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Kinetics and Mechanism of Oxidation of Cinnamaldehyde
by Chromium(VI)
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The kinetics of oxidation of cinnamaldehyde by Cr(VI) in 90% (v/v)
aqueous acetic acid has been studied. The reaction follows second-order
kinetics, first-order each in cinnamaldehyde and Cr(VI), at constant ionic
strength and [H']. A mechanism involving the chromic acid ester of
hydrated cinnamaldehyde as intermediate has been suggested.

INTRODUCTION

While Cr(VI) oxidation of chalcone' yields an epoxide, aliphatic unsaturated
aldehydes2 on the contrary are oxidised to their corresponding acids by Cr(VI).
Although Cr(VI) has been widely used as an oxidant for the oxidation of organic
compounds’, studies with unsaturated aldehydes received little attention. In this
paper the results of the kinetics of oxidation of cinnamaldehyde Cr(VI) in 90%
(v/v) aqueous acetic acid are reported and discussed.

EXPERIMENTAL

Cinnamaldehyde was purified before use. Acetic acid was purified by the
method of Orton and Bradfield®. All the other chemicals used were of AnalaR
grade. The kinetic studies were carried out in 90% (v/v) aqueous acetic acid under
pseudo first-order conditions and the temperature was maintained within
+0.1°C. The titrimetric procedure of Wiberg and Mill® was followed for the
estimation of unreacted Cr(VI). The pseudo first-order rate constant (k;) for each
run was evaluated from the slope of the linear plot of log(a—x) vs time
(correlation coefficient, r > 0.995) by the method of least squares. The second-
order rate constants were obtained from k; = k;/[cinnamaldehyde]. The kinetic
data fit the Eyring’s equation and the activation parameters were evaluated by the
method of least-squares. TLC of the reaction mixture of an actual kinetic run
showed that cinnamaldehyde was oxidised to cinnamic acid. Stoichiometric
studies indicated that three molecules of cinnamaldehyde were oxidised for each
two Cr(VI) species reduced to Cr(III) and the reaction could be represented as:

3C4HCH=CH—CHO + 2HCrOj + 8H*—— 3C4Hs—CH=CH—COOH
+2Cr () + SH,0 (1)
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RESULTS AND DISCUSSION

: The pseudo first-order rate constants and second-order rate consiants at

different [Cr(VI)] and [cinnamaldehyde] are presented in Table 1. The reaction
is first-order in Cr(VI) as shown by the constant values of the pseudo first-order
rate constants at different initial concentrations of Cr(VI). The constancy of
second-order rate constants at different initial concentrations of cinnamaldehyde
shows that the reaction is first-order in cinnamaldehyde. Further a plot of k; vs.
[cinnamaldehyde] is linear (r =0.999) passing through the origin indicating that
the reaction follows second-order kinetics.

TABLE-1
DEPENDENCE OF RATE ON [Cr(VI)] AND [CINNAMALDEHYDE]
10%(Cr(VI)] (mol dm™) [cinnan:glfiehydc] Ky x 10° 57 kax ‘_",2 4
(mol dm_3) (dm” mol™"s7")
1.00 3.00 15.3 5.09
1.50 3.00 14.8 493
2.00 3.00 14.8 492
2.50 3.00 13.8 461
3.00 3.00 14.0 4.67
1.00 1.00 4.79 4.79
1.00 1.50 722 482
1.00 2.00 10.0 5.00
1.00 2.50 123 490

Solvent: 90% (v/v) aqueous acetic acid; I = 0.120 mol dm'3; [HCIO4] = 0.100 mol dm’3;
Temp. = 313K

Kinetic data at different [H*], ionic strengths, percentage of acetic acid and
{Mn(II)] are presented in Table-2. The rate of the reaction is unaffected by change
in ionic strength of the medium. The reaction rate increases with an increase in
the concentration of HCIO, and the order in [H'] is around one (plot of log k; vs
log [H']: r=0.997, slope = 1.22; in evaluating [H*] the dissociation of acetic acid
is also taken into account). The rate of oxidation increases with an increase in the
acetic acid content in the reaction mixture. Thsi may be due to the increased
acidity of the medium at higher percentage of acetic acid®>". Alternatively the
enhanced rate of oxidation in solutions containing higher percentage of acetic
acid may be due to the formation of the acetyl chromate ion®. The acetyl group
present in this ion would increase the electron-accepting power of Cr(VI). The
rate retardation by the addition of Mn(Il) demonstrates the formation of Cr(IV)
in the rate-controlling step as a result of two-electron transfer process™ % °. The
addition will generally lead to a decreased rate of oxidation because Mn(II)
removes the Cr(VI) formed> ® °. The second-order rate constants at 298, 303, 308,
313 and 318 K under identical condition are 1.77x 1073, 2.56x 1072
3.27x1072,4.79 x 1072 and 6.92 x 1072 dm® mol™' 5™ respectively. The enthalpy
and entropy of activation are 50.6 KJ mol™! and — 13.4 KJ™' mol™ respectively.
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TABLE-2
EFFECT OF [H*], IONIC STRENGTH (1), PERCENTAGE OF ACETIC ACID AND
[Mn(I)] ON Cr(VI) OXIDATION OF CINNAMALDEHYDE

[cinnamaldehyde] = 0.010 mol dm™3; [Cr(V1)] = 0.001 mol dm™> Temp. = 303K

10[H*]*(mol dm™>) 1.16 1.66 2.16 2.66 3.16
kg x 102 (dm® mol™' s™') 244 4.03 522 7.20 8.21
10 I(mol dm™>) 1.20 1.50 2.00 2.20 3.20
kg X 102(dm® mol™' s™) 2.56 2.40 2.36 249 244
HOAc—H,0 (%)° % 75-25 80-20 85-15 90-10

kp x 10%(dm* mol™1 s7") 327 4.67 10.1 25.6
10°Mn(IN}%mol dm™) 0.00 1.00 3.00

k x 10%(dm® mol ™' s7) 2.56 1.29 1.18

2Solvent: 90% (v/v) aqueous acetic acid; I =0.320 mol dm™

bSolvent: 90% (v/v) aqueous acetic acid; [HC1O4] = 0.100 mol dm™3

¢1=0.120 mol dm™; [HCIO4] = 0.100 mol dm™

9Solvent: 90% (v/v) aqueous acetic acid; [HCIO,4) = 0.100 mol dm™>; I=0.120 mol dm™

At dilute solutions of Cr(VI) (as in the present case) the monomer — dimer
equilibrium

Cr,05 +H,0 2 2HCrO; )

is displaced to the right and the monomeric form predominates®!' The acid
chromate ion HCrOj, does not lose a proton until the pH is raised to about 7 and
it gains a second proton in the H-range of — 1 to — 3. At higher concentrations of
HCIO,, or Cr(VI) mairly exists as HCrO} & 12 whereas at lower concentrations
it exists as HCrO; *°. Hence it may be presumed that under the present
experimental conditions, where the acid concentration is low, Cr(VI) exists largely
as HCrOj. On the basis of the foregoing arguments, the following two-electron
transfer mechanism has been postulated.

H

CH;CH=CH—CHO + HCrO; + 2H' 2 CGHSCH=CH—(|JOCrO3H’2' 3)

OH
H
I
C¢Hs—CH=CH—COCrO;H}+H,0 —C¢Hs;CH=CH—CO,H+H;0"+H,CrO;
I (@)
OH
Cr (IV) + Cr(VI) - 2Cr(V)

2[Cr(V) + C¢Hs—CH=CH—CHO — C¢H;CH=CH—COOH + Cr(Ill)] (5)
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The mechanism envisages the formation of chromic acid ester of hydrated

cinnamaldehyde as intermediate. The rate-controlling step (eqn. 4) postulates that
the aldehydic hydrogen atom is lost as a proton. Equation (4) has been written as
if a water molecule abstracts the proton from the ester. An alternate possibility is
that the proton is abstracted in a cyclic process by one of the chromate oxygen
atoms®. Similar type of mechanism has been postulated in the oxidation of
alcohols® and aldehydes™ ? by Cr(VI). The rate law for the oxidation of cinnamal-
dehyde by Cr(VI) can be written as

w p

0 ® NN

11.
12.

= ((:it YDl ky[cinnamaldehyde][HCrOg] at constant [H*].
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