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Abstract: The kinetics of the oxidation of aldonitrones (nitrone) by quinolinium
chlorochromate (QCC) was determined in 50 % DM F—water in the absence and
presence of oxalic acid in order to study the effect of oxalic acid. It was
considered worthwhile to investigate whether it undergoes co-oxidation or just
functions as a catalyst in the reaction. The reaction was followed iodometri-
cally. Under the employed experimental conditions, the reaction is first order
each with respect to concentration of nitrone, QCC, and oxalic acid and frac-
tional order with respect to H* concentration. There was no discernible effect
with increasing in ionic strength but the rate of oxidation decreased with de-
creasing dielectric constant of the medium. Addition of MnSO, had a signi-
ficant and acrylonitrile no effect on the reaction rate. A mechanism involving
protonated nitrone and QCC as the reactive oxidant is proposed. The activation
parameters were calculated and are presented.

Keywords. adonitrones; quinolinium chlorochromate; isokinetic plot; entropy;
enthalpy; free energy; oxalic acid.

INTRODUCTION

The use of quinolinium chlorochromate (QCC) as an oxidant is well docu-
mented for the oxidation of primary and secondary alcohols, 13 organic sulphi-
des, 45 substituted benzal dehydes,67 benzyl alcohols,8 aromatic anils,® lactic and
glycolic acids,10 methionine, 11 D-fructose,12 D-mannose,13 an unsaturated orga-
nic substrate, 14 acrylic acid,1> 2-furaldehyde,1® D-galatacose,17 etc. Quinolinium
chlorochromate exists as a stable yellowish brown crystalline solid. It is freely
soluble in water and aqueous solutions of QCC are stable for quite along period.
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172 RAJARAJAN et al.

Oxalic acid was found to catalyse the oxidation of organic substrates by Cr(V1).18-20
A survey of the literature showed that there are only a few reports on the kinetic
studies with nitrones (nitrone).21-26 There is no report on a mechanistic study of
the oxidation of nitrones by QCC. Thus, in order to explore the mechanism of
oxidation by QCC, the title reaction was studied in aqueous DM F medium.

EXPERIMENTAL
Materials and methods

All the chemicals used were of high purity of mostly either AR or GR grade. Double
distilled water was used throughout the work. Aldonitrones?” and quinoline chlorochromate
(QCC)28 were prepared by known methods and recrystallized from water. The purity of the
prepared QCC was checked by the iodometric method (assay 99 %). Nitrone solutions were
prepared by dissolving appropriate amount of a recrystallized sample in DMF. The agueous
solution of QCC was obtained by dissolving the compound in double distilled water. Experi-
ments were conducted in a thermostated bath which could maintain the temperature with an
accuracy of £ 0.1 °C.

Kinetic studies

The kinetic studies were carried out in 50 % (v/v) DMF-water medium under pseudo-
-first order conditions, keeping c(nitrone) >> c(QCC). The course of the reaction was followed
by estimating the unreacted QCC iodometrically. The reaction was followed at four different
temperatures. Pseudo-first order rate constants were evaluated from the slopes of the linear
plots of log c(QCC) versus time. The rate constant, k, was calculated using the relation k, =
= Kopdc(nitrone). The reaction mixtures containing excess of QCC over nitrone in absence and
presence of oxalic acid were kept for one day. The estimation of the unreacted QCC indicated
that one mole of QCC was consumed for one mole of nitrone:

- +
PhCH=N—Ph+ C4H;NHCrO,Cl ——s PhCHO+ PhNO+ CgH;NHCI+Cro,

)

The reaction mixture was extracted with chloroform from an actual kinetic run after
completion of the reaction. The reaction mixture was monitored by Co-TLC aong with au-
thentic samples of N,a-diphenylnitrone, benzal dehyde and nitrosobenzene. Then, the products
were separated into individual components by column chromatography (silica gel 60-120
mesh) with benzene-chloroform as the eluent. The melting point of the solid product obtained
was found to be 67 °C, which is ailmost identical with the melting point of the nitrosobenzene
dimmer, m.p. 67.5-68 °C.2% The IR spectrum was recorded in a KBr pellet, using a model
Jasco 700 instrument, in the range 400-4000 cml. Nitrosobenzene exhibits three bands at
1625, 1500 and 1019 cm?, attributed to the stretching of C-N; one sharp band at 1452 cmrl,
due to the stretching vibration of N-O, and one band at 530 cm, due to ring deformation and
C-N-O bending vibrations.2® The liquid product was confirmed to be benzaldehyde by its
semicarbazone (m.p. 221 °C; literature data: 222 °C39) and 2,4-dinitrophenylhydrazone (m.p.
238 °C; literature data: 239 °C29) derivatives.

RESULTS AND DISCUSSION

The kinetics of oxidation of nitrones by QCC was performed in 50 % aque-
ous DMF in the absence and presence of oxalic acid in order to study the be-
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OXIDATION OF SUBSTITUTED ALDONITRONES 173

haviour of oxalic acid. It was considered worthwhile to investigate whether it un-
dergoes co-oxidation or just functions as a catalyst in the reaction.18-20 The reac-
tion was followed iodometrically. In both the cases, i.e., in the absence and pre-
sence of oxalic acid, the reaction is first order with respect to QCC. Furthermore,
the pseudo-first order rate constant kgps Was found to be independent of the initial
concentration of QCC.

The substrate, aldonitrone, was varied in the concentration range of 5x10-3
to 15x10-3 mol dm=3 at 308 K in the absence of oxalic acid and 5x10-3 to
20x10-3 mol dm3 at 308 K in the presence of oxalic acid, keeping all other con-
stituents and conditions constant (Tables | and 11). The kgps values increased with
increasing concentration of nitrones. The plot of log kgps Versus log c(nitrone)
was a straight line with a slope of unity and a plot of kops™! versus c(nitrone)—1
was aso linear (r = 0.999), passing through the origin, which indicates a first
order dependence on c(substrate). No complex formation occurred before the
rate-determining step in absence of oxalic acid, whereas complex formation oc-
curred before rate-determining step in its presence.

TABLE I. Effect of the variation of ¢(QCC), c(nitrone) and c(H*) on the oxidation of nitrones
by QCC in the absence oxalic acid at 308 K

i 2

c(QCC)§103 c(nltrone)>_<310 c(HCIO4)>§O3 % DMF (V) kobs><1103
mol dm mol dm mol dm s
0.50 1.00 6.00 50 1.530
0.75 1.00 6.00 50 1.480
1.00 1.00 6.00 50 1.527
1.25 1.00 6.00 50 1519
1.50 1.00 6.00 50 1.536
1.00 0.50 6.00 50 0.756
1.00 0.75 6.00 50 1.141
1.00 1.00 6.00 50 1.529
1.00 1.25 6.00 50 1.918
1.00 1.50 6.00 50 2.308
1.00 1.00 1.50 50 1.184
1.00 1.00 3.00 50 1.364
1.00 1.00 6.00 50 1.529
1.00 1.00 7.50 50 1.705
1.00 1.00 9.00 50 1.852
1.00 1.00 6.00 30 1.650
1.00 1.00 6.00 40 1.592
1.00 1.00 6.00 50 1.529
1.00 1.00 6.00 60 0.844
1.00 1.00 6.00 70 0.642
1.00 1.00 6.00 80 0.546

The influence of H* on the reaction rate was studied by varying the acidity
from 1.5x10-3 to 9x10~3 mol dm~3 while maintaining the ionic strength constant
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at u = 0.10 mol dm~3 with sodium perchlorate. The concentration of hydrogen
ions was found to increase the reaction rate (Tables | and I1). It was previously
observed that the reaction showed a fractional order dependence on the hydrogen
ion concentration in the presence and absence of oxalic acid.31,32

TABLE II. Effect of the variation of c(QCC), c(nitrone), ¢c(H*) and c(H,C,0,) on the oxida-
tion of nitrones by QCC in the presence of oxalic acid at 308 K

c(QCC)x10%  c¢(nitrong)x102 c(HCIO,)x10% c(H,Cy0,) x102

% DMF (V/v) k0b5§1103

mol dm3 mol dm3 mol dm3 mol dm3

0.50 1.00 6.00 1.00 50 2.325
0.75 1.00 6.00 1.00 50 2.285
1.00 1.00 6.00 1.00 50 2.323
1.25 1.00 6.00 1.00 50 2.310
1.50 1.00 6.00 1.00 50 2.245
1.00 0.50 6.00 1.00 50 1.080
1.00 0.75 6.00 1.00 50 1.751
1.00 1.00 6.00 1.00 50 2.323
1.00 1.25 6.00 1.00 50 2.657
1.00 1.50 6.00 1.00 50 3.645
1.00 2.00 6.00 1.00 50 4.621
1.00 1.00 3.00 1.00 50 2.140
1.00 1.00 6.00 1.00 50 2.323
1.00 1.00 7.50 1.00 50 2.450
1.00 1.00 8.50 1.00 50 2.608
1.00 1.00 9.01 1.00 50 2.725
1.00 1.00 6.00 0.50 50 1.108
1.00 1.00 6.00 0.75 50 1.821
1.00 1.00 6.00 1.00 50 2.323
1.00 1.00 6.00 1.50 50 3.550
1.00 1.00 6.00 2.00 50 4,712
1.00 1.00 6.00 1.00 40 2.640
1.00 1.00 6.00 1.00 50 2.323
1.00 1.00 6.00 1.00 60 2.102
1.00 1.00 6.00 1.00 70 1.848
1.00 1.00 6.00 1.00 80 1.624

The effect of oxalic acid on the reaction at 308 K was studied by varying its
concentration from 5x10-3 to 20x10—3 mol dm=3 at constant concentrations of
QCC, nitrone and HCIO4. The reaction rate increased with increasing concen-
tration of oxalic acid. The results are collected in Table Il. The plot of log kops
versus log c(H2Co04) was linear with a slope of unity (ca. 1.03; r = 0.998) and
the order with respect to oxalic acid was one. When the experiment was repeated
with oxalic acid in the absence of nitrone, there was no oxidation of oxalic acid
under these experimental conditions. However, the addition of oxalic acid enhan-
ced the rate of oxidation of nitrone. This observation clearly establishes that oxa
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OXIDATION OF SUBSTITUTED ALDONITRONES 175

lic acid does not undergo co-oxidation under the experimental conditions em-
ployed in thisinvestigation and that it acts only as a catalyst.

Effect of ionic strength was studied by varying the sodium perchlorate con-
centration from 0 to 0.15 mol dm3. There was no discernible effect with in-
creasing c(NaClQy) (Table I11).

TABLE Ill. Effect of ionic strength on the oxidation of nitrone by QCC in the presence/ab-

sence of oxalic acid (¢(QCC) = 1.0x103 mol dmr3; ¢(nitrone) = 1.0x102 mol dm-3; ¢(H*) =
6.0x10°3 mol dmr3; ¢(H,C,0,) = 1.0x102 mol dm3; 50 % v/v DMF)

c(NaClOy) / mol dm3 A opx103/ s Pkopx103 / s
0.00 1.529 2.323
0.050 1.439 2.001
0.075 1.387 1.800
0.100 1.256 1.743
0.125 1.100 1.525
0.150 0.918 1.304

@A bsence of oxalic acid; bpreﬁence of oxalic acid

A variation in c(Mn(I1)) in both systems decreased the rate of reduction of
Cr(V1) in the HCIO4 medium. The values of kgps are listed in Table 1V. Manga:
nese(l1) has an inhibitory,33 catalytic34 or no effect3%:36 in the redox chemistry of
Cr(VI) in the presence of organic reductants. The decrease in the rate of Cr(VI)
reduction on addition of Mn(ll) was attributed to the removal of Cr(IV) by re-
action with Mn(11):37

Cr(1V) + Mn(l1) — Cr(111) + Mn(l11)
Thus, the observed inhibitory effect was due to the one-step, two-electron
reduction of Cr(V1).

TABLE IV. Effect of c(MnSO,4) on the oxidation of nitrone by QCC in the presence/absence
of oxalic acid (c(QCC) = 1.0x10-3 mol dm3; ¢(nitrone) = 1.0x102 mol dm3; ¢(H*) = 6.0x10°3
mol dm3; ¢(H,C,0,) = 1.0x102 mol dm3; 50 % v/v DMF)

c(MnS0O,)x103 / mol dm3 A pex103/ st Pkopex103/ st
0.00 1.529 2.323
1.00 1.248 2.014
2.00 1.093 1.921
3.00 0.973 1.850
4.00 0.856 1.542

@A bsence of oxalic acid, bprelsence of oxalic acid

Acrylonitrile added to both the reaction mixtures did not show any poly-
merization, thereby ruling out the possibility of a free radical mechanism.38 The
effect of dielectric constant on the rate of oxidation was also studied and the rate
decreased moderately with decreasing dielectric constant of the medium. This re-
sult also supports the involvement of an ion—dipole species in the slow step.39
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The reactions were also performed at four different temperatures (303, 308,
313 and 318 K) in the absence and presence of oxalic acid (298, 303, 308 and
313 K). The thermodynamic parameters, namely the entropy and enthalpy of
activation, 40 were calculated from the linear plot of In (ko/T) versus 1/T. The
calculated values are summarized in TablesV and V1.

TABLE V. Rate constants and activation parameters for the oxidation of nitrones with QCC in
the absence of oxalic acid (¢(QCC) = 1.0x10-2 mol dm3; c(nitrone) = 1.0x102 mol dm-3,
c(H*) = 6.0x10°3 mol dm3; ¢(NaClO,) = 0.100 mol dm3; 50 % v/v DMF)

kox102 / dm3 mol-1 s1

AH* -AS AG?
R T/K -1 1 1 1 r
303 308 313 318 kdJmol™ JK-+mol* kJmol
H 10.90 1530 1984 2463 40.82 129.38 80.67 0.996
p-Me 11.18 1839 2366 30.29 49.49 99.40 80.10 0.984
p-OMe 1245 1894 2495 3330 49.18 90.71 79.92 0.995
p-F 831 1420 1823 24.63 5376 87.77 80.79 0.985
p-Cl 8.09 1379 1647 2325 5109 96.79 80.91 0.980
p-Br 792 1294 1526 2243 50.15 100.26 80.03 0.983
p-NO, 4.67 843 1121 1396 54.80 88.88 82.17 0.973
m-F 533 10.12 1423 1863 6321 60.03 81.70 0.960
m-Cl 591 1077 1447 1899 5842 75.04 81.53 0.980
m-Br 544 1091 1423 1843 60.54 68.47 81.63 0.966
m-NO, 493 853 1223 1480 56.61 83.92 8245 0.978

TABLE VI. Second-order rate constants and activation parameters for the oxidation of nitro-
nes by QCC in the presence of oxalic acid (c(QCC) = 1.0x103 mol dm3; c(nitrone) = 1.0x1072
mol dm'3; ¢(H*) = 6.0x103 mol dm3; ¢(H,C,0,) = 1.0x102 mol dm3; ¢(NaClO,) = 0.100
mol dm3; 50 % v/iv DMF)

kpx102 / dm?3 mol-1 st

AH# —AS AG#
R T/K 1 1 1 1
208 303 308 313 kdJmol™ JK*mol* kJmol
H 16.17 1877 2323 26.66 24.30 179.50 7957 0.996
p-Me 16.24 1894 2365 27.06 26.17 172.32 79.23 0.997
p-OMe 16.37 1923 2432 2888 27.50 167.78 79.17 0.997
p-F 16.08 18.70 2216 2587 2221 185.64 79.39 0.999
p-Cl 1570 1812 2140 2483 21.36 188.69 79.48 0.999
p-Br 1544 1844 2042 2437 20.27 192.39 79.53 0.993
p-NO, 1484 1581 1659 19.07 9.83 227.92 79.74 0.950
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kpx102 / dm? mol-1 st

AH# —AS AG#
R T/K kJmol? JK-1moll kImol-l
298 303 308 313
m-F 1580 1650 1854 20.71 16.83 200.37 73.53 0.973
m-Cl 1558 16.20 1844 20.35 11.86 220.77 79.86 0.970
m-Br 15.63 16.00 1826 20.27 11.56 221.81 79.88 0.953
m-NO, 1498 1592 1813 19.32 1131 222.84 79.94 0.983

Mechanism and rate law

The kinetics of oxidation of nitrones by QCC was investigated in 50 %
DMF—water in the absence of oxalic acid. The reaction was found to be first
order with respect to both ¢(QCC) and c(nitrone). The reaction was catalysed by
H*. The addition of the radical scavenger acrylonitrile had no effect on the rate.
The observed salt and solvent effects shows that the rate determining step of did
not involve ionic species. Due to the above reasons, the nitrone can be protonated
before the rate determining step and it can then react with QCC in the slow step.
A plausible mechanism is given below:

|
Ph—CH=N—Ph +H"

HO

_
Ph—CH=—N—Ph + QuH+0—C|3|':

)

X +Cr(V) ——=Cr(lll) + Products

o-

Cl

Ky

k.
0 ———>Ph—
Slow

Qu =CgoH7N
ph?\-j_OH ——> PhNO + H'

fast

fast

HO

Cr(IV) + Cr(vl) ——= 2Cr(V)

fast

Therate law for the suggested mechanism is:
_ dc(QCC) _ Kikpc(QCC)e(S)e(H™)

|
Ph—CH=—N—Ph
+

where ¢(S) = ¢(nitrone).

dt

kobs

1+ Kqoc(H™)

_ Kekoo(S)e(H*)

1+ Kic(H™)
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Presence of oxalic acid

The increase in the oxidation rate with acidity suggests the participation of
protonated nitrone prior to the rate-limiting step. No polymerisation of acrylo-
nitrile was observed, indicating that free radicals were not involved in the reac-
tion. The order with respect to ¢(substrate) and c(H2C20O4) was found to be unity.
The following mechanism is proposed to explain the observations:

o~ HO
| + K |
Ph—CH:QI—Ph +H Ph—CH=—N—VPh (6)
+
0
| K,
QuI-TO—CIZr:O + OxH, Complex (C,) 0
Cl
o
| Kq + (8)
Ph—CH=N—Ph + C; 5> Ph—CHO + PANOH+ Cr0; + QUHCI+ OXH,

+ k
PhN—OH ——=—>

2 +H
—— PhNO (9)

The rate law for the mechanismis:
_ dc(QCC) _ K Kkse(QCC)c(S)c(H™)c(H 2C20,4)

(10)
dt 1+ Kic(HT)
K, Kok2c(S)c(H)c(H,C,0
Kops = 1K 2k3e(S)c( )+(224) (11)
1+ Kic(HM)

where ¢(S) = ¢(nitrone).
Effect of substituents

The rate of oxidation of a number of m- and p-(a-phenyl)-substituted N, o~di-
phenylnitrones was studied at different temperatures in the presence and absence
of oxalic acid and the activation parameters were calculated (Tables V and VI).
The electron releasing groups enhanced and the electron with-drawing groups re-
tarded the oxidation rate. The log k> values were plotted against the o valuesin a
Hammett plot (Fig. 1). The small negative p values obtained indicate only a small
structural influence on the rate. The negative p value (Table VII) was attributed
to the development of a positively charged transition state. The entropies of acti-
vation were largely negative, as expected for bimolecular reactions.4! The vari-
ation in AH# should be linearly related to the change in AS* (AH# = AHg +
+ BASY).42 A plot of AH# versus AS* gave a straight line with a good correlation
coefficient (r = 0.994, S = 332 K) in the absence of oxalic acid. The isokinetic
temperature lies above the experimental temperature, showing thereby that these
oxidations are enthalpy controlled and # = 296 K, r = 0.990, SD = 0.07 in the
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OXIDATION OF SUBSTITUTED ALDONITRONES 179

presence of oxalic acid. The isokinetic temperature lies within the experimental
temperature showing thereby that these oxidations are entropy controlled. If this
linearity between enthalpies and entropiesis true, it should predict a meaningful
correlation between log ky and 0:43

log ko(T2) =a+ blog ko(T1) (12)

1.6 «

—e—Presence of Oxalic acid
—eo— Absence of Oxalic acid

1.4 4

2+ log kz3os k)
[}

0.8 T v T 1
-0.3 0 0.3 0.6 0.9

c
1.H, 2. p-Me, 3. p-OMe, 4. p-F, 5. p-Cl, 6. p-Br
7.p-NO2  8.m-F 9. m-Cl 10. m-Br 11. m-NO2

Fig. 1. Hammett plot of (2 + log k(308 K)) versus o.

TABLE VII. Reaction constants for the oxidation of N,a~diphenylnitrones by QCC in the ab-
sence and presence of oxalic acid

TIK Absence of oxalic acid Presence of oxalic acid
Reaction constant (o) r SD  Reactionconstant (o)  r D
298 - - - 0.041 0.966 0.03
303 0.441 0.940 0.05 0.096 0.900 0.01
308 0.361 0.974 0.03 0.161 0.950 0.02
313 0.333 0.980 0.02 0.195 0.944 0.02
318 0.356 0.984 0.02 - - -

Using Equation (12), a good correlation coefficient for QCC (r = 0.980) was
obtained when log ko(T2) was plotted against log ky(T:) (Fig. 2).44 This shows
that the reaction under investigation follows a common mechanism. The AG*
values were ailmost constant for all the investigated substituted nitrones, which
confirmed the operation of a common mechanism. Irregularity in the values of
either AH* or AS* may be due to solute — solvent interactions, which could affect
both AH# and AS* in a compensating manner. A negative value of entropy of ac-
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tivation (AS?) suggests the formation of an activated complex with a reduction in
the degree of freedom of the reacting molecules.4°

1.6 1
—e—Presence of Oxalic acid
—e— Absence of Oxalic acid
1.4 4
<
&
=]
o
+
~
1.2 4
1
0.6 0.7 0.8 0.9 1
2+ log k(303 k)
1. H, 2. p-Me, 3. p-OMe, 4. p-F, 5. p-Cl, 6. p-Br
7.p-NO>  8.m-F 9. m-Cl 10. m-Br 11. m-NO2
Fig. 2. Exner plot of (2 + log k; (313 K)) versus (2 + log ks, (303 K)).
CONCLUSIONS

Based on the above facts, it is concluded that al the studied substituted
nitrones follow the same mechanism when subjected to QCC oxidation in the
presence and absence of oxalic acid under the conditions employed in the present
study. The overall rate of reaction was greater in the presence than in the absence

of oxalic acid.

U3BO [
KNMHETHUKA 1 MEXAHU3AM OKCUJALIMIE HEKUX CYBCTUTYNCAHUX

AJIJJOHUTPOHA CA XMHOJIMHUIYM-XJIOPXPOMATOM V IIPUCYCTBY
U OACYCTBY OKCAJIHE KMCEJIMHE Y BOAEHVUM DMF CPEAANHAMA

GOVINDASAMY RAJARAJANY, NATESAN JAYACHANDRAMANIZ SUBRAMANIAN MANIVARMANY,
JAYARAMAN JAYABHARATHIL 1 VENUGOPAL THANIKACHALAM?!
1Department of Chemistry, Annamalai University, Annamalainagar- 608 002, Tamil Nadu u 2Department of
Chemistry, Pachaiyappa’s College, Chennai- 600 030, India

Kunernka okcupanyje agoHuTpoHa (HuTpoHa) xuHomuHHjyM-xitopxpomatoM (QCC) je mpa-
hena y 50 % DMF y Bogu y mpucycTBYy M OACYCTBY OKcaiHe kucenuHe. McnurtuBaHo je ma im
OKCaJlHa KHCEIMHA UMa KaTaJUTHYKH eeKaT Wid je KookcuaaHc. Peaknmja je mpahena jomomer-
pujcku. Peakuyja je mpBor pena y 0IHOCY Ha HUTPOH U OKCAJHYy KHUCEJIHHY, a Pa3iOMJBCHOT pela y
onnocy Ha H*. Huje youen mopact 6p3uHe peakuuje ca IOPacTOM jOHCKE jauMHE pacTBOpa, a
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Op3uHa OMa/Ia ca CMamEHhEeM AUENEKTPUIHE KOHCTaHTe pacTBopa. JJogatak MnSO, 3HavajHO yTHUE

Ha

Op3uHy peaknmje, JOK JOAaTaK aKpHJIOHUTPHIa HeMa yTuuaja. [IpeamocraBibeH je MeXaHU3aM

KOjH yKJbyuyje npoTonu3auunjy Hurpona 1 QCC kao okcumauuoHor cpeacTsa. M3padyHatu cy ak-
THBAIMOHHU [TAPAMETPH PEaKIiyje.
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