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The kinetics of oxidation of substituted toluenes by pyridinium fluorochromate(VI) (PFC), CsHsNﬁCrOSF',
in aqueous acetic acid, in the presence of perchloric acid, have been studied. The main products are the
corresponding aldehydes. While each of the oxidation is first order with respect to the oxidant, the rate is almost
independent of the substrate concentration. The reactions depend on the first power of the concentration of acid.
A kinetic isotope effect, ku/kp=>5.4 at 30 °C, was observed. Electron-releasing groups were found to moderately
facilitate the reaction, whereas the electron-withdrawing groups were found to have a retardation effect. Correla-
tion with o value yielded a p value of —2.0. The reaction does not induce polymerization of acrylonitrile. The
effects of temperature and solvent compositions were studied and activation parameters evaluated. These and
related data suggest that the initial reaction involves hydrogen abstraction forming an intermediate which

subsequently produces the corresponding aldehyde.

Though the kinetics and mechanism of oxidation
reactions using chromium(VI) oxidants are fairly well
studied,!=® yet these reagents do not prove to be very
satisfactory especially when some specific oxidations
like oxidation of hydrocarbons, alcohols, thioethers
etc. are desired. In recent years significant improvements
were achieved by the use of pyridinium chloro-
chromate(VI) (PCC).6-1® Of late, another effective
chromium(VI) oxidant, pyridinium fluorochromate-
(VI) (PFC), CsHsNHCrOsF-, has been reported!®
which has several additional advantages over PCC,
e.g., less acidity, selective oxidations under mild
conditions, better solubility in nonaqueous solvents
etc.

The oxidation of hydrocarbons is considerably less
well understood and always present a mechanistic
puzzle. In continuation with our interest in this sub-
ject,20:2) we report in this investigation a detailed
study of the kinetics and mechanism of the oxidation
of side chains of mononuclear aromatic hydrocar-
bons such as toluene and substituted toluenes to their
corresponding aldehydes. The common oxidizing
agents (a) completely destroy the compound, (b) attack
the nucleus, or (c) effect electrophilic substitution. The
objective of the present investigation is not only to
develop methods for oxidation of alkylarenes to the
important aldehydes but also to get an insight to the
reaction pathway.

Experimental

Materials. All the substrates were E. Merck grade and
were purified by chromatography over alumina followed by
distilation or recrystallization. Acetic acid (E. Merck) was
distilled before use (bp 116°C). Perchloric acid was a ‘Baker
analyzed’ sample. ArCDs were prepared by the lithium
aluminum deuteride reduction of their trichloromethyl
derivative using the procedure reported earlier.?2? The
materials used in the kinetic runs were repurified by
chromatography and was shown to contain an insignificant

amount of unlabeled, monodeuterio-, or dideuteriotol-
uenes, by the NMR spectra. Pyridinium fluorochromate
(PFC) was synthesized by the method described in the
liferature.® The purity was checked by IR and UV anal-
yses. The ionic strength of the medium was maintained
constant by using sodium perchlorate, a Fluka purum
product.

Kinetic Measurements. Both the substrate and oxidant
solutions were thermostated and 30°C for 3 h under nitro-
gen, and then mixed in equal volumes. The reaction mix-
ture was homogeneous throughout the duration of the reac-
tion. The reactions were followed by monitoring the absorp-
tion band at 444 nm, using a UV-VIS Beckmann spectro-
photometer. This wavelength is the maximum absorption
due to PFC, the absorption due to other reaction species
being negligible. The reactions were performed under
pseudo-first-order conditions by maintaining a large excess
(10 times or greater) of the toluenes over PFC. Computa-
tions of the rate constants were made from the plot of log
[PFC] against time. All infrared measurements were re-
corded on a Perkin-Elmer model 297 spectrophotometer
and all NMR spectra were recorded on an EM-390 (Varian)
90-MHz spectrometer.

Product Analysis. The reactions were carried out in a
manner similar to the kinetic experiments (using-an excess
of the substrate) and were allowed to proceed to comple-
tion in an atmosphere of nitrogen. The reaction mixture
was diluted with ice-water saturated with sodium chloride,
and was extracted several times with ether. The ether
extract was washed with water, dried over anhydrous
MgSOQy, and evaporated under reduced pressure. The mate-
rial thus obtained was chromatographed over alumina,
the toluene and xylenes being eluted with petroleum ether,
and the corresponding aldehydes being eluted with 1:3
ether-petroleum ether. In each case, only toluene, xylenes,
and the corresponding aldehydes were isolated. The al-
dehydes were characterized as the 2,4-dinitrophenylhy-
drazones, further characterized by using a standard
method,?? and confirmed by IR analyses.

Results and Discussion

Stoichiometry. Reaction mixtures containing an
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Table 1. Rate Data for Oxidation of Toluene and Xylenes
at 30+0.1°C?
[Substrate] [PFC] [HC10,] 104Xk, /s™!
M*X10-3 MX10~4 M p-Xylene o-Xylene m-Xylene Toluene
1.0 1.0 0.15 5.03 3.16 2.38 1.45
5.0 1.0 0.15 5.70 3.83 2.91 1.87
10.0 1.0 0.15 6.06 4.11 3.27 2.29
50.0 1.0 0.15 6.78 4.74 3.85 2.80
100.0 1.0 0.15 7.43 5.23 4.36 3.33
10.0 2.0 0.15 6.14 4.24 3.17 2.51
10.0 3.0 0.15 6.31 4.38 3.48 2.34
10.0 4.0 0.15 6.40 4.19 3.26 2.27
10.0 5.0 0.15 6.15 4.23 3.14 2.16
10.0 1.0 0.10 4.10 2.70 2.15 1.53
10.0 1.0 0.20 8.18 5.60 4.25 3.10
10.0 1.0 0.25 10.20 7.10 5.31 3.85
10.0 1.0 0.30 12.02 8.25 6.60 4.55
10.0 1.0 0.15 5.38" 3.43” 2.60” 1.63%
10.0 1.0 0.15 6.75° 4.80° 4.01° 2.98°
10.0 1.0 0.15 7.45% 5.50% 4.65% 3.67%

a) [NaClO,4]=0.155 M; HOAc: H;0=95: 5 (v/v).
1 M=1moldm™3.

excess of the oxidant (PFC) were allowed to react to
completion under a nitrogen atomosphere at 30°C and
then analyzed spectrophotometrically for unchanged
PFC and also by iodometric determination of the
unreacted chromium(VI). The results gave a ratio of
substrate and oxidant as 1:2, according to the equation:

XCeH,CH, + 2Cr¢* + H,O — XCgH,CHO

+ 2Cr** + 4H* (X=CH,, OCH,, Cl,Br). (1)
This equation corroborates to a two-electron transfer
and is in agreement with the proposal of Brown etal.,29
who recently reported that the exact nature of the
reaction product of PFC is not known. The idea is
also supported from a recent report.2? About 75—80%
of the hydrocarbons were oxidized and about 80—85%,
based on the hydrocarbons consumed, of the corre-
sponding aldehydes were obtained.

Kinetic Results. The reactions were found to be first
order with respect to the oxidant and near zero order
in substrate (Table 1). The observed small but steady
increase in the rate constant values for the hydrocarbons
with increasing concentrations of the substrate and a
plot of log ki against substrate concentrations show
that the rates increase in very small fractions with the
sequential increase in substrate concentration. This
implies a probable complex formation between the
substrate and the oxidant.

The order with respect to perchloric acid was deter-
mined in the same way (Table 1). A plot of log k:
against log [H*] gave a linear relationship with a slope
of nearly unity. An attempt was made to correlate the
rate data with the Hammett acidity function (Ho,).
Using H, values from Wiberg’s data,® plots of log k1
against H, gave slopes far different from unity. Thus
under the present experimental conditions, it seemed
appropriate to correlate the rates of these reactions

b) 25°C; «¢)35°C; d)40°C; (error limit: 10.1°C).

Table 2. Effect of Solvent Compositions
at 30.0+0.1°C

HOAc:H;0 104Xk, /57!
%; v/V p-Xylene o-Xylene m-Xylene
80:20 1.01 0.98 0.82
85:15 1.62 1.22 1.06
90:10 3.18 2.30 2.01
95:5 6.06 4.11 3.27

a) [Xylenes]=10X10~3 M; [HCIO,]=0.15 M; [PFC]=
1X10~* M; [NaClO,4]=0.155 M.

Table 3. Kinetic Isotope Effect at 30.010.1 °C"

105Xk, /st
Substrate
ArCHj; (ku) ArCDj (kp) ku/kp
p-CH3CeH - 60.6 11.0 5.4
0-CH3;C¢H - 41.1 8.0 5.1
m-CH3CgH,4- 32.7 6.0 5.4

a) [Substrates}=10X103 M; [PFC]=1X10"¢ M; [HCIO =
0.15 M; [NaClO4]=0.155 M; HOAc: H;0=95:5 (v/v).

with [H*] rather than with H,.

The rates of the reactions were found to be unaffect-
ed by changes in the ionic strength of the medium.
Similar observations were also reported earlier.26-28
The oxidation processes were also studied in solu-
tions containing varying proportions of acetic acid
and water (Table 2). The reaction rate decreases
with increase in dielectric constant of the medium
suggesting that more polar solvents may require
longer reaction time for the oxidation.’® A plot of
log k1 against the inverse of dielectric constants
of the media is a straight line with positive slope and
implies the occurrence of an interaction between a
dipole and a positive ion.2?

A kinetic isotope effect, ku/kp=>5.4, was observed
(Table 3), indicating that the rate-determining step
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Table 4. Effect of Substituents at 30.0+0.1 °C

[Substrate] Substituted toluene &k
0.0l M 104Xk, /571 !
p-Methoxy 19.70 8.60
p-Methyl 6.06 2.64
m-Methyl 3.27 1.43
H 2.29 1.00
p-Chloro 0.81 0.35
p-Bromo 0.74 0.32
m-Chloro 0.38 0.16

[PFCI]=1X10"* M; [HCIO,]=0.15 M; [NaClO,]=0.155
M; HOAc: H,0=95:5 (v/v).

Table 5. Activation Parameters for the
Oxidation Reactions

AH* —AS* AG*
Substrate
kJmol™! Jmol'K™! kJmol™!
Toluene 39.6 184.0 95.3
p-xylene 14.9 257.5 92.9
o-xylene 19.9 244.3 93.9
m-xylene 14.9 245.0 94.2

Error limit for AH*, AS*, and AG* (at 303 K) are
1+25kJmol™!, +4.0Jmol 1K™}, and +3.0k]Jmol™!
respectively.

involved the cleavage of the carbon-hydrogen bond of
the methyl group attached to the arene ring.

The oxidation was studied at different tempera-
tures (vide Table 1) and the activation parameters
have been evaluated (Table 5).

The effect of substituents was also determined
(Table 4). A plot of the logarithm of the relative
rates of reaction against the Hammett o values gave a
fair fit to a straight line with a slope of approximate-
ly —2.0 (Fig. 1).

The oxidation reaction, in an atmosphere of nitro-
gen, failed to induce polymerization of acrylo-
nitrile. Further, no signal of radicals could be detect-
ed in the ESR spectra of each of the reactions car-
ried out in a flow system (recorded on an E-4, Varian,
EPR spectrometer). In control experiment without
hydrocarbon, the concentration of PFCdid not change.

The observed acid dependence of the reaction
suggests that the reaction may be one between the
alkylarenes and a protonated species of chromium(VI).
This view is further supported?” by the observance
of linear plot of log ki against inverse of dielectric
constant, and is in accord with the involvement of
such species well established in chromium trioxide
oxidation.5:30 Again the observed p value (—2.0) does
neither conclusively opt for a radical nor an ionic
pathway. However, it implies that transfer of hydro-
gen nucleus is the essence of the mechanism of such
reactions. The near constancy of the free energy of
activation shows that the same mechanism is operative
in all these oxidation processes.

Moreover, the order with respect to the substrate
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Fig. 1. Plot of log k/ku against o values for the oxi-

dation of substituted toluenes at 30°C (Hammett
Plot).

(Table 1) is almost but not quite zero, suggesting a
multistep reaction sequence via the formation of an
intermediate complex between the substrate and PFC.

Though the reaction failed to give any significant
ESR signal and to induce polymerization of
acrylonitrile, the hydrogen abstraction mechanism
cannot be ruled out as the initially-formed radical
would be expected to react instantaneously with the
Cr5+ species formed in the initial step. This observa-
tion is known to occur in the oxidation of saturated
hydrocarbons by Cr(VI) compounds.5:3® Again the
large negative reaction constants (also p value) to-
gether with the substantial deuterium isotope effect
indicate a considerable carbonium ion character in
the transition state.

Thus the oxidation of the aromatic nuclei would
appear to involve hydrogen transfer through an
intermediate complex based on the following two
mechanism:

(i) The intermediate complex consisting of a radi-
cal and a Cr5+ species or a carbonium ion and a
Crt+ species (Sceheme 1). The ambiguity regard-
ing the intermediate could be overcome by consider-
ing the complex as a resonance hybrid in which the
carbon atom has both radical and carbonium ion
characters. This type of intermediate has also been
reported earlier.21,31-39

(ii) Alternatively, it could be via the formation
of an Etard type®® complex as the intermediate
(Scheme 2). Though no precipitate of the complex
was observed yet it may be argued that owing to
immediate hydrolysis no isolation of the inter-
mediate was possible. Similar observation has been
reported earlier in the chromium trioxide oxidation
in aqueous acetic acid solution.3®

However, as the intermediate complex could not
be isolated, neither magnetic susceptibility study
nor ESR study of the complex could be performed.
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Scheme 2.

Moreover, the formation of Etard complex is not
very much favorable in acetic acid medium.3® Thus
it seems reasonable to believe that the oxidation mech-
anism shown in Scheme 1 is the likely one involved
in the present cases. Since the hybrid would have a
lower energy than either of the two pairs, the stability
of the intermediate could be expected. A large nega-
tive entropy of activation obtained in the present
study may also support the view.

So the overall oxidation of the substituted toluenes
would appear to involve initial electron transfer from
the substituent group of the side chain hydrocarbon to
the oxidant and the subsequent reaction of the resulting
intermediate with the nucleophiles in the reaction
solution to the formation of the products.
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his gratitude to Miss A. M. Marbaniang, Principal,
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