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ABSTRACT

The kinetics of benzimidazolium fluorochromate (BIFC) catalysed oxidation of indole-2-
aldehyde (2-InA) with perchloric acid in 50% acetic acid—50% water solvent mixture at 303 K has
been followed spectrophotometrically. The reaction is first order with respect to [BIFC], [2-InA] and
[H*] and the reaction is catalyzed by hydrogen ions. A suitable mechanism has been proposed.
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INTRODUCTION

Oxidation of aldehydes into the
corresponding carboxylic acids is one of the
important methods in organic synthesis as the
carboxylic acids are versatile intermediates in a
variety of synthetic transformations’. Numerous
reagents and experimental procedures have been
developed to carry out this kinetic transformation,
in particular, reagents containing Cr(VI) reactive
species are widely used for the oxidation of
aldehydes to carboxylic acids®’. Over a few
decades the researchers have continuously
developed and modified the reagents. Many

attempts have been made to develop nitrogen
containing heterocyclic Cr(VI) complexes®'.

A series of indole-2-carboxylic acid
benzylidene-hydrazides has been identified as a
new class of potent apoptosis inducers through a
novel cell-based caspase HTS assay'2. A search of
literature revealed that only few reports are
available for kinetics of oxidation of heterocyclic
aldehydes'®e.

Benzimidazolium fluorochromate'-2° was reported
as a mild, stable and selective oxidant. BIFC has
been reported as an effective oxidant for the
oxidation of alcohols' '8, benzaldehydes'™ and
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anilines® .We have been interested in the kinetic
and mechanistic aspects of the oxidation by
complexed Cr(VI) species, and several studies on
halochromates have already been reported®-22. In
continuation of our earlier work, we now report the
kinetics of oxidation of indole-2-aldehyde by BIFC
in acetic acid water medium in various solvent
compositions and to determine thermodynamic
parameters. A probable mechanism has been
proposed.

EXPERIMENTAL

Materials

Benzimidazole and chromium trioxide
were obtained from Fluka (Buchs, Switzerland). The
heterocyclic aldehyde used was indole-2-aldehyde.
BIFC was prepared by reported method'” and its
purity is checked by an iodometric method. Acetic
acid was purified by standard method and the
fraction distilling at 118 °C was collected.

Kinetic measurements

The kinetic studies were carried out in 50%
acetic acid — 50% water (v/v) at constant
temperatures (x 0.01 K), under pseudo first-order
conditions ( [2-InA] > [BIFC] ) using a Shimadzu UV-
1800 UV-Vis spectrophotometer. Reaction mixtures
for kinetic runs were prepared by quickly mixing the
solutions of the 2-InA and BIFC in varying volumes
so that in each run the total volume was 5 ml. The
progress of the reaction was monitored by following
the disappearance of BIFC at 368 nm. The pseudo-
first-order rate constantk , , was evaluated from the
linear (r=0.990 to 0.999) plots of log [BIFC] against
time for up to 80% reaction. The second order rate
constant k,, was obtained from the relation k, = k
/[Substrate].

Product analysis

Product analysis was carried out under
kinetic conditions i.e., with excess of the substrate
over BIFC. In a typical experiment, indole-2-
aldehyde (0.l mol), perchloric acid (0.32 mol) and
BIFC (0.01 mol) were dissolved in acetic acid — water
mixture (50 % — 50%) and the solution was allows
to stand in the dark for about 48 h to ensure
completion of the reaction. The reaction mixture was
then evaporated and extracted with ether. The ether
layer was washed with water many times. The ether

layer was then kept on a water bath for the
evaporation of ether and cooled in ice bath to obtain
the product (m.p. 203 - 205 °C; Lit. m.p. 202 — 206
°C). The product was dissolved in benzene and a
careful TLC analysis was done with picolinic acid
(indole-2-carboxylic acid) as reference. Only one
spot corresponding to indole-2-carboxylic acid was
obtained. Formation of indole-2-carboxylic acid was
further confirmed by mixing the product with pure
indole-2-carboxylic acid and noting that there was
no change in the melting point. MS (ESI): m/z 162
(M+H)*. Anal. Calcd. for C,;H,NO (%): C, 67.07; H,
4.38; N, 8.69. Found: C, 67.00; H, 4.31; N, 8.59.

Stoichiometric studies

Stoichiometric analysis showed that 3 mol
of indole-2-aldehyde consumed 2 mol of BIFC in
accordance with Eq (1) to give indole-2-carboxylic
acid.
3C,H,NO +2Cr(VI) +3H,0—3C,H NO, + 2Cr (Ill)
+ 6H* ..(1)

(Indole-2-aldehyde)
RESULTS AND DISCUSSION

Dependence on [BIFC]

Under the experimental conditions, [2-InA]
>> [BIFC)], the rate of disappearance of BIFC shows
a first order dependence on [BIFC]. The
concentration of BIFC was varied in the range of
0.5 x 10 t0 2.5 x 10® mol dm™" at constant [2-InA],
[H*] at 3038 K and the rates were measured (Table
1). The near constancy in the value of k
irrespective of the concentration confirms the first
order dependence on BIFC.

Dependence on [2-InA]

The order of the reaction with respect to [2-
InA] is unity, k, is directly proportional to [2-InA] as
evident from the constant values of k, (Table 1). Plots of
log k; Vs log [2-InA] are also linear with a slope value of
0.98 (Fig. 1). Under pseudo-first-order conditions, the
plot of k... versus [2-InA] is linear passing through
origin (Fig. 2). These results confirm the first-order nature
of the reaction with respect to [2-InA].

Dependence on [H*]
The reaction is catalysed by perchloric
acid. When the concentration of perchloric acid
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increased from 0.16 to 0.48 mol dm™ keeping all
other reactant concentration as constant at 303 K,
k, increases from 2.60 x 1010 8.22 x 10 ™' (Table
1). The plot of log k , versus log [H*] is a straight
line with the slope of 1.04 for 2-InA. Therefore, order
with respect to H* is one for 2-InA. BIFC may become
protonated in the presence of acid and the

protonated BIFC may function as an effective
oxidant.

Effect of solvent polarity on reaction rate

The oxidation of 2- InA has been studied
in the binary mixture of acetic acid and water as the
solvent medium. The effect from solvent composition

Table 1: Effect of variation of [2-InA], [BIFC]
and [H*] on the rate of the reaction at 303 K&

103[BIFC] 102[2-InA] [H] 10k, 102 k°
(mol dm3) (mol dm-®) (mol dm-3) (st (dm®molis?)
0.5 2.0 0.32 5.38 2.69
1.0 2.0 0.32 5.44 2.72
1.5 2.0 0.32 5.48 2.74
2.0 2.0 0.32 5.42 2.71
2.5 2.0 0.32 5.40 2.70
1.0 1.0 0.32 2.78 2.78
1.0 1.5 0.32 3.87 2.58
1.0 25 0.32 6.90 2.76
1.0 3.0 0.32 8.01 2.67
1.0 2.0 0.16 2.60 0.16
1.0 2.0 0.24 412 0.17
1.0 2.0 0.40 6.74 0.17
1.0 2.0 0.48 8.22 0.17
1.0 2.0 0.32 5.34 2.67¢

aAs determined by spectrophotometrically following the disappearance of Cr(VI) at 368

nm; the error quoted in k values is the 95% confidence limit of ‘Student t test'.
bEstimated from pseudo first order plots over 80% reaction.

°Individual k, values estimated as k, / [2-InA] or k, /[H*]
dContained 0.001 mol dm acrylonitrile
Solvent Composition = 50% AcOH - 50% H,O (v/v)

Table 2: Pseudo-first order rate constants for the oxidation of
indole-2-aldehyde by BIFC at various percentage of acetic
acid-water medium at various temperatures

%AcOH-  Dielectric 10*k, (s%)

H,0 constant

(vIv) 298 K 303K 308 K 313K
30 -70 72.0 2.80 3.76 4.96 6.70
40 -60 63.3 3.42 4.52 6.06 8.22
50-50 56.0 3.90 5.44 6.80 9.34
60-40 45.5 4.92 6.78 9.14 12.40
70-30 38.5 5.96 8.04 10.66 14.04

10%[2-InA] = 2.0 mol dm-;

10°[BIFC] = 1.0mol dm?; 10 [H*] = 3.2mol dm?
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Table 3: Second order rate constants and activation parameters for the oxidation
of indole-2-aldehyde by BIFC at various percentage of acetic acid-water medium

%ACOH - 10%k, (dm3*mol*s™) E, —ASH# AH# AG#H

H,0 298K 303K 308K 313K (JK mol?) (JKtmol?) (JK*mol?) (IK*mol?)
(VV) (at 303 K)
30-70 1.40 1.88 2.48 3.35 44.99 138.02+2.4  42.12+0.8 83.94+1.6
40 60 1.71 2.26 3.03 4.11 45.56 134.76£3.6  42.88+1.2 83.71x2.4
50-50 1.95 2.72 3.40 4.67 44.23 136.49+4.2  41.36x1.4 82.72+2.6
60-40 2.46 3.39 4.57 6.20 47.86 123.86+1.2  45.18+0.4 82.71+0.8
70-30 2.98 4.02 5.33 7.02 43.84 132.28+0.6  40.21+0.2 80.29+0.4

102[2-InA] = 2.0 mol dm-; 10%BIFC] = 1.0mol dm; 10 [H*] = 3.2mol dm?
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Scheme 1: Mechanism of oxidation of indole-2-aldehyde by BIFC
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on the reaction rate was studied by varying the
concentration of acetic acid from 30% to 70%. For
the oxidation of 2- InA, the reaction rate increased
remarkably with the increase in the proportion of
acetic acid in the solvent medium. These results
are presented in Table 2. The plot of log k, versus 1/
D (dielectric constant) is linear with positive slope
suggesting the presence of either dipole—dipole or
ion—dipole type of interaction between the oxidant
and the substrate (Fig. 3). Plot of log k, versus (D -
1) / (2D+ 1) is a curvature indicating the absence of
dipole — dipole interaction in the rate determining
step. Amis (1967) holds the view that there is a
possibility of a positive ionic reactant, as the rate
decreases with the increasing dielectric constant
of the medium?3.

Activation parameters

The kinetics of oxidation of 2-InA was
studied at four different temperatures viz., 298, 303,
308 and 313 K. The second order rate constants
were calculated (Table 3). The Arrhenius plot of log
k, versus 1/T is found to be linear. The enthalpy of
activation, entropy of activation and free energy of
activation were calculated from k, at 298, 303, 308
and 313 K using the Eyring relationship by the
method of least square and presented in Table 3.
The entropy of activation is negative for 2-InA.

Mechanism of oxidation

A mechanism leading to the formation of
the free radicals is unlikely in view of the failure to
induce polymerization of acrylonitrile and no effect
of the radical scavenger on the reaction rate. Positive
slope of log k; versus 1/D plot indicates that the
reaction involves a cation—dipole type of interaction
in the rate determining step. It has been shown that
aldehyde oxidation reactions proceeded? via the
hydrated form. Hence, a mechanism involving a
direct hydrogen-transfer reaction between a free
aldehyde and BIFC was very unlikely.

The close resemblance in the structures
of aldehyde hydrates and alcohols would favor
similar pathways in their oxidation processes. The
oxidation of alcohols had demonstrated the rate-
determining decomposition of the protonated acid
chromate ester?”. In an analogous manner, the
oxidation of aldehydes could be visualized as
proceeding via the formation of a similar

T T —T —T —T —T —T
0.0 0.2 0.4 0.6 0.8 1.0 12 14

3 +log [2-InA]

Fig . 1: Showing order plot of indole-2-aldehyde
for the oxidation of indole -2-aldehyde by BIFC

0 T T T T T T
0.0 0.5 1.0 15 20 25 3.0

10° [2-InA], M

Fig. 2: Showing direct plot of indole-2-aldehyde
for the oxidation of indole-2-aldehyde by BIFC

0.45 (]

T T T T T T T
0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026
1/D

Fig.3: Plotof 1/D againstlogk . showing

effect of solvent polarity for the oxidation of

indole-2-aldehyde by BIFC at four different
temperatures
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intermediate (an ester of the aldehyde hydrate). If
the chromium was coordinated through the —OH
group (of the aldehyde hydrate) in the cyclic
transition state®® this would facilitate the formation
of the chromate ester and enhance the ease of its
oxidation to the corresponding carboxylic acid. Such
a transition state envisaged the transfer of electrons
towards the chromium, occurring by the formation
of the carbon-hydrogen-oxygen bonds, as well as
by the carbon-oxygen-chromium bonds.

The slow step of the reaction involved the
participation of the aldehyde hydrate, protonated
BIFC, and two electrons in a cyclic system. Removal
of the hydrogen (on the carbon) was part of this
step. The sequence of reactions for the oxidation of
2-InA by BIFCH®, in acid medium (Scheme 1)
showed that BIFC was converted to the protonated
BIFC i.e., BIFCH*. The substrate (A) was converted
to the hydrated form (Hy), which reacted with
BIFCH+*, giving the monochromate ester
intermediate (E). The monochromate ester (E)
underwent decomposition, in the rate determining
step, to give the product picolinic acid, along with
the Cr (IV) species.

Rate law

The rate law has been derived as follows:
-d[BIFC]/ dt = k,[E] = k,[Hy][BIFCH"] .(4)
where

[Hy] = k[A]H,0]
substituting the values of [BIFCH*] and [Hy] in the
above Eq. 5 (taking the activity of water to be unity),
we obtain

-d[BIFC] / dt = k K,k [A][BIFC][H"]

indicating that reaction exhibited first-order
dependence on the concentrations of each reactant
(substrate, oxidant and acid)

CONCLUSIONS

The kinetics of oxidation of 2-InA has been
investigated in aqueous acetic acid medium in the
presence of perchloric acid by
spectrophotometrically at 303 K. The oxidation of 2-
InA by BIFC is first order each with respect to the [2-
InA], [BIFC] and [H*]. The oxidation is catalysed by
perchloric acid. The lowering of dielectric constant
of reaction medium increases the reaction rate
significantly. The reaction does not show the
polymerization, which indicates the absence of free
radical intermediate in the oxidation.
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