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Abstract: The oxidation of pyridine-2-aldehyde (2-PyA) by benzimidazolium fluorochromate
(BIFC) has been studied in aqueous acetic acid medium. The oxidation leads to the formation of the
pyridine-2-carboxylic acid. The reaction is first order with respect to [BIFC], [2-PyA] and [H'] and
the reaction is catalyzed by hydrogen ions. The reaction mixture failed to induce the polymerization
of added acrylonitrile. The reaction has been studied in different percentage of acetic acid-water
mixture. The decrease in dielectric constant of the medium increases the rate of the reaction or low
dielectric constant of the medium favours the reactivity. A suitable mechanism has been proposed.
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Introduction

Aromatic and aliphatic aldehydes have many applications. Aromatic aldehydes act as a key
chemical intermediate for the production of a variety of fine or special chemicals, such as
pharmaceuticals, drugs, dyestuffs, pesticides and perfume composition'. Oxidation product
of pyridine-2-aldehyde is pyridine-2-carboxylic acid (picolinic acid). It acts as a chelating
agent of elements such as chromium, zinc, manganese, copper, iron, and molybdenum in the
body. It is involved in phenylalanine, tryptophan, and alkaloids production and for the
quantitative detection of calcium. This forms a complex with zinc, may facilitate the passage
of zinc through the gastrointestinal wall and into the circulatory system. During the past
decades, picolinic acid was found to have a number of biological functions. Commercially
picolinic acid is used asan intermediate to produce pharmaceuticals (especially local
anesthetics) and metal salts for the application of nutritional supplements. Picolinic acid
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chromium salt, a dietary supplement, may be used to study its potential as a modulator of
glucose uptake and the activity of insulin. Picolinic acid also has protective and therapeutic
effects against tumor through activation and subsequent enhancement of macrophages-
mediated cytotoxicitiy and induces production of tumor-related proteins. Intriguingly,
picolinic acid stimulates programmed cell death (PCD) in cancer cells and efficiently
interrupts the progress of HIV in vitro®.

Kinetics of oxidation of benzaldehyde by various oxidizing agents have been well
studied®™'°. A search of literature revealed that only few reports are available for kinetics of
oxidation of heterocyclic aldehydes''¢.

Chromium compounds especially Cr(VI) reagents have been versatile reagents and
capable of oxidizing almost all the oxidizable organic functional groups'’. The development
of newer Cr(VI) reagents for the oxidation of organic substrates continues to be of interest.
In recent years, many such reagents have been developed and used to study the oxidation of
various organic compounds'®?*.

Benzimidazolium fluorochromate was reported to be a mild, stable and selective oxidant.
A perusal of the literature showed that there seems to be a very few reports using BIFC*™.
Literature survey has also unveiled the fact that the study of oxidation of heterocyclic aldehyde
like pyridine-2-aldehyde in aqueous acetic acid medium is lacking. As a part of our
investigation on the mechanistic aspects of BIFC oxidations*”*, we report the results of BIFC
oxidation of pyridine-2-aldehyde in aqueous acetic acid medium. The present investigation is
an effort to probe into the kinetic and mechanistic aspects of BIFC oxidation of pyridine-2-
aldehyde in aqueous acetic acid medium in various solvent compositions and to determine
thermodynamic parameters. A probable mechanism has been proposed.

Experimental

Benzimidazole and chromium trioxide were obtained from Fluka (Buchs, Switzerland). The
heterocyclic aldehyde used was pyridine-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 pseudo first-order conditions were attained by maintaining a large excess (X 15 or more) of
heterocyclic aldehydes over BIFC. The solvent was 50% acetic acid — 50% water (v/v), unless
specified otherwise. The reactions were followed, at constant temperatures (£0.01 K), by
monitoring the decrease in [BIFC] spectrophotometrically at 368 nm using UV-Vis
spectrophotometer, Shimadzu UV-1800 model. The pseudo first-order rate constant k,,, 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 &, = &, / [Substrate].

Data analysis

Correlation analysis were carried out using Microcal origin (version 6) computer software. The
goodness of the fit was discussed using the correlation coefficient (r in the case of simple linear
regression and R in the case of multiple linear regression) and standard deviation (SD)

Product analysis

Product analysis was carried out under kinetic conditions i.e., with excess of the substrate
over BIFC. In a typical experiment, pyridine-2-aldehyde (0.1 mol), perchloric acid (0.32 mol)
and BIFC (0.01 mol) were dissolved in acetic acid-water mixture (50%-50%) and the solution
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was allowed 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. 138 - 141 °C; Lit. m.p. 139 - 142 °C).
The product was dissolved in benzene and a careful TLC analysis was done with picolinic acid
(pyridine-2-carboxylic acid) as reference. Only one spot corresponding to picolinic acid was
obtained. Formation of picolinic acid was further confirmed by mixing the product with pure
picolinic acid and noting that there was no change in the melting point.

FT-IR spectra were obtained as KBr discs on Shimadzu spectrometer. '"H NMR (500
MHz) and *C NMR (125 MHz) spectra was obtained using Bruker DRX- 500 Avance at
ambient temperature, using TMS as internal standard. Mass spectra were determined on a
Varion - Saturn 2000 GC/MS instrument. Elemental analysis were measured by means of
Perkin Elmer 2400 CHN elemental analyzer flowchart.

Pyridine-2-carboxylic acid (from pyridine-2-aldehyde)

White crystalline solid; IR (KBr, cm'l): 3034, 2878 (br, s, —OH), 1698 (s, C=0), 1477,
1036, 949, 768; "H NMR (500 MHz, DMSO-dy) & : 11.2 (s, IH, COOH ), 8.92 (d, 1H, CH),
8.22 (d, 1H, CH), 8.05 (t, 1H, CH), 7.68 (t, 1H, CH) ppm; *C NMR (125 MHz, DMSO-d;)
0: 124.8, 126.6, 136.9, 147.9, 149.3, 172.2 ppm; MS (ESI): m/z 124 (M+H)". Anal. Calcd.
for CsHsNO, (%): C, 58.54; H, 4.09; N, 11.38. Found: C, 58.44; H, 4.02; N, 11.29.

Stoichiometric studies

The stoichiometric studies for the oxidation of 2-PyA by BIFC were carried out with oxidant
in excess. The solvent composition 50% acetic acid —50% water (v/) and [H'] were
maintained as in the corresponding rate measurements. The temperature was maintained at
313 K. Pyridine-2-aldehyde and BIFC were mixed in the ratio 1:4, 1:5, 1:6 and were allowed
to react for 48 h at 313 K. The concentration of unreacted BIFC was determined. A[BIFC]
was calculated. The stoichiometry was calculated from the ratio between [2-PyA] and
[BIFC]. Stoichiometric analysis showed that 3 mol of aldehyde consumed 2 mol of BIFC in
accordance with Eq (1) to give the corresponding carboxylic acid.

3C4HsNO, + 2Cr(VI) + 3H,0 —> 3C4HsNO; + 2Cr (III) + 6H" (1)

(Pyridine-2-aldehyde)

Results and Discussion

The oxidation of pyridine-2-aldehyde by BIFC has been conducted in 50% acetic acid and
50% water medium at 303 K, under pseudo first order conditions and the result obtained
were discussed in the following paragraphs.

Effect of varying BIFC concentration

The concentration of BIFC was varied in the range of 0.5x10™ to 2.5x10” mol dm™ at constant
[2-PyA], [H'] at 303 K and the rates were measured (Table 1). The near constancy in the value
of ks irrespective of the concentration confirms the first order dependence on BIFC.

Effect of varying heterocyclic aldehyde concentration

The concentration of 2-PyA was varied in the range of 1.0x107 to 3.0x107 mol dm™ at 303 K
and keeping all other reactant concentrations as constant and the rates were measured (Table 1).
The rate of oxidation increased progressively on increasing the concentration of 2-PyA.
The plot of log ks versus log [2-PyA] gave the slope of 1.03 for 2-PyA (Figure 1). Under



526 Chem Sci Trans., 2015, 4(2), 523-533

pseudo first-order conditions, the plot of of ks versus [2-PyA] is linear passing through origin
(Figure 2). These results confirm the first-order nature of the reaction with respect to [2-PyAl].

Effect of varying perchloric acid concentration

Perchloric acid has been used as a source of H' in reaction medium. The concentration of H"
was varied in the range 0.16 to 0.48 mol dm™ keeping all other reactant concentration as
constant at 303 K and the rates were measured (Table 1). The acid catalysed nature of this
oxidation is confirmed by an increase in the rate on the addition of H'. The plot of log ks
versus log [H'] is a straight line with the slope of 1.03 for 2-PyA. Therefore, order with
respect to H' is one for 2-PyA. BIFC may become protonated in the presence of acid and the
protonated BIFC may function as an effective oxidant.

Table 1. Effect of variation of [2-PyA], [BIFC] and [H'] on the rate of the reaction at 303 K*°

10°[BIFC],  10°[2-PyA], N 3 10* &, ° 107k,

mol dm™ mol dm™ [H'], mol dm s! dm’mol's™
0.5 2.0 0.32 3.30 1.65
1.0 2.0 0.32 3.34 1.67
1.5 2.0 0.32 3.42 1.71
2.0 2.0 0.32 3.38 1.69
2.5 2.0 0.32 3.26 1.63
1.0 1.0 0.32 1.56 1.56
1.0 1.5 0.32 2.58 1.72
1.0 25 0.32 4.05 1.62
1.0 3.0 0.32 4.89 1.63
1.0 2.0 0.16 1.70 0.11
1.0 2.0 0.24 2.44 0.10
1.0 2.0 0.40 422 0.11
1.0 2.0 0.48 5.02 0.10

“As 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’. *Estimated from pseudo first order
plots over 80% reaction. “Individual k, values estimated as k; / [2-PyA] or k, / [H'] Solvent
Composition = 50% AcOH - 50% H,0 (v/v)

4+ 1og Kobs

r T r T r
1.0 11 1.2 13 1.4 15
3+log [2-PyA]

Figure 1. Order plot of pyridine-2-aldehyde for the oxidation of pyridine-2-aldehyde by BIFC
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Figure 2. Direct plot of pyridine-2-aldehyde for the oxidation of pyridine-2-aldehyde by BIFC

Effect of acidity

The reaction is catalyzed by hydrogen ions (Table 1). The acid—catalysis may well be
attributed to a protonation of BIFC to give a stronger oxidant and electrophile.

0,CrFO'BIH' + H' (OH)OCrFO BIH" )

The formation of a protonated Cr(VI) species has earlier been postulated in the reactions
of structurally similar PCC*' and PFC*.

Induced polymerization of acrylonitrile

The possibility of radical formation and its involvement in the reaction has been ruled out as
the addition of acrylonitrile in the reaction mixture developed no turbidity and hence the
reaction rates was not affected even the [acrylonitrile] was at 1.0x107 to 5.0x10~* mol dm™
(Table 2). Thus, a one electron oxidation giving rise to free radicals is unlikely.

Effect of varying ionic strength of reaction rate

The effect of ionic strength was studied by varying the NaClO,4 concentration in the reaction
medium. The ionic strength of the reaction medium was varied from 1.0x107 to 5.0x107
mol dm™ and keeping all other reactant concentration as constant. It was found that the
values of the rate constants at different ionic strength of the reaction medium has no
significant effect on the reaction rate (Table 2).

Effect of solvent polarity on reaction rate

The oxidation of 2-PyA has been studied in the binary mixture of acetic acid and water as
the solvent medium. For the oxidation of 2-PyA, the reaction rate increased remarkably with
the increase in the proportion of acetic acid in the solvent medium. These results are
presented in Table 3.

The effect from solvent composition on the reaction rate was studied by varying the
concentration of acetic acid from 30% to 70%. The pseudo-first-order rate constants were
estimated for the oxidation of 2-PyA, with BIFC in the presence of perchloric acid at a constant
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ionic strength. The reaction rate is increases markedly with the increase in the proportion
of acetic acid in the medium (Table 3). When the acid content increases in the medium,
the acidity of the medium is increased whereas the dielectric constant of the medium is
decreased. These two effects cause the rate of the oxidation to increase markedly. The
enhancement of the reaction rate with an increase in the amount of acetic acid generally
may be attributed to two factors, viz, (i) the increase in acidity occurring at constant [H'],
and (ii) the decrease in the dielectric constant with an increase in the acetic acid content.

Table 2. Effect of acrylonitrile (AN) and NaClO,4 on the oxidation of pyridine-2-aldehyde
by BIFC at 303 K

10°[AN], mol dm®  10°[NaClO,], mol dm™  10* &, s

0.0 0.0 3.42
1.0 0.0 3.36
2.0 0.0 3.40
3.0 0.0 3.44
4.0 0.0 3.37
5.0 0.0 3.33
0.0 1.0 3.47
0.0 2.0 3.49
0.0 3.0 3.36
0.0 4.0 3.39
0.0 5.0 3.40

10°[2-PyA] = 2.0 mol dm™ ; 10°[BIFC] = 1.0 mol dm™; 10 [H'] = 3.2 mol dm™ Solvent composition =
50% AcOH - 50% H>0 (v/v)

Table 3. Pseudo first-order rate constants for the oxidation of pyridine-2-aldehyde by BIFC
at various percentage of acetic acid-water medium at various temperatures

%AcOH Dielectric 10* k; s

H,0, vv constant 298K 303K 308K 313K
30-70 72.0 1.66 2.40 3.40  4.90
40-60 63.3 1.90 286 428 578
50-50 56.0 2.28 334 476  6.84
60-40 45.5 2.84 422 6.08 832
70-30 38.5 3.44 5.02 7.42 10.88

10°[2-PyA] = 2.0 mol dm’; 10°[BIFC] = 1.0mol dm™; 10 [H'] = 3.2mol dm”

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™ ** (Figure 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 in an ion—dipole reaction involving a positive ionic
reactant, the rate would decrease with increasing dielectric constant of the medium and if the
reactant were to be a negatively charged ion, the rate would increase with the increasing
dielectric constant. In this case there is a possibility of a positive ionic reactant, as the rate
decreases with the increasing dielectric constant of the medium®. Due to the polar nature of
the solvent, transition state is stabilized, i.e., the polar solvent molecules surround the
transition state and result in less disproportion.
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Figure 3. Plot of 1 / D against log k,»; showing effect of solvent polarity for the oxidation
of pyridine-2-aldehyde by BIFC at four different temperatures

Thermodynamic parameters

The kinetics of oxidation of 2-PyA was studied at four different temperatures viz., 298, 303,
308 and 313 K. The second order rate constants were calculated (Table 4). 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 4. The
entropy of activation is negative for 2-PyA.

Table 4. Second order rate constants and activation parameters for the oxidation of pyridine-
2-aldehyde by BIFC at various percentage of acetic acid-water medium

7 ERT #
%ACOH ) 10 kg, dm mOl S Ea, KJ —AS#, AH#, kJAI(r':]O’l_I
H,O, v/~ 298K 303K 308K 313K mol' JK'mol' kJmol' at 303 K

30-70 0.83 120 1.70 245 54.18 113.02+0.6 53.69+0.2 87.94+0.4
40-60 095 143 214 289 5648 102.40+3.9 53.80+1.3 84.82+2.4
50-50 1.14  1.67 238 342 5494 105.66+1.2 53.46+0.4 85.47+0.8
60-40 142 211 3.04 416 5341 107.76+£3.3 51.50+1.1 84.15+2.1
70-30 .72 251 371 544 5732 096.44+1.8 56.09+0.6 85.31+1.2

10°[2-PyA] = 2.0 mol dm’ ; 10°[BIFC] = 1.0 mol dm™; 10 [H'] = 3.2mol dm
Isokinetic relationship

The reaction is neither isoenthalpic nor isoentropic but complies with the compensation law
also known as the isokinetic relationship.
AH" = AH® + pAS” 3)
The isokinetic temperature £ is the temperature at which all the compounds of the series
react equally fast. Also, at the isokinetic temperature, the variation of substituent has no
influence on the free energy of activation. Exner suggested a method of testing the validity
of isokinetic relationship®. The isokinetic relationship is tested by plotting the logarithms of
rate constants at two different temperatures (T, > T, ) against each other according to Eq (4).
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logk(atT,) = a+blogk(atT)) @)

The linear relationship in Exner plots at 2 + log &, (313 K) and 2 + log &, (303 K)
observed in the present study imply the validity of the isokinetic relationship®” **. Isokinetic
temperature obtained is 705 K. The linear isokinetic correlation implies that pyridine-2-
aldehyde is oxidized by the same mechanism in all the solvent compositions and the changes

in the rate are governed by the changes in both the enthalpy and entropy of activation®.
0.45

40
040 Slope = 0.944 -

r =0.996

0.354

0.30
0.25

0.20

2+logkyat313 K
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Figure 4. Exner’s plot for the oxidation of pyridine-2-aldehyde by BIFC in various percentage
of acetic acid-water mixture between 2 + log &, (at 313 K) and 2 + log &, (at 303 K)

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. The linear isokinetic
correlation implies that 2-PyA is oxidized by the same mechanism in all solvent
compositions.

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 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.
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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-PyA 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.

SXo) oO®
0y ,08BMH o K 0\@,0BIH
Cr. + H . Cr,
20N /N
o F HO  F
AN X
‘ (0] L ‘ P ?H
A~ + HO - N (‘;fH
*) (HY) on
X
AN O®
0. @ OBIH ‘ (‘)H 3 ©®
H AV IO oBiH
— + Cr — N c\ \
N C—H 7N [ ci®  + HO
HO  F 7N
‘ H\‘O [=
OH
monochromate ester
(E)
ks l Slow
\ ﬂ)
| PN * F/Cr\gsn? - n®
N C—OH
Picolinic Acid Cr(IV)

fast
Cr(lV) + Cr(VI) — 2Cr(V)

fast
Cr(V) + Substrate 5  Product + Cr(lll)

Scheme 1. Mechanism of oxidation of pyridine-2-aldehyde by BIFC

Rate law
The rate law has been derived as follows:

-d[BIFC] / dt = k;[E] = ks[Hy][BIFCH'] )

Where [Hy] = k;[A][H,O] 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 =
+

kikoks[A][BIFC][H'] indicating that reaction exhibited first-order dependence on the
concentrations of each reactant (substrate, oxidant and acid)

Conclusion

The kinetics of oxidation of 2-PyA has been investigated in aqueous acetic acid medium in
the presence of perchloric acid by spectrophotometrically at 303 K. The oxidation of 2-
PyA by BIFC is first order each with respect to the [2-PyA], [BIFC] and [H']. The oxidation is
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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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