen atom of the car-
bonyl group. This facilitated the attack of the electro-
phile (protonated QDC) on the hydrated form of the
o-ketoacids. The net result was that the rupture of the
carbon—carbon bond in pyruvic acid occurred more eas-
ily than that in phenylpyruvic acid, which explains the
observed order of reactivity.

All the experimental results would suggest a mech-
anistic pathway for the oxidation reaction as shown in

Table 3. Solvent effect for oxidation of a-ketoacids by QDC at 313 K

Compound (HO/%OVOII?\'/\QII; D kx10° st logky Y

Pyruvic acid 100: 0 73.3 7.24 —-4.56 0.42
95:5 715 6.52 0.37
90: 10 69.7 521 0.28
85:15 67.9 4.03 0.17
80:20 66.2 2.73 0

Phenylpyruvic acid 85: 15 67.9 1.02 5.02 0.03
80:20 66.2 0.95 0
75:25 64.4 0.84 —0.06
70:30 62.6 0.71 -0.13
65:35 60.8 0.54 -0.25

Note: [a-keto acid] = 5.0 x 1072 mol/l, [QDC] = 1.0 x 10~ mol/l, [HCIO,4] = 0.1 mol/I.
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P S Y
R—C—C—OH +H,0== R—(l:—C—OH
1 OH
R = CH; 2
(Pyruvic acid)
C¢HsCH, O, ,OCIO,0XH
1 1 r
(Phenylpyyruvic acid) F oku
OH o) OH
| I dow LAl - o, OH
LCr_ . +C0;+R—C—OH «"*— R—C5O~Cr*—OXH + Cf |
0 “OXH 4 & o 0" “OXH
O// “OMH Cr(VI) monomer
_ 3
Cr(IV) + Cr(VD) 22 2Cr(v)
Cr(V) + substrate ™% . product + Cr(III)
X—Quinolinium
Scheme 1.
the Scheme 1. The mechanistic pathway of the reaction ACKNOWLEDGMENTS

under consideration could be summarized as follows:
(@ in the first step of the reaction, a-ketoacids 1 in
water formsthe hydrate 2; (b) the reaction of 2 with the
oxidant (QDC) gives the chromate ester 3; (c) the ester
3 undergoes decomposition in the slow step to yield the
product 4 identified as acetic acid (from pyruvic acid)
and phenylacetic acid (from phenylpyruvic acid) with
the evolution of carbon dioxide. The oxidation reaction
thus takes place by the rupture of the carbon—carbon
bond. The formation of acetic acid would be expected
only when the hydrated form of pyruvic acid acts as a
reducing substrate [22, 23]. On the other hand, if it were
to be suggested that the pyruvic acid underwent eno-
lization and not hydration, then the product obtained
would be oxalic acid (and not acetic acid, asobtained in
the present study). Hence, the enolization of a-ketoac-
idsisruled out.

The conversion of Cr(1V) to Cr(l11) is a dispropor-
tionation reaction. For the reaction Cr(IV) +
Cr(Vl) — 2Cr(V), the standard potentia for the
Cr(VI)-Cr(V) couple is extremely favorable (E, =
0.62V), and this reaction would proceed rapidly [24].
The Cr(V)-Cr(l11) couple has a potential of 1.75 V,
which would facilitate the rapid conversion of Cr(V) to
Cr(111) after the reaction with the substrate [24, 25].

Thiskinetic investigation has demonstrated the util-
ity of QDC in the oxidation of a-ketoacids, wherein
there was a cleavage of the carbon—carbon bond in the
final step of the reaction. This study further emphasizes
the utility of QDG as an oxidant that can be used for the
cleavage of a-ketoacids.

KINETICS AND CATALYSIS  Vol. 43

No. 6 2002

Financial assistance under the Special Assistance
Program from the University Grants Commission, New
Delhi, is gratefully acknowledged.

REFERENCES

1. Drummond, A.Y. and Waters, W.A., J. Chem. Soc., 1955,
p. 497.

2. Sen Gupta, K.K., J. Ind. Chem. Soc., 1964, vol. 41,
p. 423.

3. Albery, W.J., Bdll, R.P, and Powd, A.l, Trans. Far. Soc.,
1965, vol. 61, p. 1194.

4. Blomquist, A.T. and Bottomley, C.G., J. Am. Chem. Soc.,
1965, val. 87, p. 86.

5. Sen Gupta, K.K., Sarkar, T., Sen Gupta, S., and Chatter-
jee, H.R, Ind J. Chem,, 1976, vol. 14A, p. 583.

6. Sen Gupta, K.K., Sen Gupta, S., and Chatterjee, H.R,
Ind. J. Chem., 1976, vol. 14A, p. 586.

7. Maros, L., Molnar-Perl, 1., and Kover, L., J. Chem. Soc.,
Perkin Trans. 11, 1976, p. 1337.

8. Sen Gupta, K.K. and Chatterjee, H.R, Inorg. Chem,,
1978, val. 17, p. 2429.

9. Nongkynrih, |. and Mahanti, M K., J. Org. Chem., 1993,
vol. 58, p. 4925 and references therein; Bull. Chem. Soc.
Jpn., 1995, val. 68, p. 3325; Kuotsu, B., Tiewsoh, E.,
Debroy, A., and Mahanti, M.K., J. Org. Chem., 1996,
vol. 61, p. 8875.

10. Balasubramanian, K. and Prathiba, V., Ind. J. Chem.,,
1986, voal. 25B, p. 326.

11. Chaubey, G.S., Susngi, A., Das, S., and Mahanti, M K.,
Kinet. Katal., 2002, vol. 43, no. 6, p. 848 [Kinet. Catal.
(Engl. trandl.), 2002, val. 43, no. 6, p. 789].

12. Weagt, R.C., Handbook of Chemistry and Physics, Ohio:
CRC Press, 1978.



798

13.

14.

15.

16.

17.

18.

DAS et al.

Grunwald, E. and Winstein, S., J. Am. Chem. Soc., 1948,
vol. 70, p. 846.

Morette, A. and Gaugefroy, G, Bull. Soc. Chim. France,
1954, p. 956.

Littler, J.S., Mallet, A.l., and Waters, W.A., J. Chem.
Soc., 1961, p. 2761.

Kustin, K. and Toppen, D.L., Inorg. Chem., 1973,
vol. 12, p. 1404.

Littler, J.S. and Waters, W.A., J. Chem. Soc., 1959,
p. 1299.

Strehlow, H., Ber. Bunsen—Ges. Phys. Chem., 1962, vol.
66, p. 392.

19

20.

21.
22.

23.

24.
25.

. Ojelund, G. and Wadso, I., Acta Chem. Scand., 1967,
vol. 21, p. 1408.

Becker, M. and Strehlow, H., Z. Elektrochem., 1960,
vol. 64, p. 813.

Pederson, K.J., Acta Chem. Scand., 1952, val. 6, p. 243.

Sen Gupta, K.K. and Aditya, S., Anal. Chim. Acta, 1963,
vol. 29, p. 483.

Sen Gupta, K.K. and Sarkar, T., Tetrahedron, 1975,
vol. 31, p. 123.

Westheimer, FH., Chem. Rev., 1949, val. 45, p. 419.

Perez-Benito, J.F, Arias, C., and Lamrhari, D., Chem.
Commun., 1992, p. 472.

KINETICS AND CATALYSIS Vol. 43 No.6 2002



