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Kinetic and Mechanistic Study of the Oxidation of D-Mannose
by Tetraethylammonium Chlorochromate in Aqueous Acetic
Acid Medium
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The kinetic and mechanistic study of the oxidation of D-mannose
by tetraethylammonium chlorochromate (CoHs)JNCrO5Cl is re-
ported. The reaction has been carried out in aqueous acetic acid
50% (v/v) medium in presence of perchloric #cid at constant ionic
strength. The reaction has been found to be first order with respect
to each of the oxidant and substrate under pseudo-first order con-
ditions. The reaction is catalyzed by acid and follows a first order
dependence on H' concentration. The ionic strength variation has
no cffect on the reaction rate. The decrease in dieleciric constant
of the medium increases the rate of reaction. A 1: 1 stoichiometry
is observed in the oxidation and the reaction rate is not retarded by
the addition of radical trapping agent acrylonitrile. The effect of
temperature is studied and the various activation parameters are also
determined. The products of oxidation are identified to be arabinose
and formic acid. On the basis of observed facts, a hydride 1on
transfer mechanism is proposed.

Key Words: Kinetic, Oxidation, ‘D-Mannose, Tetraethyl-
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INTRODUCTION

It is of considerable interest to determine the mechanism of oxidation of
reducing sugars which have a large number of functional groups unlike most
organic substrates, and in which the functional groups and competing reactions
frequently occur. Oxidation of some reducing sugars including D-mannose has
been investigated with the aid of several oxidants’™% The mechanism of
oxidation of carbohydrates have been reported and reviewed!™ 14 wherein metal
ions are used as oxidants. Tetraethylammonium chlorochromate'? is the recently
developed Cr(VI) oxidant which resembles pyridium chlorochromate'® and
quinolinium chlorochromate'” and has an immense versatility as a mild and
selective oxidising agent'®

EXPERIMENTAL

The oxidant tetraethylammonium chlorochromate (TEACC) was synthesized
according to the reported procedure’®. The stock solution of TEACC and
D-mannose was prepared in agueous acetic acid 50% (v/v).
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Solution of NaClO, (CDH, India) was used to maintain a constant ionic
strength of 1.0 M perchloric acid (CDH, India). The reactions were performed
under pseudo-first order conditions, [D-mannose] > [TEACC]. The medium of
reactions was always 1 :1 (v/v) acetic acid-water in the presence of perchloric
acid. The reactions were performed at constant temperature (+ 0.1°C). The
progress of the reaction was followed spectrophotometrically by monitoring the
decrease in absorbance of TEACC at 350 nm using a Shimadzu UV-160A
spectrophotometer.

RESULTS AND DISCUSSION

Reaction stoichiometry and product analysis: The stoichiometry of the
reaction was carried out by taking [TEACC] > [D-mannose]. A mixture of
D-mannose (0.01 mol dm"a) and TEACC (0.10 mol dm™) were allowed to react
~for 24 h at 30°C in a solvent. The unconsumed- TEACC was determined
iodometrically. The stoichiometry was found to be 1:1, consistent with the
following equation:

H+
CoH1205 + (CoH5)sNCrO3Cl—— CsHyg05 + HCOOH + (C,H;),NCl + CrO,

This equation entails a two electron transfer which is in good agreement with
the proposals of Brown ez al." D-arabinose and formic acid were identified as
the products of oxidation. The formation of D-arabinose was confirmed by
phenythydrazone formation® and the presence of formic acid was confirmed by
spot test*!,

Empirical rate law: The kinetics of oxidation process was studied under
pscudo-first order conditions in 1 : | (v/v) acetic acid-water mixture in the
presence of perchloric acid at constant ionic strength. The pseudo-first order rate
constants were determined at various initial concentrations of reactants. The
results obtained are given in Table-1. ,

The order in oxidant is unity as the plots of log [TEACC] against time were
linear in all the runs studied and pseudo-first order rate constants are independent
of initial concentration of TEACC (Table-1).

The reaction rate increases with the increasing concentration of D-mannose
and the plot of log k; vs. log [D-mannose] is found to be linear having a slope
of 1.01 (Fig. 1), indicating first order dependence on [D-mannose]. The second
order rate constants, k, (k, = k/[substrate]), are constant supporting the first order
dependence on [D-mannose] (Table-1).

The reaction is acid catalyzed (Table-1) and the plot of log ki, vs. log [H'] is
found to be linear having a slope of 1.03 (Fig. 2) indicating first order dependence
on [H'].

The linear increase in rate with acidity suggests the involvement of protonated
Cr(VI) species in the rate determining step. Involvement of such species is well
known in Cr(VI) oxidation®? proceeding in acid media®?, Hence, the empirical
rate law may be given as below:

N Wl = Kopsl TEACC][D-mannose][H"]
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TABLE-1
DEPENDENCE OF RATE CONSTANT ON [TEACC], [D-MANNQOSE] AND
PERCHLORIC ACID AT 30°C

[NaClO4] = 1.66 x 107! mol dm™; solvent: acetic acid-water {50-50% (V/v)}

[TEACC] % 10° [D-Mannose] x 10°  [HCIO4] x 10 K; x 10* K, x 107
(moldm™)  (mol dm™) (mol dm™) h (@m~ mol™ s
0.66 1.66 7.73 3.55 —
0.88 1.66 ’ 773 3.52 —
1.1 1.66 773 3.55 —_
1.33 1.66 773 3.57 —_
1.55 1.66 173 355 _
1.33 0.66 773 o142 2.15
1.33 1.00 773 213 2.13
1.33 1.33 773 2.88 2.17
1.33 1.66 7.73 3.55 2.14
1.33 2.00 773 4.29 2.14
1.33 1.66 380 1.62 —
1.33 1.66 5.0 275 —
1.33 1.66 770 3.55 —
1.33 1.66 990 4.73 —
1.33 1.66 11.60 5.62 —
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Fig. 1. Plot of log k; ws. log [D-mannosel; [TEACC}: 1.11 x 107> mol dm’s’; [HCIO ]

=7.73x 107" mol dm"3; [NaClO,] =1.66 x 10" mol dm’3; solvent acetic acid-water
{50-50% (v#v}}; temperature 30°C
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Fig. 2. Plot of log &y vs. log [HCIO,J: [TEACC] = 1.11 x 107 mol dm™; [HCIO,] = 7.73 x
107 mol dml“}; INaClO, ) = 1.66 x 1073 mol dm™ :sSolvent: acetic acid-water {50-50%
(v/vi}; emperatare 30°C
Salt effect on the reaction rate: The reaction rate was not influenced by
ionic strength over the range of 0.83 x 107! to 5.00 x 107" mol dm™ NaClO,.
Similar observations have also been reported in the oxidation of hydrocarbons by
other oxochromium({ VT) feagemsz".
Solvent effect: The kinetics of the reaction has been studied under varying
composition of acetic acid-water mixture (Table-2).
TABLE-2
EFFECT OF SOLVENT {CH3:COCH) ON THE RATE CONSTANT k;

[TEACC] = 1.11 x 107 mol dm™; [D-mannose] = 1.66 x 10™% mol dm™:

CH3COOH : H,0 k; % 10% (sec™h) /D
40 : 60 3.20 0.020
50 : 50 3.55 0.024
60 : 40 391 0.028
70: 30 4.74 0.036
80: 20 6.15 0.048

It has been observed that pseudo-first order rate constants increase with de-
creases in dielectric constant (Table-2). Aplotoflogk, vs. 1/D (inverse of dielectirc
constant) is linear with positive slope (Fig. 3). From this it is concluded that reaction
is of ion-dipole type® and this provides convincing evidence that the active species
is a protonated form of TEACC.

Effect of temperature: The reaction has been studied at five different
temperatures. Table-3 presents the various activation parameters calculated.

Aplotoflog ky vs. 1/T is linear showing that the Arrhenius equation is followed
(Fig. 4).
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Fig. 3. Plot of log k; vs. ¥D; [TEACC] = 1.11 x 107 mol dm™; [HCIO4] = 7.73 x 10”! mol
dm™; [NaCIOg) = 1.66 x 107" mol dm™; solvent acetic acid-water {50-50% (v/v)};

temperature 30°C
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Fig. 4. Plot of log ky, vs. 10°/T; [D-mannose] = 1.66 x 1072 mol dm™; [TEACC] = 1.11 x

107 mol dm™; [HCIO,] =7.73 % 107! mol dm™; [NaClO,] = 1.66 x 10™" mol dm™;
solvent: acetic acid-water {1 : 1 (v/v)}; temperature 30°C

Aldoses in aqueous acidic solution exist as equilibrium mixtures of o- and
B-pyranose (Scheme-1)*®. The equilibrium mixture of D-manose mainly consists
of the o-anomer having the epimeric H in equatorial position. The B-anomer is
supposed to be more reactive species®’.

A free radical mechanism is ruled out since the polymerization of acrylonitrile
1s not observed.
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TABLE-3
DEPENDENCE OF RATE ON TEMPERATURE AND ACTIVATION PARAMETERS IN
ACETIC ACID 50% (v/v)-WATER 50% (v/v) MIXTURES

[D-Mannose] = 1.66 x 1072 M; [TEACC] = 1.11 x 10~ M; [Perchloric acid] = 7.73 x 10”! M;
[Sodium perchlorate] = 1.66 X 107 M

Temperature ki X 10* Temperature Ea (K) logic A AH* AG* —AS*
(K) (sec™)  coefficient (kI mol™) (kI mol™) (kJ mol™) (J K™! mol™)
293 1.74 —_ — 599 5226 @ 92.82 138.43
298 2.45 204 5263 597 5222 93.60 138.86
303 355 207 5549 598 5218  94.28 138.94
308 5.07 2.03 5599 598 5214  94.96 139.03
313 7.22 — — 598 5210 95.62 139.04

Mean: 54.70 o

E, from graph: 54.68
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Scheme-1

The increase in rate with acidity suggests pratonation of TEACC species. This
protonated TEACC interacts with the substrate in the rate-determining step. Both
structural and experimental observations led to the conclusion that the reaction
involves the removal of a hydride ion, leaving a carbonium ion as a transient
intermediate which undergoes further changes to form the product. However, the
UV-spectra did not show the existence of the intermediate complex formation (Fi g.
5), indicating its instability. The process is outlined in Scheme-2.

Observation of earlier workers provides support for this mechanism> ",
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Fig. 5. UV-spectra of TEACC in agucous acetic acid 50% {(v/v) (A} and TEACC in aqueous
acetic acid 50% (v/v) with D-mannose (B)
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Rate = — % [TEACCH'] = [TEACCH"][S] = k,[TEACCH{S]

Applying law of mass action to eqn. (1) we get,

Ay

_ [TEACCH"
[TEACC][H"]
[TEACCH'] = K[ TEACC][H']

Substituting the value of [TEACC}[H"] from eqn. (5) into eqn. (4),

Conclusion

Rate = k; K [TEACCJ[H][S] = ko, [ TEACC][H"[S]

(3)
(4)

&)

The oxidation of D-mannose proceeds via hydride ion transfer mechanism
involving the specific cleavage of C;—C, bond of the substrate to give the

products.



3080 Tomar et al. o Asian J. Chem.

el Il o e

=

106
1.

12.

25.

26.
27.
28.
29.
30.

REFERENCES

E. Kasper, Z. Physik. Chem. (Leipzg), 224, 427 (1963).

A.P. Modi and S. Ghosh, J. Indian Chem. Soc., 45, 687 (1969).
S.P Mishra and K.C. Gupta, J. Indian Chem. Soc., 81, 145 (1974).
K.K. Sengupta and S.N. Basu, Carbohydrate Res., 72, 39 (1979).
F. Anand and A. Shrivastava, Carbohydrate Res., 102, 23 (1982).
R. Varadarajan and R.K. Dhar, Indian J. Chem., 25A, 474 (1986).
V. Shashikala and K.S. Rangappa, Oxid. Commun., 27, 316 (2004).

L.FE. Sala, S.R. Singnorelia, M. Rizzotto, M.1. Frascaroli and E. Gandoifo, Can. J. Chem.,
70, 2046 (1992).

M.P. Raghavendra, K.S. Rangappa, D.S. Mahadeappa and D.C. Gowda, Indian J. Chem.,
37B, 783 (1998).

N. Anitha, K.S. Rangappa and K.M.L. Rai, Indian J. Ch‘em: 38B 1045 (1999).

S. Signorella, V. Daier, S. Garcia, R. Cargnelo, J.C. Gonzalez R Rizzotto and L.F. Sala,
Carbohyd. Res., 14, 316 (1999).

P.A. Prashanath, K. Mantelingu, A.S.A. Murthy, N. Anitha, Rangaswamy and K.S.
Rangappa, J. Indian Chem. Soc., 78, 241 (2001).

B. Capon, Chene. Rew, 69, 407 (1969).

R.P. Bhatnagar awd A.G3. Fadnis, J. Sci. Ind. Res., 45,90 (1986).

A. Pandurangan, V. Murugesan, J. Indian Cher. Soc.; 73, 484 (1996).

E.J. Corey and 3. W. Suwggs, Tetrahedron Lett., 16, 2647 (1975).

1. Singh, P.S. Kalsi, G.5. Yawanda and B .R. Chhabra, Chem. Ind., 631 (1986;.

1. Singh, G.L. Kad, Vig., M. Sharma and B.R. Chhabra, Indian J. Chem., 36B, 272 (1997).
H.C. Brown, C.G. Ras and 5.U. Kulkarni, J. Org. Chem., 44, 2809 (1974).

S. Honda and ¥ Talkmers, Anal. Chim. Acta, 77,125 (1975).

F. Feigl, Spot Test m Cganic Chemistry, Elsevier, Amsterdam, p. 347 (1960).

K.B. Wiberg, Cmusdatiom 3n Organic Chemistry, Part A, Academic Press, New York, p. 69
(1965).

K.K. Banerjee, J. Cherr. Soc. Res. (M), 2561 (1978).
B. Bhattacharjee, M.IN. Bhattacharjee, M. Bhattacharjee and A.K. Bhattacharjee, Int. J.
Chem. Kiner., 17, 629 (1985).

1. Shorter, Correlation in Organic Chemistry and Introduction to Linear Free Energy
Relationship, Clarendon, Oxford (1973).

M.L. Wolform and R.S. Staurt, Adv. Carbohyd. Chem. Biochem., 24, 13 (1969).
A.S. Perlen, Can. J. Chem., 42,265 (1964).

K.K. Banerjee, Indian J. Chem., 17A, 300 (1979)

G.L. Agrawal and Shami Jha, Rev. Roum. de Chem., 34, 1769 (1989).
_ Indian Cheni. Soc., 67,960 (1990).

{Received: 30 November 2005; Accepted: 2 May 2006) AJC-4845



