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Abstract. Kinetics and mechanism of oxidation of formic and oxalic acids by
quinolinium fluorochromate (QFC) have been studied in dimethylsulphoxide. The
main product of oxidation is carbon dioxide. The reaction is first-order with respect to

QFC. Michaelis-Menten type of kinetics were observed with respect to the reductants.
The reaction is acid-catalysed and the acid dependence has thifgra + b[H*].

The oxidation ofz-deuterioformic acid exhibits a substantial primary kinetic isotope
effect ku/kp = 6001 at 303 K). Theaaction has been studied in nineteen different
organic solvents and the solvent effect has been analysed using Taft's and Swain’s
multiparametric equations. The temperature dependence of the kinetic isotope effect
indicates the presence of a symmetrical cyclic transition state in the rate-determining

step. Suitable mechanisms have been proposed.

Keywords. Oxidation of acids; organic acids; quinolinium fluorochromate;

halochromate (VI).

1. Introduction

Quinalinium fluorochromate (QFC) has been used as a mild and selective oxidizing
reagent in synthetic organic chemistry’. Though few reports on the mechanistic aspects
of oxidation reactions of QFC are available in the literature?, there seem to be no reports
on the kinetics of oxidation of oxalic acid (OA) and formic acid (FA) by QFC. We have
been interested in the kinetics of the reactions of complexed Cr(V1) species and have
reported the kinetics and mechanism of the oxidation of oxalic and formic acids by
pyridinium fluorochromate (PFC), pyridinium chlorochromate (PCC) and pyridinium
bromochromate (PBC) *°. It was observed that the oxidations by PFC and PCC presented
different kinetic pictures. In this paper, we study the kinetics of oxidation of oxalic
and formic acids by QFC in dimethylsulphoxide (DMSO). Mechanistic aspects are
discussed.

2. Experimental
2.1 Materials

QFC and a-deuterioformic acid (DCO,H or DFA) were prepared by the reported
methods“®. Due to the non-agqueous nature of the medium, toluene-p-sulphonic acid

*For correspondence
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(TsOH) was used as a source of hydrogen ions. TsOH is a strong acid and in a polar
solvent like DMSO it is likely to be completely ionised. Solvents were purified by the
usual methods’.

2.2 Soichiometry

To determine the stoichiometry, an excess of QFC (x 5 or greater) was reacted with the
organic acid in DM SO (100 ml) and the amount of residual QFC after the completion of
reaction was measured spectrophotometrically at 365 nm. The results indicated 1:1
stoichiometry. No quantitative determination of carbon dioxide formed was carried out.

The oxidation state of chromium in completely reduced reaction mixtures, determined
by an iodometric method, was 398 + 0[35.

2.3 Kinetic measurements

The reactions were followed under pseudo-first-order conditions by maintaining a large
excess (x 15 or greater) of the organic acid over QFC. The temperature was kept constant
to £ OK. The solvent was DMSO, unless specified otherwise. The reactions were
followed by monitoring the decrease in the concentration of QFC spectrophotometrically
at 365 nm for up to 80% of the reaction. No other reactant or product has any significant
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absorption at this wavelength. The pseudo-first-order rate constants, Kq.s, Were evaluated
from the linear (r = 0[995-0999) plots of log [QFC] against time. Duplicate kinetic runs
showed that the rate constants were reproducible to wilSit

3. Results
3.1 Soichiometry

The oxidation of organic acids leads to the formation of carbon dioxide. The
stoichiometric determination indicated the following overall reactions,

(COOH), + O,CrFFOQH" - 2 CO, + H,0 + OCIFOQH", 1)
HCOOH + QCrFOQH* - CO, + H,0 + OCrFOQH". )

QFC undergoes a two-electron change. This is in accord with our earlier observations
with both PFC and QFC.
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3.2 Ratelaws

The reactions were found to be first-order with respect to QFC. The reactions exhibited
Michaelis-Menten type kinetics with respect to the organic acids (table 1). A plot of
1/[organic acidlvs 1kgs is linear with an intercept on the rate ordinate (figure 1). This
indicates the following overall mechanism [(3) and (4)] and the rate law (5),

K
organic acid + QFC<— [complex], 3)
ka
[complex] - products, (4)
—d[QFC]/d =k, K[QFC] [organic acid]/(1 K[organic acid]). (5)

The dependence of the reaction rate on reductant concentration was studied at
different temperatures and the values kofand k, were evaluated from the double
reciprocal plots. The thermodynamic and activation parameters, at 298 K, were also
calculated from the values Kfandk, respectively, at different temperatures (tables 2 and
3).

3.3 Induced polymerization of acrylonitrile

The oxidation of organic acids by QFC, in an atmosphere of nitrogen, fails to induce the
polymerization of acrylonitrile. Further, the addition of acrylonitrile has no effect on the
rate (table 1).

Table 1. Rate constants for the oxidation of organic acids by QFC in DMSO at

303 K.

10° Kops (S7)
10% (QFC (Acid)
(mol dm™ (mol dm™) Oxalic acid Formic acid
10 001 103 2[02
10 02 138 388
10 004 168 7120
10 o2 196 168
10 036 207 303
10 0048 209 336
10 0.0 210 3601
10 o2 198* 1603°
20 002 141 401
40 02 136 313
60 0Mm2 139 411
80 0m2 140 394
100 002 137 380

4Contained 0001 mol dm acrylonitrile
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Figure 1. Plot of 1/(oxalic acid) vs 1/k,us. Reaction conditions are described in table

1

Table 2. Formation constant and thermodynamic parameters for the organic acid—

QFC complexes in DMSO.

K (dn? mol™) at

Acid* 303K 308 K 313K

OA 9212 2507 695
FA 416 335 268
DFA 428 345 278

AH AS AG
(kI3mol™)  (Imol™ K™ (kI mol™)
—-209+ 2 —-645+ 7 -172+ 200
-389+07 -107+2 —@a7 + 0B
-368+ 03 -102+1 —67+ 02

*Abbreviations: OA — oxalic acid; FA — formic acid; DFA — deuterioformic acid

3.4 Effect of acidity

The reaction is catalysed by hydrogen ions. The hydrogen-ion dependence has the

following form (table 4),

Kobs =@+ b [H'].

(6)
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Table 3. Rate constants and activation parameters of the oxidation of organic acids
by QFC in DMSO.

10*k, (dm® mol™ 77 at

AH* AS* AG*

Acid 303K 308 K 313K 318K (kI3mol™)  (Imol™ K (kI mol™)
OA 214 310 436 6212 5412 + 03 -118+1 892 + 012
FA 505 m1 102 138 509 + 09 141+ 3 927 + 09
DFA 0B4 1?2 180 247 556 + 08 —140+ 3 972+ 07

kq/ko 601 582 966 550

Abbreviations as in table 2

Table4. Dependence of the reaction rate on hydrogen-ion concentration.
[OA] and [FA] = 002 mol dm? [QFC] 0001 mol dm; temperature 303 K; solvent:
DMSO

at (TsOH)/(mol dm™)

Acid

10%,ps (57 010 020 0120 080 080 100
OA 186 237 325 437 526 610
FA 523 6086 915 123 1418 1701

The values of a and b for oxalic acid, are 1[21 + 006 x 10> s™ and 4[76 + 009 x 107
mol™ dm® s respectively (r* = 09984). The corresponding values for the oxidation of
formic acid are 397 + 020 x 10° s and 1(34 + 003 x 10~ mol™ dm® s™* (r* = 0[9981).

3.5 Kinetic isotope effect

To ascertain the importance of the cleavage of the a-C-H bond in the rate-determining

step, the oxidation of DFA was studied. The results, recorded in tables 2 and 3, show that
while the formation constatt, for the ordinary and deuteriated formic acids have almost
identical values, the rate constant for the decomposition of the corkplexhibits a
substantial primary kinetic isotope effeki/kp = 601 at 303 K).

3.6 Solvent effect

The oxidation of formic acid was studied in 19 different organic solvents. The choice of
solvents was limited due to the solubility of QFC and its reaction with primary and
secondary alcohols. There was no reaction with the solvents chosen. The kinetics were
similar in all the solvents. The valueskofindk, are recorded in table 5.

4. Discussion
4.1 Solvent effect

The formation constant of the intermediate complex,did not vary much with the
solvent but the rate constaky, showed much variation in values with different solvents.
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Table 5. Formation constants and rate constants for the decomposition of formic
acid—QFC complex in different solvents at 303 K.

K 10k, K 10k,
Solvents (dmmaf) (sh Solvents (dmmol™®) (s
Chloroform 403 158 Acetic acid 4166 398
1,2-Dichloromethane  4[05 1483 Cyclohexane 483 o022
Dichloromethane 427 1612 Toluene 4096 283
DMSO 4.16 508 Acetophenone 360 1514
Acetone 5.00 1112 THF 4.33 489
DMF 4.58 248 t-Butyl alcohol 57 646
Butanone 412 813 1,4-Dioxane 4[82 550
Benzene 504 324 Carbon disulphide 414 107
Ethylacetate 366 3.98 1,2-Dimethoxyethane 4037 2[5
Nitrobenzene 332 1714

The rate constants, ks, in eighteen solvents (CS, was not considered, as the complete
range of solvent parameters was not available) were correlated in terms of the linear
solvation energy relationship of Kamlet et al ®,

log ko = Ao + p* + b + ac. (7)

In this equation, z* represents the solvent polarity, 8 the hydrogen bond acceptor
basicities and a the hydrogen bond donor acidity. A is the intercept term. It may be
mentioned here that out of the 18 solvents, 12 have a value of zero for a. The results of
correlation analyses in terms of (7), a biparametric equation involving #* and 3, and
separately with 7* and 3 are given below.

log k, = —5[56 + 203 (+ 020) * + O3 (+ 0C17) B + 00 (+ 0r16)c, (8)
R? = 0[8933; sd = 019; n = 18; 1 = 0126,
log k, = =5[47 + 1[88 (+ 023) 7* + 027 (+ O[18)3, (9)
R? = 08440; sd = 022; n = 18; y = 030,
log k, = —5[41 + 196 (+ 0[22) 7*, (10)
r?=008217; sd = 022; n= 18; 1 = 0031,
log k, = —5[63 + 0B1 (+ 0@2)8, (11)
r?=001181; sd = 0[49; n = 18; 1 = 083.
Here n is the number of data points and v is the Exner statistical parameter °.
Kamlet's® triparametric equation explains 89% of the effect of solvent on the
oxidation. However, by Exner’s criteriSithe correlation is not even satisfactory (cf. (8)).

The major contribution is of solvent polarity. It alone accounts<f@2% of the data.
Both B anda play relatively minor roles.
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Data on the solvent effect were also analysed in terms of Swain's edUafighe
cation- and anion-solvating concept of the solvents

logk, =aA +bB + C. (12)

Here, A represents the anion-solvating power of the solventBatite cation-solvating
power.C is the intercept termA(+ B) is postulated to represent the solvent polarity. The
rates in different solvents were analysed in terms of (12), separately with lzotti B

and with @A + B).

log k, = 154 @ 0D2) A + 183 @ 001) B — 579, (13)
R? = 09992; sd = M2;n = 19;y = 002,
log k, = 128 ( 0B0) A — 454, (14)
r?=02107; sd = @9;n = 19;y = 076,
log k, = 171 @ 027) B- 529, (15)
r? = 0B978; sd = BO;n = 19;y = 042,
log k, = 173+ 004 (A + B) — 578, (16)
r?=09918; sd = M5;n = 19;y = 007.

The rates of decomposition of the complex in different solvents showed excellent
correlation in Swain’s equation (cf. (13)) with the cation-solvating power playing the
major role. In fact, cation-solvation alone accounts fer70% of the data. Correlation

with the anion-solvating power was very poor. Solvent polarity, representedl+B)(

also accounted for= 99% of the data. In view of the fact that solvent polarity is able to
account for= 99% of the data, an attempt was made to correlate the rate with the relative
permittivity of the solvent. However, a plot of log (rate) against the inverse of the relative
permittivity is not lineari = 08949; sd = B9;y = 0249).

5. Mechanism

The presence of a substantial kinetic isotopic effect confirmed thatGy¥H bond is
cleaved in the rate-determining step. The observed kinetics indicate the formation of an
intermediate complex in a rapid pre-equilibrium. However, the highly unfavourable
entropy term obtained in the complex formation of oxalic acid—QFC reaction suggests that
oxalic acid acts as a bidentate ligand and forms a cyclic intermediate complex. In the
chromic acid oxidation also, the formation of a cyclic anhydride intermediate, oxalyl
chromate, has been postulatedrhe value of formation constant33nT mol™, reported

by Hassan and Rocek'' compares favourably with the values obtained in this
investigation. The absence of any effect of aradical scavenger, acrylonitrile, indicates that

a hydrogen abstraction mechanism, giving rise to free radicals, is unlikely.
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In formic acid oxidation, the cation-solvating power of the solvents plays a relatively
more important role. Therefore, formation of an electron-deficient carbon centre in the
transition state is indicated. Thus the decomposition of QFC—formic acid complex may
involve hydride ion transfer via an anhydride intermediate.

Involvement of a concerted cyclic process is supported by a study of the temperature
dependence of the kinetic isotope effécThe data for protio- and deuterio-formic acids
when fitted in the familiar expressioky/kp = Au/Ap exp(—AH*/Rﬂ show direct
correspondence with the properties of a symmetrical transition state in which the
differences in the activation energies for the protio and deuterio compounds are equal to
the differences in the zero point energies of the corresponding C-H and C-D bonds
(= 4[_'—':3kl:]‘ moft?) and the entropies of the activation of the respective reactions are almost
equal ~

The observed dependence on the hydrogen-ion concentration in both the reactions
shows there is an additional acid-catalysed pathway. This may be attributed to rapid
reversible protonation of the anhydride, with the protonated anhydride decomposing at a
rate higher than the decomposition of the unprotonated anhydride.

In the oxidation of these acids by QFC, PFC® and PBC°®, Michaelis-Menten-type
kinetics, with respect to the reductants, are obtained, but witlf B@Ceactions are first-
order. It is possible that the values of formation constants for the reductant-PCC
complexes are very low. This results in the observation of second-order kinetics. No
explanation of the difference is available presently. Kinetic isotope effects, solvent effects
and dependence on hydrogen ion concentration are similar in all these reactions, for which
essentially similar mechanisms have been proposed.
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