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SUMMARY

Hexavalent chromium compounds have been widely
used as oxidizing agents, reacting with diverse kinds
of organic subétrates. The mechanism of oxidation varies
with the nature of the chromium(vI) species and the
solvent used. The development of newer chromium(VI)
reagents for the oxidation of érganic substrates continues
to be a subject of interest. A number of novel chromium(VI)
oxidizing agents have been introduced, especially for
complex or highly sensitive substances where great selec-
tivity and effectiveness, coupled with mildness of condi-

tions, are prerequisites for success.

~Some of the <chromium(VI) reagents which have

been used as efficient oxidizing agents are:

Chromium trioxide; chromyl chloride; Jones reagent — a
solution of Cr(VI) oxide in concentrated sulfuric acid(ﬁ);
Collins' reagent — dipyridinium Cr(VI) oxide in dichloro-
methane(2); Corey's reagent — pyridinium chlorochromate(3);
pyridine oxodiperoxy chromium(VI) reagent(4); pyridinium
dichromate(5); bis tetrabutylammonium dichromate(6);
Chaudhuri's reagent —— pyridinium fluorochromate(7);

4~-(dimethylamino)-pyridinium chlorochromate(8); Cr(VI)
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oxide diperoxide(9); Chlorotrimethylsilane-chromium
trioxide(10); chromium peroxide complexes(11); imidazolium
dichromate(12); pyridinium bromochromate(13); biphospho-

nium dichromate(14); and 3-carboxy pyridinium dichromate(15).

New procedures have been emerging involving
non-aqueous chromium(VI) reagents with the general idea
that anhydrous conditions are more conducive to mild

oxidation.

The reagent employed in the present investigation,

guinolinium ~ dichromate(QDC), (C9H7NH+)2Cr2072_, has
emerged as a .very useful and versatile oxidant(16),

which 1is clearly deserving of widespread application.

CHAPTER-I Kinetics of Oxidation of Toluene and Substituted
Toluenes -

The kinetics of oxidation of toluene and substi-
tuted toluenes (xylenes, methoxytoluenes and nitrotoluenes)
by gquinolinium dichromate{QDC) has been studied in acid
medium, using dimethyl formamide as the solvent, under
a nitrogen atmosphere. The progress of the reaction
was followed spectrophotometrically, by observing the
disappearance of chromium(VI) at 440nm. A stoichiometric
ratio , A[QDC}/ A[Substrate], of 1.09 indicated a two-

electron transfer. The rate of the reaction was found to
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be dependent on the first powers of the concentrations
of each reactant (substrate, oxidant and acid). The
linear increase in the oxidation rate with acidity sugges-
ted the involvement of a protonated Cr(VI) species 1in

the rate determining step.

The reaction has been found to be fastest in
those solvent mixtures containing the largest proportions

of dimethyl formamide. Plots of log k, (the pseudo—first¥

1
order rate constant) against the reciprocal of the dielec-
tric constant were linear, with positive slopes, indica-
ting an ion-dipole type of reaction. This was also 1in
consonance with the observation that, in the presence

[ .
of an acid, the rate-determining step involved a proto-

nated Cr (VI) species.

The effect of changes in temperature on the
rate of the reaction has been studied, and the activation
parameters have been evaluated. The reactions were charag—
terized by negative entropies of activation. This would
suggest an ordefed transition state, relative to the

reactants. The isokinetic temperature was 359K. Although

current views do not attach much physical significance
to isokinetic temperatures, a linear correlation between
AH¢ and AS?é is usually a necessary condition for the vali-

dity of the Hammett equation. Further, the values of
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the free energies of activation were nearly constant,

indicating that the same mechanism _operated for the
Same mechanism _OP

oxidation of all the substrates studied.

The kinetic rates of oxidation were in accordance
with the theory of electronic substituent effects. It

was found that electron-releasing groups caused an accele-

SN SN

ration in the rate of the reaction, while electron-with-
Dty

drawing groups caused a retardation in the rate of the

reactipn. A plot of log krel against 0+ gave a value of

p = -0.20. For most hydrogen abstraction reactions, the

e o

reaction constants ( p ) have small magnitudes.

A kinetic isotope effect, kH/kD, was observed
in the range 5.0-5.3 for substituted toluenes, which
indicated that the rate-determining step involved the
cleavage of the carbon-hydrogen-bond of the methyl group

e ety
e e

attached to the arene ring.

There was no induced polymerization of acryloni-
-trile or the reduction of mercuric chloride. No ESR
signals could be detected. These results do not rule
out free radical intermediates; they simply do not provide
evidence that radicals are formed. This may be due to

the high ratec of oxidation of the frece radicals.

Although the reaction did not give any ESR signals
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and ﬁhere was no evidence for the induced polymerization
of acrylonitrile or the reduction of mercuric chloride,
the possibility of a hydrogen abstraction mechanism
cannot|be completely excluded. The radical formed initially
would react rapidly with the Cr5+ species formed 1in
the initial step. The transition state could be considered
as 1involving a carbon atom which would exist with both,

radical and carbonium 1ion character. This resonance

hybrid would possess lower energy than either the radical

T e Sarm i o TR

or the carbonium ion, which would account for the stabi-
lity of the intermediate. Efforts to isolate the possible
intermediate, benzyl alcohol, were not successful. This
indicated that the intermediate, fofmed in the slow
step of the reaction, was converted rapidly to the product .
The only isolable product, in each case, was the corres-
ponding aldehyde, which was characterized as the respec-
tive 2,4-dinitrophenyl hydrazone derivative, obtained
in good yields. Since drastic conditions of concentrations
and temperatures were not employed in the present inves£i—
gation, only one methyl group (in the case of xylenes)
underwent oxidation to give the corresponding aldehyde.
There was no formation of acid 1in any of these reactions,
implying that the product (the corresponding aldehyde

in each case) was stable, and did not undergo further
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oxidation , under the experimental conditions employed

in this investigation.

CHAPTER 2 Kinetics of Oxidation of Diphenylmethane,
Triphenylmethane and Fluorene

The kinetics of oxidation of diphenylmethane, tri-
phenylmethane and fluorene by gquinolinium dichromate(QDC)
has been studied in acid medium, using dimethyl formamide
as solvent, under a nitrogen atmosphere. The stoichio-
metry of the reaction was determined to be 1:2 (substrate:
oxidant). The rate of the reaction showed a first order
dependence on the concentrations of each reactant — sub-
strate, oxidant and acid. The increase in the rate with
acidity suggested the involvement of a protonated Cr(VI)

species in the rate-determining step of the reaction.

f With an 1increase in the dielectric constant
of the medium, there was a decrease 1in the rate of the
reaction, which was 1in consonance with the observation
that the wuse o0of more polar solvents required larger

reaction times.

The rate of fhe reaction was enhanced, with
an increase 1in the temperature of the medium. The activa-

tion parameters have been evaluated.
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Conjugation influences and resonance factors
seem to play an important role in these oxidation reac-

tions . The observed order of reactivity was:

Fluorene >triphenylmethane> diphenylmethane.

Fluorene was oxidized rapidly, owing to the labile nature
of the 9-position. The electromeric effect would be
higher in fluorene, which would contribute to a much
higher rate of oxidation of fluorene over that for tri-
phenylmethane and diphenylmethane. Steric hindrance
due to the ﬁriarylmethane group would result in triphenyl-
~methane being oxidized at a faster rate, compared to

diphenylmethane.

Structure-reactivity correlations were obtained
using the Hammett eguation. Electron-releasing groups
caused an increase in the rate of oxidation, whereas
electron—withdrawing groups caused a retardation in

the rate of the reaction. Plots of log kr against o were

el
linear, and the values of the reaction constants (p ) were
obtained as -1.50 (fluorencs) and -1.25 (diphenylmethanes).
The wvalues of the reaction constants (p ) indicated
that the initial reaction was the apstraction of a hydrogen

atom, forming a radical intermediate in the rate-determining

step of the reaction.

(
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The kinetic isotope effect, ky/ky=6.0 for 9,9-
dideuterofluorene, 1indicated the cleavage of a carbon-
hydrogen bond in the rate-determining step of the reaction,

yielding a radical intermediate.

The presence of radical intermediates was detected

by ESR spectroscopy and by the polymerization tests.

The mechanistic pathway of the reaction involved
the formation of a radical 1intermediate 1in the slow
step o0f the reaction. The conversion of the radical
to the carbocation was rapid, and hence the formation
of the carbocation could not be detected. The intermediates,
benzhydrol and fluorenol (formed during the oxidations
of diphenylmethane and fluorene, respectively) could
not be isolated from the respective reaction mixtures.
This indicated that the radical intermediate was converted,

in rapid steps, to the products.

The major products obtained in these oxidation
reactions, in good yields, were benzophenone (from diphe-
nylmethane), triphenylcarbinol (from triphenylmethane),
and fluorenone (from fluorene). These products were

characterized py analytical and spectral methods.
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CHAPTER 3 Kinetics of Oxidation of Polynuclear '‘Aromatic
Hydrocarbons

The kinetics of oxidation of polynuclear aromatic
hydrocarbons (naphthalene and phenanthrene)'by quinolinium
dichromate (QDC) has been studied in acid medium, using
dimethyl formamide as the solvent, wunder a nitrogen
atmosphere. The stoichiometries of the reactions were
determined. The rate of the reaction was dependent on
the first powers of the concentrations of each reactant —
substrate, oxidant and acid. The first order dependence
of the rate on acid concentration indicated that a proto-
nated Cr(vlI) épecies was involved in the rate-determining

step of the reaction.

The rate of the reaction was .increased, with
increasing proportions of dimethyl formamide. Plots
of log k] against the reciprocal of the dielectric constant
were linear, with positive slopes, suggesting an ion-

dipole type of reaction.

Increasing tne temperature of the reaction medium
resulted in an increase 1in the rate of the reaction.

The activation parameters nhave been evaluated.

(

Hammett plots of 1log k against the o values

rel

of substituents yielded values of the reaction constants (p)
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of -1.30 (naphthalenes) and -1.79 (phenanthrenes), indica-
ting the formation of a radical intermediate in the

slow step of the reaction.

When the reaction was performed with naphthalene

-d the rate of the reaction showed a significant decrease,

8’ ,
and the kH/kD value obtained was 5.80. This indicated
a cleavage of the carbon-hydrogen bond in the rate-deter-

mining step of the reaction.

The reaction pathway involved a hydrogen abstrac-
tion process, resulting 1in the formation of a radical
intermediate, which was detected by the polymerization

of acrylonitrile and by the reduction of mercuric chloride.

The products obtained from the oxidation reactions,
in good yields, were 1,4-naphthoquinone (from naphthalene%
and 9,10-phenanthraquinone (from phenanthrené). These
products were dharacterized by analytical and spectral

methods.
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INTRODUCTION



INTRODUCTION

Oxidation 1is an essential pperation in organic
syntheses and several reagents have been developed for
a wide variety of transformations(1,2). Hexavalent chromium
compounds have been widely used as oxidizing agents reacting
with diverse kinds of organic substrates. In the course
of these reactions, the Cr(vi) compounds are reduced to’

the Cr(III) species.

The earliest known Cr(VI) oxidants are chromium
trioxide and chromyl chloride. Chromium trioxide has
been wused in various kinds of reaction media such as
water, sulphuric acid, acetic anhydride, t-butyl alcohol
and pyridine. Chromyl <chloride has been generally used

in carbop tetrachloride and carbon disulphide.

In the recent past, a large number of novel Cr(VI)
oxidizing agents have been introduced, mostly in response
to the needs of mildness and selectivity. The usefulness
of "Jones reagent"(3) for the oxidation of organic compounds

has been well established.

One of the earliest and most widely employed Cr(VI)

oxidants was "Collins reagent” - dipyridinium-Cr(VI)
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oxide 1in dichlorometnane(4). The use of dichloromethane
as the reaction medium constituted a major breakthrough

in oxidation with dipyridinium-Cr(VI) oxide.

For oxidation purposes, the most widely used Cr(VI)
complex with pyridine has been pyridinium chlorochromate(PCC)
popularly known as "Corey's reagent"(5). Its principal
advantage 1is that this reagent 1is not air or moisture
sensitive, and oxidation with it does not involve handling
a large volume of solvent. Studies on the kinetics of
oxidation of primary alcohols by PCC have provided impor-
tant information on the mechanism of +the process(6).
Involvement .of protonated chromium species in the rate
determining step was indicated by the catalysis of the
reaction by acid, the acid catalysed reaction being first
order . PCC does not polymerise acrylonitrile, and a hydrogen
transfer hypothesis was thus not tenable. A substantial
kinetic isotope effect, kH/kD=5.71, at 303K suggested
a hydride transfer in the rate determining step. The
transfer could occur directly between the alcohol and
the protonated species or intramolecularly after the
initial formation of a chromate ester. A few representative
examples of oxidation of primary and secondary alcohols

by PCC are given in Table 1.
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Table 1. Oxidation of Primary and Secondary Alcohols by PCC (ref.5).

Alcohol Product % yield
l-Heptanol Heptanal 78
1-Decanol Decanal 92
1,6-Hexan¢ diol Hexandial 68
Oct-2-yn-1-o0l Oct-2-ynal 84
Citronellol Citronellal . 32
Benzhydrol Benzophenone {00

The diffiéulties in handling Collins reagent and
the problem arising out of the acidic nature of Corey's
reagent were overcome by the use of pyridinium dichromate,
PyCr207(PDC), which was recognised as a mild and selective
oxidizing agent(7). This reagent 1is soluble in a number
of solvents, though an aprotic medium is necessary for
getting satisfactory results. PDC is generally used either
in solution in DMf or as a suspension in dichloromethane.
Anhydrous conditions were used during. oxidation with
PDC,  and when the oxidation was performed in DMF, the
carbonyl compounds were isolated Dby ether extraction
after pouring the reaction mixture in water. PDC shows
remarkable selectivity as an oxidizing agent. When dissolved

in DMF, it clearly oxidizes allylic alcohols to the corres-

ponding «,B-unsaturated aldehydes in excellent vyields.
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PDC in dichloromethane oxidized primary and secondary
alcohols efficiently. The aldehydes obtained as products

from primary alcohols do not undergo further oxidation.

Cr(vl) oxide-3,5-dimethyl pyrgzole(8) 1is a Cr(VI)
complex which has been used as an oxidant with mixed
success . The reagent is presumed to form a cyclic chromate
ester that generates the carbonyl compound through intra-
molecular elimination. Despite the high yields of some
simple aldehydes and ketones from the corresponding alcohols
and near guantitative oxidation of geraniol, this reagent

proved to be unsatisfactory in a numpber of éases(9,10).

Pyridine oxodiperoxy chromium, CSHSN:CrOS,

of chromium pentoxide with pyridine, has also been used

(

a complex

for the 'oxidation of primary and secondary alcohols(11).
In order to protect acid sensitive functionél
groups during oxidation of alcohols with Cr(vI)oxide,
various polar aprotic solvents have been used. At least
three such solvents, namely DMF(12), hexamethyl phosphoramide
or HMPT(13-15) and dimethyl sulphoxide(16), have been
used with some success. A solution of Cr(VI) oxide 1in

DMF containing a trace of concentrated sulfuric acid
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was able to oxidize alcohols containing acid sensitive
protecting groups. The presence of catalytic amounts
of sulfuric acid was essential, accompanied by the presence
of an ice bath and an incrt nitrogen atmosphere. Oxidation
with Cr(vI) oxide in HMPT showed excellent selectivity.
When a solution of Cr(VI) oxide was added to an equal
volume of the substrate dissolved in HMPT, simple axial
and eqﬁatorial ~hydroxyl functions were oxidized, the
latter at a much faster rate(13). Under the same experi-
mental conditions} Cr(vI)oxide in HMPT was found to oxidize
allylic hydroxyl functions in preference to other alcoholic
groups(13). A series of primary .and secondary alcohols
were oxidized in 80-90% vyields by a solution of sodium
dichromate dihydrate in concentrated sulfuric acid in
DMSO at 70°C. DMSO acts as a solvent in these oxidations
and not as an oxidant, as shown by the negligible oxida-

tion of the substrate in the absence of dichromate.

The technique of using reagents intercalated 1in,
or adsorbed on, a solid support(17) has also been exploited
in oxidations with Cr(VI) oxidizing agents. The solid
supports used have 1included graphite, silica, alumina,

silica gel, celite and various reagents. As in the case

of other Cr(VI) reagents, attempts were made to achieve
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mild reaction conditions, better selectivity and convenient
isolation of +the oxidation products. On heating with
graphite under reduced pressure, Cr(VI)oxide was claimed
to be uniformly intercalated and the resulting substance
was found to oxidize primary alcohols to aldehydes 1in
high vyields(18). Later work showed that the oxidizing
agent was a surface deposit of Cr(VI) oxide on graphite

(19-20) .

Chromyl chloride adsorbed on silica-alumina was
found to be an effective oxidizing agent for primary
and secondary alcohols under neutral non-aqueous conditions
(21). It has Dbeen reported that chromic acid adsorbed
on silica gel was able to bring about the instantaneous
oxidation of primary and secondary alcohols(22). Collins
reagent adsorbed on celite has been used to oxidize allylic
alcohols to the corresponding aldehydes(23-24). Chromic
acid supported on an ion-exchange resin has been used
to oxidize primary and secondary alcohols(25). This polymer
supported reagent 1is prepared by adding the chloride
form of the resin to an aqueous solution of Cr(vVI)oxide
under stirring. PCC, adsorbed on alumina, has been claimed
(26) to be a better oxidizing agent than in dichloromethane

suspension. Better efficiency has also been claimed(27)
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for the oxidation of primary and secondary alcohols using
PCC supported on polymer . The reagent, poly{Vinyl(pyridi-
nium chlorochromate)], (PVPCC), 1is prepared by adding
Cr(VI) oxide and concentrated hydrochloric acid to poly-

vinyl pyridine suspended in water.

S%veral facile oxidations of secondary alcohols
with chromic acid in a two-phase system of ether and
water have been reported (28-30). This method has proved-
particularly suitable for the synthesis of ketones, which
are susceptible to epimerization under oxidizing condi-

tions{(28) .

Cr(VI)oxide in a mixture of ether and dichloromethane
oxidizes several secondary alcohols in the presence of

celite(31).

There have been several reports on the oxidation
of primary and secondary alcohols by Cr(VvI) oxidants

under phase transfer catalysis(32-36).

Allylic and Dbenzylic alcohols were efficiently
oxidized to the corresponding aldehydes with bis-tetrabutyl

ammonium dichromate (TBADC) in refluxing dichloromethane(37).
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The 2,2'-pipyridine complex of <chlorochromic
acid jsauseful oxidizing agent and the use of this reagent
had resultéd in simplified procedures for the purification
of the resulting carbonyl compounds(38). The 2,2'-bipyri-
dinium chloro chromate and the 2,2'-bipyridine-chromium
trioxide complex have both proved to be specially useful
in oxidations of compounds with acid-sensitive protecting
groups, due to the internal buffering of the 2,2'-bipyridyl
system. These results indicated that synthetically
useful changes in the properties and reactivity of Cr(Vi)
reagents could’ be brought about by varying the amine
ligand associated with chromium trioxides. Another Cr(vI)
reagent which has proved useful as a mild selective reagent
for the oxidation of complex allylic and benzylic alcohols
to the corresponding carbonyl compounds was 4-(dimethyl-
amino )pyridinium chlorochromate(39). Secondary alcohols
prove? to be more reactive towards this reagent thah
primary alcohols. The ready preparation of this oxidizing
agent, 1its selectivity, and the eése of wusing this
reagent indicated that i1t may prove to be a useful
alternative to other reagents in the oxidation of complex
allylic and benzylic alcohols.

Since the process of oxidation in organic chemistry

is of great value as a fundamental process in a wide
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scope of chemical conversions, there has been considerable

interest in the development of newer Cr(VI) reagents
for the oxidation reactions. Since the appearance of
pyridinium chlorochromate(5,40), other similar oxidizing

agents have been developed varying the amine ligand asso-

cliated with the chlorochromate anion.

A Cr(VI) reagent which was found to have certain
advantages over similar oxidizing agents in terms of
amounts of oxidaqt and solvent required, short reaction
times, and high yield was pyridinium fluorochromate, PFC(41).
In dichloromethane as solvent, PFC was found to oxidize
primary and secondary alcohols to the corresponding
aldehydes or ketones, and was also found to oxidize benzoin
to benzil, as also anthracene and phenanthrene to their

corresponding quinones(41),

A new class of Cr(VI) reagents derived from chromium
trioxide and halosilanes has been developed(42). These
reagents are highly efficient for the oxidation of alcohols
to carbonyl compounds, for the oxidative coupling of
mercaptans into disulphides and for a mild cleavage of

oximes to carbonyl compounds. Chlorotrimethylsilane-chromium

trioxide has been shown to be an efficient oxidizing
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agent for the conversion of arylmethanes to benzaldehyde,

and for the oxidative cleavage of some benzyl esters(42).

The oxidation of primary and secondary alcohols
to the corresponding carbonyl compounds is most frequently
accomplished in synthetic practice by the use of Cr(vi)
reagents 1in amounts ranging from stoichiometric to large
excess over stoichiometric(43). A new and highly effective
reagent combination for the catalyfic oxidation of secondary
alcohols Fo ketones has been used(44). The reagent consis-
ted of peroxy acetic acid as the stoichiometric oxidant
and the Cr(VI) ester(]) as the catalyst with carbon tetra-
chloride-methylene chloride mixture as solvent. A solution
of Cr(vi) ester(l) was prepared from 2-4 aimethylpentan—

2,4-diol and CrO, in dry CCl

3 4~

>(\/< . Cr‘03 - w+ HZO
HO OH .

0 0

NS

Cr

o/ \o

(1)
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The efficient oxidation of alcohols to carbonyl
compounds under mild conditions has been a necessary
theme in organic syntheses. An improved procedure was
described for the extremely rapid and efficient oxidation
of alcohdls, by the addition of a small quantity of anhydrous
acetic acid to pyridinium dichromate(PDC) and freshly
activated molecular sieve powder 1in dichloromethane at

room temperature(45).

Chromium peroxide complexes have been wused as
general oxidants in organic syntheses. 2,2'-bipyridyl
chromium peroxide has been used to convert different
classes of alcohols to the carponyl compounds, for C-C
bond cleavages in 1,2-diols, for the quantitative decarboxy-
lation of a—hydroxy acids, for the conversion of oximes to
their carbonyl compounds, thiols to disulphides, dihydroxy
phenolic compounds to quinones, benzylamine to benzal-
dehyde, aromatic amines to their azo compounds,
and for the conversion of anthracene and phenahthrene
to their quinones(46). Pyridine chromium peroxide has
been used to convert different classes of alcohols to
the carbonyl compounds, thiols to disulphides, anthracene
to anthraquinone, and for the decarboxylation of mandelic
and benzylic acids(46) . Chromium peroxide etherate has

also been used as an effective reagent for the oxidation
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of different classes of alcohols to their carbonyl com-

pounds(46) .

Imidazolinium dichromate(IDC) has been shown to
be very useful and reliable for the oxidation of allylic
and benzylic alcohols to the corresponding carbonyl com-

pounds in high yields under mild conditions(47).

The phase transfer catalysed oxidation of benzylic
alcohols using benzyltriethylammonium chlorochromate

has been reported(48).

Pyridinium bromochromate has been reported as
an efficient oxidant for the oxidation of benzyl alcohols,
fluoreno{s and benzoin, all these reactions being performed

in chloroform(49).

The biphosphonium dichromate reagent,
+ + 2- : -
(CgHg)y P CH, P (CoHC)5Cr, 0,7, was a particularly mild and
selective reagent for the oxidation of primary and secondary
alcohols(50). The oxidation of primary alcohols to aldehydes
occurs without further oxidation to acid, and without

double bond isomerisation or migration for such alcohols

as geraniol(50).
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The oxidation kinetics of alcohols by pyridinium
fluorochromate (PFC) indicated that PFC was an efficient
two-electron oxidant which was capable of participating

in oxygen-transfer oxidations(51).

3-Carboxy pyridinium dichromate(NDC), readily
prepared from nicotinic acid and chromium trioxide, 1is
an efficient reagent for the oxidation of alcohols to
carbonyl compounds in the presence of. pyridine(52). The
optimum molar ratio of substrate:oOxidant:pyridine to
ensure complete oxidation of starting material in a short

reaction time was found to be 1:2.5 : 20 respectively.

The Cr(VI)oxide diperoxide oxidation of organic
sulphides(53) and of tertiary amines(54) have been reported.
The rate law observed suggested a mechanism involving
a preliminary coordination of the amine to the metal.
The oxidation rate of the amines and organic sulphid?s
indicated a mechanism having some single-electron-transfer

(SET) character.

Quinolinium dichromate(QDC) having the structure

(09H7NH+)2Cr2072—, has been used for the oxidation of

(
alcohols and aldehydes(55). QDC is a stable orange solid,
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wh.ich has been prepared by dissolving CrO3 in water,
adding G(Iuinoline and collecting the product. It has been
shown that quinolinium dichromate(QDC) works as efficiently
as Collins' reagent(4) and activated manganese dioxide(56) .
The data in Table 2 shows the details of the oxidation
of some alcohols and aldehydes by QDC in dichloromethane

and dimethyl formamide solvents.

Table 2. Oxidation of alcohols and aldehydes by QDC (ref.55)

Compound Product In CHzéizld (%;r)w DME
n-Butanol n-Butanal 69 74
Benzyl alcohol Benzaldehyde 45 45
Benzhydrol Benzophenone 55 48
Benzaldehyde Benzoic acid 35
Cinnamaldehyde Cinnamic acid 52

Crotonaldehyde Crotonic acid 85
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SCOPE OF THE PRESENT INVESTIGATION

The development of newer chromium(VI) reagents
for the oxidation of organic substrates continues to
be a subject of interest. There exists a need for new
methodS,(especially for complex or highly sensitive sub-
stances where selectivity and effectiveness, coupled
with mildness of conditions, are prerequisites for success.
New procedures are emerging, involving non-aqueous chro-
mium(VI) reagents, with the general idea that anhydrous
conditions are more conducive to mild oxidation. The
reagent employed in this investigation, gquinolinium dichro-

2—
mate(QDC), (C9H7NH+)2Cr20 y has emerged as a useful and

7
versatile oxidant, which is clearly deserving of widespread

application.

The present investigation is a detailed kinetic
probe into the oxidation of various organic substrates
by quinolinium dichromate (QDC), in acid medium, using
dimethyl formamide solvent, under a nitrogen atmosphere.
The purpose- of this investigation has been to attempt
to extend the scope of this oxidizing agent (QDC), in
acid medium, and to explore and establish mechanistic

pathways of reactions involving organic substrates hitherto



[ 20 ]

not studied so far . The substrates chosen for this investi-

gation have included the following hydrocarbonsf

1. Toluene and substituted toluenes
2. Diphenylmethane, triphenylmethane and fluorene.
3. Polynuclear aromatic hydrocarbons (naphthalene

and phenanthrene).

For each oxidation reaction, +the stoichiometry
of the reaction has been determined. The concentrations
of substrate, oxidant and acid have been varied, and
the effects of these wvariations on the reaction rates
have been studied. The solvent composition has been varied,
in order to study the effect of a change in the dielectric
constant of the medium on the rate of the reaction. Changes
in the temperature of the reaction medium have been made,
and the activation parameters have Dbeen evaluated. The
nature of the reactive species involved in fthe oxidation
process has been suggested. For each reaction, the products
have been isolated, and charécterized by analytical and
spectral methods. The presence of radical intermediates
has been confirmed by ESR spectroscopy, polymerization
reactions, the Hammett plots and kinetic isotope effects.
Based on the .observed experimental data, mechanistic

pathways for the oxidation of the substrates bpy quinolinium
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dichromate(QDC), in acid medium, have been proposed.



EXPERIMENTAL
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EXPERIMENTAL

Conductivity Water:

Conductivity water was prepared by the following
method: tap water was distilled first with alkaline
potassium permanganate and then redistilled with Merck
"Pro Analysi" sulfuric acid from an all-glass vessel.
This sample of double distilled water was further distilled
from an all-quartz vessel (Sunvic, U.K.). The cénductivity
water thus prepared was utilised for the preparation

of all the solutions used in the kinetic determinations.

Perchloric Acid:

"Baker Analysed" reagent was used.

N,N-Dimethyl formamide:

Dimethyl formamide was purified by the following
method: Anhydrous copper sﬁlphate was prepared by heating
copper sulphate (CuSO4.5H20) until it turned white.
The complete removal of water molecules was checked
by its constant weight after repeated heating. Anhydrous
copper ‘sulphate was mixed with dimethyl formamide (SDS,
AR grade), and the mixture was allowed to stand' for

24 hours. The solution was filtered and the filtrate
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was distilled under reduced pressure (b.p. 153°C). The
distillate thus collected was used as the solvent.

2~

Quinolinium dichromate (C9H7NH+)2Cr20

To a stirred solution of CrO3(1OOg) in water
(100ml) cooled in ice, quinoline (86 ml) was added in
small portions. The solution was diluted with acetone
(400mi), cooled to -20°C, and the orange solid which
separated out was filtered, washed with acetone, dried
in wvacuo and recrystallized from watér (m.p. 160°C).
The purity of the compound was further checked by spectral
analysis. Infrared spectrum (K Br) exhibited bands at
930, 875, 765 and 73Ocm—1, characteristic of the dichro-

mate ion.

Substrates:

Toluene, xylenes, fluorene, substituted fluorenes,

diphenylmethane, and triphenylmethane were E.Merck
samples. Nitrotoluenes were obtained from Koch-Light
Laboratories (U.K.). nNgphthalene, substituted naphthalenes

phenmanthrene and substituted phenanthrenes were BDH
samples . All tﬁese substrates were purified by distilla-
tion or by repeated recrystallizations until their boiling
pcints or melting points, respectively, were in agreement

with literature values. The purity of each of the substrates
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was checked by spectral analysis.

The methoxy toluenes were prepared by the following
method:

A solution of 20g of sodium hydroxide in 200ml
water and 30g of o-cresol were taken in a 500ml round
bottom flask fitted with a separating funnel. The mixture
was stirred well and cooled by immersing in an ice bath.
30ml of dimethyl sulphate was taken in the separating
funnel and was added to the mixture, dropwise, during
one hour, while the mixture was stirred vigorously.
The mixture was refluxed, with stirfing, for about 2
hours 1in order to complete the methylation. The mixture
was cooled, transferred to a separating funnel, and
the lower layer was removed. The upper layer was washed
once with water, twice with dilute sulfuric acid, and
again with water until the washings WeI'C neutral to litmus.
The mixture was dried over anhydrous magnesium sulphate
and the contents were distilled. The distillate (o-metho-
xytoluene) was collected at 171°C. The other isomers
were prépared by using p-cresol and m-cresol respectively
(b.p. of p-methoxytoluene = 174°C; m-methoxytoluene-
=178°C). The purity of the three isomers was further

checked by spectral analysis.

All ir spectra were recorded on an IR-297 (Perkin



Elmer) spectrophotometer,

spectrophotometer and nmr
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90MHz NMR spectrometer.

The boiling points,

UV spectra on an UV-26 (Beckman)

spectra on an EM-390 (Varian)

melting points and the spectral

data obtained for each of the substrates used, are summa-

rized in Table 1.

TABLE 1

@oiling points or

Substrate melting points (°C) WV (nm)*

1 2 3
Toluene 110 261(H)
p-xylene 137.5 268(H)

o -xylene 144 262(M/W)
m-xylene 139 64 (M/W)
p-methoxy tolune 174 224 (A)
o-methoxy tolune 171 227 (A)
m-methoxy tolune 178 222 (A)

p -nitrotoluene 54 (m.p.) 217,285(A)

o -nitrotoluene 221 202,266,325(W)
m-nitrotoluene 232 203,273,315 (W)
Diphenylmethane 264 260(A)
Benzhydrol 68.5(m.p) 259(CH)
Triphenyl methane 95 (m.p.) 262(A)
Fluorene 117.5 (m.p.) 206,260,301(A)
2-methoxy fluorene 108 (m.p.) 271,303(A)
2-methylfluorene 103 (m.p.) 265,305(A)
2-bromofluorene 114 (m.p.) 260, 290(A)
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1 2 3
2-chlorofluorene 96(m.p.) 266,295(A)
2-nitrofluorene 157 (m.p.) 233 (A)
9-fluorenol 152 (m.p.) 270,305(A)
Naphthalene 358 (m.p.) 220,275,301(A)
1-methylnaphthalene 204 220,281(H)
1-methoxynaphthalene 269.5 231,293(cH)
1-nitronaphthalene 61 (m.p.) 333 (A)
phenanthrene 102 (m.p.) 250,293,346(A)
9-methylphenanthrene 90 (m.p.) 252,297,331(A)
9-bromophenanthrene 63 (m.p.) 256,302,334(cH)
9-nitrophenanthrene 116 (m.p.) 207,243,250(A)
9-methoxy phenanthrene 96 (m.p.) 247,274,305(A)

¥A=zalcohol; W=water; cH=cyclohexane; H=hexane; M/W =methanol-water
mixture.
Deuterated Compounds:

All the deuterated compounds used were obtained

from Isotopes Inc., USA.

(a) ArCD3(Ar=X—Ph, where X was -CH ~OCH -NO

37 37 2)'
The nmr spectrum of each of the samples 1in CCl4

did not show any absorption for the methyl protons.

{b) 9,9—dideutefiofluorene: fthe nmr spectrum of
this sample 1in CCl4 did not show the absorption

for the protons at the 9-position.

(c) Naphthalene-dg: nmr analysis did not show the

absorption for the proton at the 8-position.
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(a) Diphenylmethane-d, was prepared by the known
method(1), and its purity was checked by nmr

analysis.

Acrylonitrile

The monomer (BDH) was washed with 5% sodium
hydroxide solution to remove the inhibitor (hydroguinone),
and then with 3% orthophosphoric acid to remove any
basic impurities. It was then washed with water, dried
over anhydrous ~calcium chloride, and distilled under
reduced pressure in an atmosphere of nitrogen. The middle

fraction was collected (b.p. 77°C) and used.

Other reageﬁts

All other reagents used were of Analar grade,
and were purified before use, and their boiling points/
melting points -were checked, and found to agree with

those given in the literature.

Kinetic Method:

All the standard flasks and reaction vessels
were of pyrex glass with well-ground stoppers. The reaction
vessels used were -stoppered conical flasks which were
painted black on the outside to prevent any photochemical

change. Al the glass apparatus used were tested for loss
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of solvent, and the loss was -found to be negligible.
The standard flasks, reaction vessels and the pipettes
used were standardised, using conductivity water, and

the correction was found out and applied.

An electrically operated thermostatic water-bath
was used. It was provided with sufficient thermal lagging,
suitable heaters and stirrers with proper cooling
arrangements for continuous work. A xylene-filled regu-
lator, working in conjunction with an electronic relay,
was used to maintain the required temperature accurately,
with fluctuations of not more than +0.1°C. The tempera-
tures were recorded by means of an accurate sensitive
thermometer, reading to tenths of a degree. The bath-
ligquid was water, covered with a layer of liquid paraffin
to minimise evaporation of water and loss of heat due

to radiation.

Spectrophotometers

For absorption mzasurements, the spectrophoto-
meters used were: (a) Digital spectrophotometer Type
106 (Systronics), and (b) UV26 (Beckman) UV-Visible

spectrophotometer.

(a) The Type 106 Digital spcctrophotometer was

a sinéle beam spectrophotometer having a grating of
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600 lines/mm, and a wave 1length rangé from 340nm to
960nm. The nominal spectral slit width was 20nm, constant
over the entire range. The full scale defleétion could
be obtained over the wavelength range of 340nm to 600nm.
By the[ addition of a red filter and interchanging of
the phototube, the range could be extended to 960nm.
In order to ensure maximum sensitivity of the instrument,
and to minimize the errors in measurements of optical
density due to fluctuations in voltage, the spectrophoto-
meter was connected to the mains through an external
voltage stabilizer. This was in addition to the in-built
voltage stabilizer within the instrument itself. The
light source was a 15 watt tungsten lamp operated by
- a regulated power supply. The instrument was calibrated,
as specified in the 1instruction manual, over the range
of concentrations of K2Cr04 in KOH solutions, so as

to verify Beer's law at 370nm.

(b) The UV-26 (Beckman) UV-Visible spectrophotometer
was a single monochromator, having a filter grating
of 1200 lines/mm, and a wavelength range from 190nm
to 900nm. This spectrophotometer had a thermostatic
control arrangement and the absorbance value was dis-
played dircctly on the digital display and on the reccorder.

Photometric 1linearity was checked over the range of
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concentrations of K2Cr04

in the instruction manual, so as to verify Beer's law

in KOH solutions, as specified
at 370nm.

Absorption cells

The absorption cells were of ‘Corning’ glass
and of 8ml <capacity for the spectrophotometer Type
106 (Systronics). Quartz cells of ©5ml capacity were
used for spectral determinations with the UV-26 spectro-
photometer (Beckman). All the cells were thoroughly
cleaned by agqueous ethanol and écetone, and dried before
they were used for the spectral measurements. After
the transfer of the solution to the cell, care was
taken to see that no solution adhered to the outer
surface{ of the cell. During the measurements, the cells

were covered.

Rate measurements

A known amount of the substrate was weighed
accurately into a 10ml standard flask, dissolved and
made up with the requisite quantities of dimethyi
formamide, so as to make the solutions of the required
molarity. Quinolinium dichromate was accurately weighed
.out  into a 10ml standard flask, dissolvcd' and made

up in dimethyl formamide. Sufficient time was allowed
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to compensate for any éhange. of heat during dilution.
A known volume of perchloric acid was taken in a 10ml
standard flask and made up with distilled water so
as to make the solution of required strength. The three
solutions were separately thermostated at the required
temperature for 1 h, under a nitrogen atmosphere. Equal
volumes of the two solutions of oxidant and perchloric
acid were mixed. An equal volume of the substrate solution
was then iﬁtroduced, and - the reaction mixture mixed
well . The reaction mixture was homogeneous throughout

the duration of the reaction.

The progress of the reaction was followed by
observing the disappearance of Cr(vVi). Readings were
taken at reqular intervals of time, by noting the decrease

in optical density at 440nm, spectrophotometrically.

All the kinetic experiments were carried out
in duplicate or in triplicate, and the rate constants
which were determined were found to be reproducible
to within #3%. All reactions were performed under a
nitrogen atmosphere. Since the reactions were performed
at high concentrations of acid, the ionic strength

was not maintained constant.
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Calculations

(a) Rat? constants:

For all the kinetic determinations, pseudo-
first-order reaction conditions have been used, wherein
the concentration of the substrate has been taken in
a very large excess over that of the concentration

of the oxidant.

The pseudo — first —order rate constant, k1r
expressed as sec—], were calculated from the equation(2):

: D

- _ 2.303 "o

ky = == log D, (1)

where DO was the initial optical density of the reaction

mixture, and D, was the optical density at time ¢t.

The logarithmic plots of optical density against
time were linear, and extrapolation to zero time gave

the values of Do'

The values of the second order rate constant,

k2, expressed in M—1s_1, were- computed by dividing

the pseudo-first-order rate constant (k1,s_1) by the

concentration of the substrate(M).

All wvalues of rate constants were the average
of two or more experiments, with agreement being within

3

oC
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(b) Thermodynamic activation parameters:

These parameters were determined from a study

of the effect of temperature on the rate of the reaction.

The wvarious parameters have been calculated

as follows:

(i) Activation energy(E):

From the linear plot of 1log k] against the

reciprocal of temperature(T),

E
Slope = - =5 7333 )
(
E = - Slope x 2.303 R (kJ mol™ 1)

(ii) Enthalpy of activation (AH#)

AH?é = E-RT

(kJ mol—])

(iii) Entropy of activation (AS#)

# #
_ kT  _48"/R _ -BH"/RT

1 h
7
# A H kT
AS” = 2.303R [log k]-+ > 303 Rr - 199 n 1
(7.8 'mo1™ ")
where Kk 1is the Boltzmann constant, h 1is the Planck's

constant, and R is the gas constant.
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(iv) Free energy of activation (AG#):

s6” = aw” - Tas”
(kmol™ 1)
Stoichiometry
The stoichiometric experiments were carried
out under nitrogen at 313K, under the conditions of
[QDC]O > [Substrate]o, at wvarying acid concentrations.
The disappearance of Cr(vI) was followed, until the
absorbance values became constant. The [QDC]OO was estimated.
The stoichiometric ratio, A[QDC]/A[Substrate] was obtained,
for each oxidation reaction studied. The individual
stoichiometric equations have been shown along with

the reactions of each of the substrates with the oxidant.

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 completion,
keeping fthe reaction mixture for about 24 hours, in
an atnnspﬁére of nitrogen. The products obtained from
the reaction of the various substrates with the oxidant

were 1solated as follows:
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(a) Product from the oxidation of toluene, xylenes,

methoxytoluenes, nitrotoluenes, diphenylmethane,

triphenylmethane and fluorene:

At the end of the reaction, the reaction mixture
was diluted with ice-water saturated with.sodium chloride,
neutralised with NaHCO3, and was extracted several
times with ether. The ether extract was washed with
water, dried over anhydrous MgSO4 and then concentrated.

The characterization of the products was carried out

as follows:

(i) Spo£ting on TLC plates showed two spots for
the products obtained from the oxidation of toluene,
xylenes, methoxy toluenes and nitrotoluenes. Separation
was effected on an alumina column, using varying propor-
tions (100:0 to 70:30, v/v) of hexane and chloroform
as the eluant. The product obtained with lesser propor-
tions of chloroform was tested for the aldehyde by
TLC, in the case of toluene and all the substituted
toluenes. One spot was obtained when the chromatograﬁ
was sprayed with 2,4;dinitrophenyl hydrazine. An aliquot
(5ml) was pipetted into 50ml of 2N HCl saturated at
0°C with 2,4-dinitrophenyl hydrazine. The aldehyde
was converted to the 2,4-dinitrophenyl hydrazone, which
was filtered, washed, dried and weighed. The yields

were calculated from the amounts of the 2,4-dinitrophenyl-
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hydrazone formed, and were found to vary between 75-85%
for all the substrates. The melting points of the corres-
ponding 2,4-dinitrophenylhydrazones were determined
after one or more recrystallizations from ether. The
corresponding m.p.'s of the 2,4-DNP derivatives thus

(

prepared are shown in Table 2.

Table 2
Ot et o (00)
tives prepared
Toluene Benzaldehyde 235
p-xylene p-tolualdehyde 2372
m-xylene m-tolualdehyde 193
o-xylene o-tolualdehyde 192
p-methoxytoluene p-methoxy benzaldehyde 253
m-methoxytoluene m-methoxy benzaldehyde 244
o-methoxy toluene o-methoxy benzaldehyde 250
p-nitrotoluene p-nhro'benzaldehyde 318
m-nitrotoluene m-nitro benzaldehyde 290
o-nitrotoluene o-nitro benzaldehyde 264

Further proof for the formation of the corresponding
aldehyde was obtained by isolating the aldehyde, using
the standard method(3). IR analysis gave a sharp band
at 1700cm—1, which was characteristic of the carbonyl
stretching for an aldchyde group attached to an aryl

ring. Two weak bands at 2850cm_] and 27500m_1 were
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characteristic of the C-H stretching.

The second product, obtained in about 5-10% vyield,

was a polymeric material, which could not be characterized.

(ii) Spotting on TLC plates showed two spots for the
product obtained from the oxidation of fluorene. The
crude product was chromatographed on a silica gel column
using varying proportions (100;0 to 70:30, v/v) of
hexane and chloroform for elution. The product obtained
with lesser proportions of chloroform was found to-
be identical with 9—fluorenone (m.p.=82°C), which was
further characterized by IR (absorption at 1750cm_1)
and UV analyses (in cyclohexane, absorption at 257nm,
295nm and 378nm). The yield of the product, 9-fluorenone,
was ~8P%. The product obtained with higher proportions of
chloroform was coloured, and could not be analyzed
further, since it underwent polymerization. An analysis

of the products of the reaction mixture did not show

the presence of fluorenol or of any ketal.

(1ii) Spotting on TLC plates showed one spot each for
the products obtained from the oxidation of diphenyl-

methane and triphenylmetnanc.
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Product from diphenylmethane: An aliquot (5ml) was

pipetted into 50ml of 2N HCl saturated at 0°C with
2,4-DNP. The product was filtered, washed, dried and
weighed. The vyield waé calculated from the amount of
2,4-dinitrophenylhydrazone . formed. The melting point
was taken after one or more recrystallizations from

ether (m.p.=236°C). yield ~85%.

The remainder of the solution was taken in 20ml
benzene. Th= benzene layer was separated, washed with
5% N&H, then with water, and dried over anhydrous
MgSO4. The excess benzene was removed by distillation
and the product was collected. On solidification, a
white solid was obtained (m.p.=48°C). The IR spectrum
exhibited a carbonyl band at 1670cm—] and certain other

bands characteristic of benzophenone(4).

Product from triphenylmethane: This product was identified

as the tertiary alcohol, ftriphenylcarbinol. The IR
spectrum 3jave sharp bands, at 362OCm—] (O-H stretching),
1360cm™!  (C-0 stretching), and 1150cm” (O-H bending),

characteristic of triphenylcarbinol. Yield ~80%.

Product from the oxidation of Naphthalene
The reaction mixture was neutralized with NaHCO3,

extractied with chloroform, Washed with water, dried
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over anhydrous MgSO4 and concentrated. Spotting on
.TLC plates showed two spots. The crude product was
chromatographed over a neutral alumina column, using
hexane and benzene 1in varying proportions (100:0 to
70:30, L/v) as the eluant. The product obtained with
increasing proportions of benzene was found to be identi-
cal with 1,4-naphthoquinone (m.p. = 124°C). IR analysis
showed sharp bands at 1690 and 16800m_1, characteristic
of the <carbonyl stretching for polynuclear gquinones.
There was approximately 60-70% conversion of the naph-
thalene to the product. The second product was the
starting naphthalene ( ~30%), indicating that the actual

yield of the product was higher than the percent conver-

sion.

Product from the oxidation of Phenanthrene

The reaction mixture was cooled, filtered, and
washed with water. The solid obtained was suspended
in ethanol, 20ml of sodium metabisulfite solution was
added, and the mixture allowed to stand for 30 minutes.
50ml of water was added, and the mixture was filtered.
To the filtrate, saturated sodium carbonate solution
was added. The precipitate was stirred, filtered, and
washed with water. The solid obtained (orange yellow

needles) was dried over calcium chloride in a desiccator
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(yield ~60%, m.p.=209°C; product : 9,10-phenanthroquinone).

Tests for Radical formation

Many of the oxidation reactions 1investigated
were observed to proceed via radical intermediates
formed in the rate-determining step of these reactions.
The preance of these radical intermediates was observed

by the following tests:

(a) Reduction of inorganic ions,

R. + MU+ s rT 4 ] A

Mercuric chloride was easily reduced by these radicals
to 1insoluble mercurous chloride, which was relatively

. . . . +
inert towards reoxidation by the oxidant M.

(b) Polymerization of an added olefinic monomer,

such as acrylonitrile.

Tml acrylonitrile (0.02M) and 2ml of substrate
solution (0.2M) in DMF and HC104(1.5M) were placed
in the lower part of a Thunberg tube(5). 2ml of oxidant
solution (0.02M) in DMF was placed in the upper part
of the tube. The system was evacuated, and filled with

dry nitrogen. The two solutions were mixed and allowed

to stand at 313K for 30 minutes. There was the formation
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of a white- opalescence indicating the formation of
a polymer. Each experiment was accompanied by a blank

control.

ESR measurements
The presence of radical 1intermediates formed

in the slow step of the reaction was detected and confir-

med by ESR measurements.

Using the requisite reaction conditions, the
radicals were generated, in a flow system (E-4, Varian),
by mixing the substrate and oxidant, by volume, in
an esr sample tube Just outside the cavity of the spec-
trometer. The mixture was placed under high vacuum,
in order to expel dissolved oxygen and the sample
tube was placed 1in the <cavity of the spectrometer.
The conitions for obtaining the spectrum at 77K were

as follows:

Scan range 4000G, field set 3300G, modulation amplitude
6.3G, microwave frequency 9.45GHz, time constant 0.3

sec, scan time 4 minutes.
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DISCUSSION



KINETICS OF OXIDATION OF TOLUENE AND
SUBSTITUTED TOLUENES

The oxidation of toluene and substituted toluenes
has been studied by several workers, using a variety

of oxidizing agents.

Chromium(VI)
Chromic acid has been used to oxidize +toluene.

and substituted toluenes to the corresponding benzoic

acids(1-3). The reactions were first order in substrate
and second order in oxidant(2). Electron releasing groups
favoured the reaction, whereas electron withdrawing

4

groups were observed to retard the rate of the reaction(2,3).
Chromic acid was used to convert xylenes to the dicar-
boxylic acids(4), while the halotoluenes and nitrotoluenes
were oxidized to the corresponding acids(5-8). The oxida-
tion of halotoluenes, nitrotoluenes and methoxytoluenes
by aqueous sodium dichromate had resultedvin the formation
of the corresponding acids(9f, the yield of the product
being generally superior to that obtained with chromic
acid. Chromyl acetate has been used to convert haloto-
{

luenes(10), nitrotoluenes(11), and xylenes(12) to the

corresponding aldchyde acetates. The oxidation of tolucnecs
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and substituted toluenes by chromyl chloride had resulted
in very high percent conversions of these substrates
to the corresponding aldehydes(13-18). The Kinetics
of oxidation of toluene and substituted toluenes by
chromic acid in acetic acid-water mixtures at varying
acidities of HClO4 has been_reported(19); the p value of
-1.3 had indicated a radical process, and the oxidation
product was the corresponding aldehyde(19). A stepwise
mechanism was proposed for the Cr(VI) oxidation of toluene
and substituted foluenes, wherein electron withdrawing

‘groups retarded the rate, and electron releasing groups

accelerated the rate of the reaction(20).

Permanganate and Manganese(III)

The oxidation of toluene by EKMnO involved an

4
attack mainly at the methyl group resulting in the forma-
tion of benzoic acid(21-22). The three isomeric chloro-
toluenes were oxidized by KMnO4 mainly fto the benzoic
acids in water or acetic acid solution(23), but were
degraded to CO2 in sulfuric acid solution(21). Mn(III)
sulfate in sulfuric acid was used to oxidize toluene
and p-xylene to benzaldehyde and p-methylbenzaldehyde
respectively; no benzoic acid was produced(24). The

oxidation of p-methoxytoluene by Mn(III) acetate 1in

acetic acid 1involved an initial reversible electron
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transfer, yielding the cation radical’(PM’I‘)'+ the loss
of proton in the slow step gave a radical which was
rapidly oxidized to the product, anisyl acetate(25).
When substituted toluenes were oxidized by Mn(III) acetate
in acetic acid with KBr as catalyst, benzyl acetates
were obtained as the products; this was a radical process(26).
The kinetics of oxidation of toluene and substituted

toluenes by KMnO in agqueous acetic acid and phosphate

47
buffer, has been reported; the mechanism involved the
reaction of the substrate with Mn04_ in the rate—deter—>
mining step to yield the benzylic radical(27). The oxida-
tion of p-methoxytoluene by Mn(III) acetate 1in acetic

acid containing mineral acid, afforded biaryls as the

main products(28).

Cobalt (III)

The oxidation of toluene by cobaltic perchlorate
in 50% acetonitriie was first order in both reactants,
yielding benzaidehyde and benzoic acid as the major
products (29 ,30). In 70% acetonitrile, the oxidation
- 0f toluene under nitrogen at 15°C containing 0.77M HClO4
gave benzaldehyde as the major product. p-Nitrotoluene
was oxidized very slowly to the aldehyde(29,30). Cobalt(IIl)

acetate in acetic acid has been employed for the oxidation

of p-xylene(31,32).
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Fe2+/hydrogen peroxide

The oxidation of toluene by Fe2+/hydrogen pero-
xide (Fenton's reagent) gave- bibenzyl and the cresols
as the major products{33). At pH 3.6, the corresponding
adducts were oxidized to the c¢resols 1in 34% yield; at
lower pH, the acid-catalyzed elimination of water from

the cresols gave bibenzyl in 60% yield(33).

Vanadium(V)

The kinetics of oxidation of toluene and substi-
tuted toluenes by V(V) under conditions of high acidities
of H2804, in agueous acetic acid, was Observed to be
first order in both reactants{(34). Electron Withdrawing
groups retarded the rate, while electron releasing groups
accelerated the rate of the reaction. Structure, solvent
and salf influences were taken into account, and a mecha-

nism which involved a two-electron transfer was postu-

lated(34).

Lead tHetraacetate
The oxidation of toluene and substituted toluenes
by lead tetraacetate gave the corresponding becnzylacetates

in varying yields(35-38).

Cerium(IV)

The oxidation of p-xylene by ceric sulfate was
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first ordef in each reactant, and involved a one-electron
transfer to give a free radical and Ce(III) in the rate-
determining step; the final product was the aldehyde(39).
When toluene and substituted toluenes were oxidized

by Ce(IV) in 50% acetic acid, the products were the

Ne]

aldehydes obtained in good yields. It was further postu-
lated that this oxldation could involve either a one-
electron étep giving a benzylic radical, or a two-electron
step giving a carbonium ion and a Ce(IlIl) species(40).
The specificity of Ce(IV) had been stressed in the oxida-
tion of toluene and substituted toluenes in acid media,
wherein quantitative yields of the respective aldehydes
were obtained(41). The oxidation of toluene 'by ceric
ammonium nitrate in dilute nitric acid had yielded benzyl
nitrate, but this ester underwent rapid oxidation to
the alcohol, and ultimately gave the aldehyde(42). The
oxidation of toluene and substituted toluenes by Ce(1V)
in acid media ga&e good yields of the corresponding
aldehydes{43,44). The dualistic nature of Ce(IV) was
observed in these reactions based on p values of -1.7 for
electron withdrawing groups, and -4.3 for electron relea-
sing grgups(44). A correlation of reactivity with ioniza-
tion potentials was observed in the oxidation of xylenes

by Ce(IV) in acid media(45,46).
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Potassium hexacyanoferrate(III)

The oxidation of toluene and substituted toluenes

by potassium hexacyanoferrate(III) 1in acid media, was
first order 1in each reactant (substrate, oxidant and
acid), and involved a one-electron transfer to give

a free radical, which was converted to the corresponding

aldehyde(47) .



[ 49 ]

PRESENT WORK
The present work is a detailed kinetic investi-
gation of the oxidation of.toluene and substituted toluenes
(having electron-releasing groups and electron-withdrawing
groups) by gquinolinium dichromate (QDC) in acid mediunm,

using dimethyl formamide as the solvent.

.Stoichiometry (vide "Experimental"):
The stoichiometries of all the oxidation reac-
tions were determined. A stoichiometric ratio, A[QDCl/

A [Substrate]l, of 1.09 was obtained (Table 1).

Table 1. Stoichiometry of the axidation of toluenes; {Substratel0.005M, T313K

[HC1O, J(M) | 0.10 0.20 0.25 0.50
102[®DC](M) 2.50 2.60 2.70 2.80
AL QDCY/ A Toluene] 1.10 1.04 1.14 1.04
A[@EN:]/A[p4%ethoxytolueﬁe] 1.03 1.09 1.15 1.07
A[QDC]/ Alp-Xylene] 1.18 1.06 1.10 1.02
ALQDC]/ B[p-Nitrotoluene] 1.11 1.17 1.04 1.08

The stoichiometry conformed to the overall cquation:

X—Ph-CH3+2Cr6

(X=H, Me, OMe, NO,)

" 4H,0— X-Ph-CHO+2Cr** ca4* 1)
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This envisaged a two—elébtron transfer, in agreement
with Brown's observations(48).
Effect of substrate and oxidant

The rate of the reaction was found to be dependent
on the concentrations of both, substrate and oxidant.
The order of the reaction with respect to substrate
concentration was obtained by <changing the substrate
concentration and observing the effect on the rate,
at constant [QDC] and [H+]. The results have been recor-
ded in‘Tables 2-4 .

Table 2. Rate data for the oxidation of Xylenes in DMF.

[Substrate] [Qoc] 10" x k1(5—1)

(10% X ™) (10% X M) p-Xylene o-Xylene m-Xylene toluene
1.0 1.0 3.8 3.5 3.2 3.0
2.5 1.0 9.2 8.8 8.0 7.3
5.0 1.0 18.5 18.0 16.2 14.8
7.5 1.0 ' 27.0 26.5 23.0 21.7
10.0 1.0 38.0 35.0 32.5 30.0
20.0 1.0 75.0 70.0 64.0 60.0
1.0 0.75 3.9 3.4 3.3 3.0
1.0 0.50 3.8 3.5 3.3 3.0
1.0 0.25 3.8 3.5 3.2 3.1
1.0 0.10 3.9 3.5 3.3 3.0

[HCan] = 0.75M, T313K.
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Table 3. Rate data for the oxidation of methoxytoluenes in DMF.

[Substrate] [QDC] 10" X k(7))
(10%xM) (10%xM) p-methoxy - m-methoxy - O-methoxy toluene
toluene toluene toluene

1.0 1.0 4.4 4.1 3.9 3.0
2.5 1.0 1.0 10.2 9.8 7.3
5.0 1.0 22.5 20.3 19.4 14.8
7.5 1.0 33.2 30.5 29.2 21.7
10.0 1.0 44.0 41.0 39.0 30.0
20.0 1.0 89.0 81.0 77.0 60.0
1.0 0.75 4.3 4.2 3.8 3.0
1.0 0.50 4.2 4.0 3.7 3.0
1.0 0.25 4.0 4.1 3.9 3.1
1.0 0.10 4.4 4.0 3.7 3.0

[H:lOa] = 0.75M, T=313K
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Table 4. Rate data for the oxidation of nitrotoluenes in DMF.

[Substrate] [QDC] 10% x kq (71
10% X ™ 10° XM m-nitro- p-nitro- p-nitro-  toluene
toluene toluene toluene

1.0 1.0 2.2 2.1 20 3.0
2.5 1.0 5.5 5.1 4.8 7.3
5.0 1.0 11.2 10.5 9.9 14.8
7.5 1.0 16.3 15.5 14.6 21.7
10.0 1.0 23.0 21.0 20.0 30.0
20.0 1.0 46.0 42.0 40.0 0.0
1.0 0.75 2.3 2.1 2.1 3.0
1.0 0.50 2.5 2.0 2.0 3.0
1.0 0.25 2.2 2.5 2.0 3.1
1.0 0.10 2.3 2.1 2.3 3.0

[HC10,] = 0.75M, T = 313K

Plots of k1, the pséudo—first—order rate constant, against
a twenty-fold range of concentration of substrate gave
straight 1lines passing through the origin (Figs.1-3),
indicating that the rate of oxidation was dependent
on the first power of the concentration of the substrate.
This was further seen by the constant values of k2,

the second order rate constant.

Under pseudo-first-order conditions, individual

kinetic runs were first order with respect to the oxidant
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(QDC) . Further, the pseudo-first-order rate.constants(k1)
were independent of the initial concentration of Q@QDC.
When a constant concentration of substrate (large excess)
was used, k1 did not show any appreciable variation
with the change in concentration of the ogidant, indicating

a first order dependence of the reaction on the concentra-

tion of the oxidant (Tables 2-4).

Effect of acid
The reaction was susceptible to changes in acid
concentration, and the rate was observed to increase

with an increase in concentration of the acid (Tables5-7).

Table 5. Effect of acid on the oxidation of xylenes in DMF.

[HC10,] 10" x “1(34)

(™) p-Xylene 0-xylene m-Xylene toluene
0.25 1.3‘ 1.2 1.1 1.0
0.50 2.7 2.5 2.3 2.1
0.75 3.8 3.5 3.2 3.0
1.0 5.5 5.0 4.5 4.2

1.25 6.5 6.1 5.5 5.0

[Substrate] = 0.01M, [QDC] = 0.001M, = 313K
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Table 6. Effect of acid on the oxidation of methoxytoluenes in DMF

10 X k1(s_1)

[HClOa]

(M) p-methoxy - m-methoxy - o -methoxy - toluene

toluene toluene toluene

0.25 1.5 1.4 1.3 1.0
0.50 3.0 2.8 2.6 2.1
0.75 4.4 4.1 3.9 3.0
1.0 6.1 5.5 5.1 4.2
1.25 7.6 _ 6.9 6.5 5.0

[

i
[Substrate] = 0.01M; [QDC] = 0.001M; T = 313K

Table 7. Effect of acid on the oxidation of nitrdoluenes in DMF.

[HCIO, ] 10* X k (5_1)
(m)° 1
m-nitro- p-nitro- 0-nitro toluene
toluene toluene . toluene
0.25 0.8 0.7 0.6 1.0
0.50 1.6 . 1.4 1.2 2.1
0.75 2.2 2.1 2.0 3.0
1.0 3.3 2.7 2.4 4.2

1.25 a3 3.4 3.0 5.0

[Substrate] = 0.01M; [QDC]) = 0.001iv T = 313K.
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Plots of log k1 against log[H+] were linear
with slopes equal to unity (Figs.4-6), indicating that
the rate of the reaction was dependent on the first

power of the concentration of the acid.

The linear increase in the oxidation rate with
acidity suggested the involvement of a protonated Cr(vI)
species in the rate determining step. There have been
earlier reports of the involvement of such Cr(VI) species
in chromic acid oxidations (49a). Protonated Cr(VvI)
species have been observed in the presence of p-toluene-

sulfonic acid in nitrobenzene-dichloromethane mixtures(50).

Rate law
Under the present experimental condiﬁions, wherein
pseudo-first-order conditions have been used for all
the kinqtic runs, the observed rate law can be expressed
as:
diCr(vD]

Rate = - ——z—— = K[Substrate] [QDC] [H] . (2)

Effect of solvent
Reactions 1nvolving an ionic reactant are suscep-
tible to solvent influences. It is hence to be expected

that in the present investigation 6 the solvent should
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be playing an important part. In the case of each of
the substrates oxidized by gquinolinium dichromate, the
rate of oxidation was slowest in those solvent mixtures
that contained the largest proportions of water, and
increasing proportions of dimethyl formamide resulted

in an increase in the rate of oxidation (Tables 8-10).

Table 8. Effect of solvent on the oxidation of xylenes.

DMF & H,0 10% X k,6™1)
(wiv) !

p-Xylene o-xylene m-xylene toluene
100:0 3.8 3.5 3.2 3.0
95:5 3.5 2.6 2.4 2.3
90:10 3.0 2.2 2.0 1.9
85:15 2.4 1.9 1.8 1.7
80:20 2.2 1.7 1.6 1.5

[Substrate]=0.01M, [QDC]=0.001M, [HCIOQ]:O.TBM, T = 313K.
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Table 9. Effect of solvent on the oxidation of methoxytoluenes.

(

gl -1
DMF = H,0 107 X k(s )
(v/v) p-methoxy - m-methoxy - o-methoxy - toluene
toluene toluene toluene
100 : O 4.4 4.1 3.9 3.0
95 :5 3.9 3.4 2.9 2.3
90 : 10 3.5 2.9 2.4 1.9
85 : 15 3.1 2.5 2.0 1.7
80 : 20 2.8 2.3 1.8 1.5
[Substrate]=0.01M, [QDC]=0.001iM, [HClOa]:D.BM, T=313K
Table 10. Effect of solvent on the oxidation of nitrotoluenes.
4 14 -1
DMF & H,0 107 X6 )
(v/v) m-nitro- p-nitro- 0 -nitro- toluene
toluene toluene toluene
100 : O 2.2 2.1 2.0 3.0
95 ¢+ 5 2.0 1.8 1.7 2.3
90 : 10 1.8 1.6 1.5 1.9
85 ¢ 15 1.6 1.4 1.3 1.7
80 : 20 1.4 1.2 1.1 1.5
{Substrate]=0.01M, [QDC]=0.001M, [HClOa]:UJSM, T=313K.
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The dielectric constants for DMF-Water mixtures have
been estimated from the dielectric constants of the

pure solvents(51).

In the present investigation, in going from
80% DMF to 100% DMF, the polarity decreases. This decrease
in fhe polarity of the medium caused an 1increase in
the rate of the reaction (Tables 8-10). Plots of log K]
against the reciprocal of the dielectric constant were
linear (Figs.7-9), with positive slopes. This suggested
an interaction between a positive ion and a dipole(52),
and was 1in consonance with the observation that in the

presence of an acid, the rate determining step. involved

a protonated Cr(VI) species.

On the basis of the solvating power of the sol-
vent, a correct prediction of a gqualitative nature can
pe made of the rate of the reaction in different solvent
media. In the présent investigation, the transition
state 1s less polar than the initial state (reactants),
because of the increased dispersal of charges in the
transition state. This would indicate +that the extent
of solvation of the transition state was less than that
for the reactants; thus agreeing with the assumptions
of Hughes and 1Ingold(53). Therefore, the deccrease 1in

the rate of oxidation on the addition of a more polar
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solvent, as in the present investigation, is a natural
result of the progressive increase in solvation of the
reactants more than that of the transition state. The
effect of a change in the solvent compositioq on reac-
tion rates would also depend on factors such as solvent-

solute 1interactions(54,55), and on solvent structure.
Effect of Temperature
The rate of the reaction was influenced by changes

in temperature (Tables 11-13).

Table 11. Effect of temperature on the oxidation of xylenes in DMF.

Temp 10% X k1(s—1)

[ +0.1K). p-Xylene o-xylene m-xylene toluene
303 ( 1.9 1.5 1.3 1.1
308 2.9 2.6 2.4 2.1
313 3.8 3.5 3.2 3.0
318 5.4 4.8 4.4 0.5
323 8.0 7.2 6.7 6.7

[Substrate]=0.01M, [QDC]=0.001M, [HCIOA]:O. M
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Table 12. Effect of temperature on tne oxidation of methoxytoluenes

in DMF.

: ) P
Temp 10" X ky(s )
(£0.1K)

p-methoxy - m-methgxy- o-methoxy - toluene
toluene toluene toluene

303 2.1 1.8 DT 1.1
308 3.0 2.8 i 2.6 2.1
313 4.4 4.1 3.9 3.0
318 5.9 5.3 5.1 4.5
323 8.2 7.9 7.7. 6.7

[Substrate]=0.01M, [QDC]=0.001M, [HClOa]:OJSM

Table 13. Effect of temperature on the oxidation of nitrotoluenes in DMF.

Teimp 10 X k1(3—])
(£0.1K) m-nitro- p-nitro- O-nitro- toluene
toluene toluene toluene
303 ' 0.8 0.7 0.5 1.1
308 1.4 1.3 1.2 2.1
313 2.2 2.1 2.0 3.0
318 3.5 3.3 3.1 4.5
323 5.2 4.9 4.7 ' 6.7

[Substrate]=0.01M, [QDC]=0.001M, [HClOa]:U. 5M.
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Plots of log k1 against the reciprocal of temperature
were linear (Figs.10-12), suggesting the wvalidity of
the Arrhenius equation. The slopes of the plots were
used to calculate the activation energies of the reactions
(vide 'Experimental':Calculations). The other activation
parameters have been evaluated and have been shown 1in

Table 14.

Table 14. Activation parameters.

E AHﬁ AS'é AGﬁ
Substrate (k3 mol™ ") (kJ nnﬂ-1) (K Tmal™h (leﬂOl_1)
Toluene | 67 64 -109 98
p-xylene 54 51 -149 98
o-X ylene 62 59 -1272 97
m-xylene 64 61 -117 98
p-imethoxytoluene 51 48 -153 95
m-methoxytoluene 58 55 -132 96
o-methoxytoluene 60 57 -127 98
m-nitrotcluene 3 70 -94 99
p-nitrotoluene I 72 -89 100
o-nitrotoluene 76 73 -85 100
Error Hmits &, 5 13 mot ™, sHF 2 2 10 mot”
rshs k! ot AGF £ 2 k3 mol™!

The oxidations of all the substrates were characterized
by negative entropies of activation. This would suggest

an ordered transition state relative to the reactants{56).
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Differences in solvation of substrates in the ground
state and transition state might also contribute to

some extent to the negative entropies of activation(57).

Isokinetic Relationship:
The enthalpies and entropies of activation for

a reaction are linearly related by the equation
pe” = Aﬂo"é + BAS# : (3)

where B 1is the isokinetic temperature. For these oxidation
reactiong, the activation enthalpies and entropies were
linearly related. The correlation was tested and found

to be valid by applying Exner's criterion(58). The isoki-

7 7

netic temperature, obtained from the plot of AH” against AS’,
was 359K (Fig.13). Although current views do not attach
much physical significance to isokinétic temperature(59),
a linear correlation between AH# and AS# is usually a nece-
ssary condition for.the validity of the Hammett equation.
Further, the values for the free energies of activation
( AG#) were nearly constant, 1indicating that the same

mechanism operated for the oxidation of all the supstra-

tes studied.

Structural influences on the rate of oxidation

Since structure-reactivity correlations give an
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insight into +the nature of the transition state and
hence the mechanism of the reaction, an attempt was
made to obtain a linear free energy relationship using
the Hammett equation. It was observed that electron-
releasing grdups accelerated the rate of the reaction
as compared to toluene, whereas electron-withdrawing
groups exerted a deactivating influence on the rates

of these reactions {(Table 15).

Table 15. Effect of substituents on the rate of oxidation.

Substituted toluene 10" X k1(s‘1) Relative Rate
p-methoxy 4.4 1.47
m-methoxy 4.1 1.37
o-methaoxy : 3.9 1.30
p~methyl 3.8 1.27
o-methyl 3.5 ' 1.17
m-metny! 3.2 1.07
H (toluene) ' 3.0 1.00
m-nitro ' 2.2 0.73
p-nitro ’ 2.1 0.70
o-nitro 2.0 0.67

[Substrate]=0.01M, [QDC]=0.001M, [HCI10,1=0.75M, T=313K.

A plot of the logarithm of the relative rates
of reactions against the Hammett substituent constants,

0 values(60), was linear (Fig.i4) and the wvalue of
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the reactpon constant, p, was -0.20. For most hydrogen
apstraction reactions, the reaction constants(p) have small

magnitude(61) .

The rate data for positionally substituted toluenes
indicated virtually no difference bpetween the 1isomers,
as for example, the failure to observe any rate diffe-
rence for ortho-supstituted isomers (Table 15). Marginal
effects were observed for the different isomers, and
steric effects for ortho-supbstituted toluenes were not

pronounced .

A correlation Dbetween rates of reactions and
ionisation potentials would scem appropriate. The ioni-
sation potential for the three 1isomers of xylene(62)
for example, are guite close (p-xylene = 8.44 ev., O-xylene=
m-Xylene=8 .56 €v, toluene=8.82 ev ). Based on the ionisa-
tion potentials, the observed order of reactivity would
be: p-ZXylene> o—Xyléne = m-xylene >toluene. This order
of reactivity has been observed (Table 15). The same
rationalization would be wvalid for the oxidation of
methoxytoluenes and nitrotoluenes, with regard to their

relative rates of reactivity.

Kinetic isotope effect
The kinetic 1isotope cffect has been studied,

in order to determine the nature of the intermediate
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formed in the rate-determining step of these oxidation
reactions. In the case of the oxidation of substituted
toluenes, a kinetic isotope effect, kH/kD, was observéd
in the range 5.0-5.3, which indicated that the rate-
determining .step involved the <cleavage of the carbon-
hydrogen bond of the methyl group attached to the arene

ring. The results have been shown in Table 16.

Table 16. Kinetic isotope effects for the oxidation of toluenes.

10% X k1(s_1)

Substrate -

(toluenes) AFCH}(kH) ArCDB(kD) kH/kD
p-CiH5-C H, - 3.8 0.73 5.2
O—CFB-CéHa- 3.5 0.70 - 5.0
m—CH3—C6Hl&_ | 3.2 0.62 5.2
p-OCH3—C6Ha- 4.4 0.85 5.2
m_OCHB—C6Hl&_ 4.1 0.80 5.1
O-OCHB—CéHq— 3.9 0.75 5.2
m-NOZ_CéHQ- 2.2 0.44 5.0
p4%024:6Ha— 2.1 | 0.41 5.1
O_NOZ_C:SHL;- 2.0 0.38 5.3

Similar kH/KD values have been obtained in the
oxidation of wvarious "kinds of substrates, to suggest
that the rate-determining step 1involved the cleavage
of the C-H bond. The oxidation of deuteriated aldehydes

by permanganate produced substantial isotope effects,
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suggesting that the rate-controlling step was the cleavage
of the C-H bond(63). In the chromic acid oxidation of
benzaldehyde, the kinetic-isotope effect obtained indiéa—
ted that C-H bond cleavage occurred in the rate-determin-
ing step(64). In the chromic acid oxidation of diphenyl-
methane, a kH/kD-value of 6.4 had been bbserved, which
indicateé that the rate-determining step was the cleavage
of the methylene carbon-hydrogen bond, yielding the
benzhydryl radical{65). The deuterium isotope effect
for the Cr(V) oxidation of benzhydrol in 65% acetic
acid gave a value of kH/kD=5.9, showing that C-H bond

cleavage was the rate-controlling step(49b).

Indﬁced polymerization

Since all the reactions were performed under
nitrogen, the possibility of induced polymerizatiop
was tested. It was seen that there was no induced poly-
merizétion of acrylénitrile or the reduction of mercuric
chloride. Further, no ESR signals could be detected
in each of the oxidation reactions studied (E-4, Varian).
These results do not rule out free radical intermediates;
they simply do not provide ecvidence that radicals are
formed. This may be due to the high rate of oxidation
of the free radicals. Control experiments were performed,

in the absence of the substrate. The concentration of
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the oxidant, QDC, did not show any appreciable change.

Mechanism

Based on the stoichiometry of the oxidation reac-
tions, and the observed experimental data, the mechanistic
pathway of the reaction has to be considered. Some of
the Kinetic observations which must b= taken into account

are the following:

(a) The rate of the reaction showed a first order depen-.
dence on tﬁe concentration of the acid (Tables 5-7),
indicating‘ that the rate-determining step involved
a reaction bétween a protonated Cr(VI) species

and the substrate.

(b) A qecrease in the polarity of the solvent medium
resulted in an increase in the rate of the reaction

(Tables 8-10). Linear plots of log k., against the

1
reciprocal of the dielectric <constant 1indicated
an ion-dipole type of interaction (Figs.7-9). This
was 1in accordance with the involvement of a protonated

Cr(VI) species in the rate-determining step: of

the rcaction.

(c) The wvalue of the reaction constant (p} was -0.20.
For most hydrogen abstraction reactions, the reaction

constants ( p ) have small magnitudes(61).
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(d) The kinetic isotope effect, kH/kD=5.0—5.3 (Table 16)
demonstrated a cleavage of the carbon-hydrogen

bond of the methyl group attached to the aryl ring.

(e) The near constancy of the frec cnergics of activation
(Table 14) showed that the same mechanism was opera-

tive in these oxidation processes.

Although the reaction did not give any ESR signals,
and there was no evidence for the induced polymerization
of acrylonitrile and the reduction of mercuric chloride,
the possibility of a hydrogen abstraction mechanisﬁ
cannot ée completely excluded. The radical formed initially
would rcact rapidly with the Cr5+ specices formcd in
the initial step, similar to what has been observed
in the oxidation of saturated hydrocarbons by Cr(vVI)
compounds (49c, 66). The signifrcant kinetic isotope
effect observed (kH/kD=5.0—5.3; Table 16), would suggest
considerable carboﬁiunl ion character in the transition
state. The transition state could be considered as invol-
ving a carbon atom which would exist with both, radical
'and carbonium ion character. Such types of intermediates
have been reported 1in earlier investigations(77-80).
This resonance hybrid would possess lower energy than
either the radical or the carbonium ion, which would

account for the stability of the intermediate.
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In an earlier report on the oxidation of hydro-
carbons by Cr(VvI), a kinetic 1sotope effect, kH/kD,
of 6.4 had demonstrated a cleavage of the carbon-hydrogen
bond in the rate determining step(65). Further, the
radical species, formed in the initial step, underwent

rapid oxidation.

In the present investigation, the small difference
in the rates of reactions between toluene and substituted
toluenes (Table 15), and the small value of the reaction
constant {( =-0.20) observed in thé oxidation, clearly
indicated the ©possibility of a hydrogen abstraction
mechanism. A cleavage of the carbon-hydrogen bond, in
the rate-determining step of the reaction, was supported
by the observed kinetic 1isotope effect, kH/kD, in the

range 5.0-5.3 (Table 16).

Under the experimental conditions employed 1in
the present investigation, the only isolable product,
in each case, was the corresponding aldehyde, which
was characterized as the respective 2,4-dinitrophenyl-
hydrazone derivative. Since drastic conditions of con-
centrations and temperature were not employed in the
present study, only one methyl group (in the case of
xylenes) underwent oxidation to give the corresponding

aldehyde. It had been shown in an earlier investigation
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that the oxidation of xylenes by ceric ions(41) had
resulted lin the formation of the corresponding aldehyde,
indicating that only one of the methyl groups in xylene

was oxidized.

It has been well established that the first step
in the oxidation of toluenes by ceric ions was a one-
electron transfer to give a radical cation. This was
rapidly followed by the loss of a protonvto form a benzyl
radical which was then oxidized to a benzyl cation(67-69).
Ceric trifluoro-acetate in aqueous trifluoroacetic acid
Has been found .to be effective for the oxidation of
activated toluenes to the corresponding aldehydes(70).
Various chromium(VI) reagents such as trimethylsilyl
chlorochromate(71) and chromyl trifluorocacetate(72),
have been employed for the oxidation of toluenes and
substituted toluenes, the products being the corresponding
aldehydes(71,72). During the flow reactor oxidation
of tqluene, fadical atom and radical-radical reactions

(Eg.4 and 5 respectively),

ArCH,®* + O ———> ArCHO + H (4)

ArCH2'+HO2' —_ S ArCHZO + OH

————> ArCHO+H ()
were responsible for the conversion of toluene to benzal-

dehyde(73). The liquid-phase oxidation of substituted
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toluenes to the corresponding aldehydes'has been investi-
gated from an industriél point of view(74). The selective
liquid-phase oxidations of substituted toluenes to the
corresponding aldehydes have been reported, using various
cobalt-based catalysts. For example, the catalyst

Co(OAc)z—Ce(OAc)3—Cr(OAc)3 in a mole ratio 3:1:2 was
used to oxidize p-methoxytoluene to p-anisaldehyde 1in
76% yield(75). The catalyst, Co(OAc)Z—Mn(OAc)2 in a
mole ratFo 3:1 was used to oxidize 3,4,5-trimethoxytoluene
to 3,4,5-trimethoxybenzaldehyde in 91% yield(76). There
was no formation of any acid in any of these liquid-phase
oxidation reactions of substituted toluenes(75,76),

indicating that there was no further oxidation of the

product aldehyde, in all these cases.

No other intermediate product(s) could be isolated
from the reaction mixture. Efforts to isolate the péssible
intermediate, benzyl alcohol, were not successful. Inde-
pendent kinetic experiments were carried out on the
oxidation of benzyl alcohol by ODC, in acid medium.
It was observed that there was a rapid conversion to
the aldehyde. The rate data for the oxidation of benzyl

alcohol has been recorded in Table 17.
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Table 17. Rate data for the oxidation of benzyl alcohol, in DMF.

[Benzyialcohoﬂ 103 X k1
(102 X M) T
1.0 2.5
5.0 12.0
10,0 26.0
'20.0 51.0

[QDC] = 0.001M, HClOa = 0.75M, T313K.

Comparison ‘of the  rate data for the oxidation
of benzyi alcohol (Table 17) with those for the oxidation
of toluene and substituted toluenes (Tables 2-4 ) would
indicate that benzyl alcohoi, when formed as an inter-
mediate in the oxidation of substituted toluenes by
QDC, in acid medium, would undergo a rapid reaction
to give the corresponding aldehyde. It would be pertinent
to recall the earlier experimental observations wherein
benzyl Flcohol was rapidly oxidized to benzaldehyde

in good yields when oxidized by t-butylchromate in petro-

leum ether(77), potassium dichromate 1in glacial acetic
acid(78), V(V)' in acid media(79), pyriAdine—Cro3complex(80),
Co(III) in perchloric acid(81), Ce(1IV) in acid media(82),
nitric acid(83), acid permanganate(84-85), lead tetraace-

tate(86), chloramine-T(87), ruthenium tetroxide(88-89),
pyridine chlorochromate(90), sodium-N-chloro-p-toluene

sul fommide(91), and by 'sodium-chlorobenzene sulfonamide

(92) .



[ 73 )

In the present investigation, all the substrates

(toluene and substituted toluenes) were oxidized by
gquinolinium dichromate, in acid medium, to give the
corresponding aldehyde, which has been characterized

~as the respective 2,4-dinitrophenylhydrazone derivative.
There was no formation of acid in any of these reactions,
implying that the product (the aldehyde in each case)
was stable and did not undergo further oxidation, under

the present experimental conditions.
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KINETICS OF OXIDATION OF DIPHENYLMETHANE
TRIPHENYLMETHANE AND FLUORENE

The oxidation of arylalkanes has been studied

by various workers, using a variety of oxidizing agents.

Chromium(VI)
The reaction of arylalkanes with CrO3 in glacial
acetic acid was second order in CrO3 and first order

in substrate, and had involved the formation of transient
Cr(1IV) gnd Cr(Vv) complexes(1,2). Diphenylmethane gave
mainly benzophenone; no diphenylmethanol or its acetate
were obtained. Triphenylmethane gave triphenylcarbinol(1,2),
whereas fluorene was oxidized to fluorenone in greater
than 90% yield(2). The chromic acid oxidation of tri-
phenylmethane gave the corresponding tertiary alcohol
initially, and more, vigorous oxidation led to the break-
down of one aryl group, with the formation of a diaryy
ketoﬁe(3,4) . The CrO3 oxidation of diphenylmethane
and triphenylmethane was studied in acetic acid at
50°C, in the presence of azide ions; the intermediate
carbonium ions formed were scavenged with azide ions(5).
The chromic acid oxidation of hydrocarbons in 95% acetic

~acid, wusing an acid catalyst 1in large concentration
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compared with that of Cr(Vi) vyielded relative rates

of oxidation, wherein the order of reactivity was observed

to be fluorene >> triphenylmethane = diphenylmethane > toluene
(6). The chromyl chloride oxidation of diphenylmethane(7,8),
:and triphenylmethane(8,9) had yielded Dbenzophenone

and triphenylcarbinol respectively, in greater than

90

oo

yields. Fluorene was converted to fluorenone in
good yields when oxidized by aqueous sodium dichromate(10),

and by chromyl chloride(11).

Cobalt (III)
The oxidation of diphenylmethane by cobalt(III)
perchlorhte in aqueous acetonitrile, had yielded benzo-

phenone(12,13).

Cerium(1IV)
Cerium(IV) has been used to oxidize diphenyl-
methane to benzophenone, triphenylmethane to triphenyl-

carbinol and fluorene to fluorenone in good vyields(14).

Permanganate, Manganese(III) and Manganese(IV)

Thé kinetics of oxidation of diphenylmethane
by KMnO4 has been reported(15). The Mn(III) acetate
oxidation of triphenylmethane had vyielded <triphenyl-

carbinol(16). The oxidation of diphenylmethane and
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triphenylmethane by MnO2 dispersed in aromatic hydro-
carbon solvents was observed to _proceed via radical

formation through hydrogen abstraction by the oxidant(17).

Nickel peroxide

Nickel peroxide has been used to gxidize diaryl -
methanes, in which the methylene group is doubly activa-
ted by the aromatic rings, to give the corresponding
diaryl ketones in high yields(18). For example, fluorene
gave fluorenone in 66 % yield, and diphenylmethane

gave benzophenone in 79% yield(18).

Lead tetraacetate

The 1lead tetraacetate oxidation of diphenyl-
methane(19;21) and triphenylmethane(20,21) had vyielded
the corresponding acetates. The kinetic aspects of
the oxidation of arylakanes by 1lead tetraacetate have

been reported(22).

Thallium(III), Vanadium(V) and Phenyl iodosoacetate

The kinetics of oxidation of fluorene by thal-
lium(III) and vaﬁadium(V) have been investigated(23,24).
The kinetics of oxidation of arylalkanes by phenyl
iodosoacetate, catalyzed by Ru(IIIl), have been repor-

ted(25) .
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Potassium hexacyanoferrate(III)

The kinetics of oxidation of arylalkanes by
potassium hexacyanoferrate(III), in acid media, have
been reported(26). The oxidation of diphenylmethane
and triphenylmethane gave good yields of benzophenone
and triphenylcarbinol, respectively(26a), while the

oxidation of fluorene gave fluorenone in good yields(26b) .
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PRESENT WORK
The kinetics of oxidation of arylaikanes by
Cr(VI) reagents have not received adequate attention.
The present work is an investigation of the Kkinetic
features of the oxidation of arylalkanes (diphenylmethane,
triphenylmethane and fluorene) by quinolinium dichromate

in acid medium using dimethyl formamide as solvent.

Stoichiometry (vide 'Experimental'):

The -stoichiometries of the reactions were deter-
mined to be 1:2 (substrate:oxidant) for all the subst-
rates studied. The stoichiometric equations can be

represented as follows:

(a) Ph,CH,+2Cr T +H,0 ———> Pphco+2cr™V+an® (1)
(Diphenylmethane)
(b) Ph3CH+CrVI+H20 —> Ph3C0H+CrIV+2H+ (2)
(Triphenylmethane) '
VI v +
(c) C13H]O+2Cr +H,0 — C]3H8O+2Cr +4H (3)

(Fluorene)

Effect of substrate and oxidant
The rate of the reaction was observed to be dependent
on the first powers of concentrations of both, substrate

and oxidant (Tables 1-2).
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Table 1. Rate data for the oxidation of diphenylmethane and triphenyl-
methane in DMF.

[Substrate] - [QDC] Diphenylmethane Triphenyl-
(107X M) (10° X M) 10%xc, 67 methene
1.0 1.0 3.68 4.45
2.5 1.0 9.05 11.23
5.0 1.0 18.40 22.10
7.5 1.0 27.10 33.72
10.0 1.0 36.25 45.05
20.0 1.0 72.15 90.15
1.0 0.75 3.56 4.50
1.0 0.50 3.73 4.37
1.0 0.25 3.65 4.31
1.0 0.10 3.62 4.48
[HCIOQ] = 1.0M, T = 313K.

Table 2. Rate data for the oxidation of fluorene in DMF.

[Fluorene] [QDC] 103 X I<1
(10% x M) | (10° x M) (s™h
1.0 1.0 u4.57
2.5 1.0 11.25
5.0 1.0 22.03
7.5 1.0 34,12
10.0 1.0 44.50
1.0 0.75 4.66
1.0 0.50 4.39
1.0 0.25 4.48
1.0 0.10 4.55
[HClOa] = 1.0M, . T = 313K,

Plots of k1 against the concentration of substrates
were linear passing fthrough the origin (Figs.1-2),
indicating that the rate of oxidation was dependent

on the first power of concentrations of substrates.
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The wvalues of kz (second order rate constant) were
fairly constant, confirming the first order dependence
of the rate on the concentrations of the substrates
(Tables 1-2). When the concentration of the substrate
was kept constant (taken in large excess), the pseudo-
first -order rate constant (k]) did not show any appre-
ciable wvariation with changing concentrations of the
oxidant (Tables 1-2), indicating that the rate of the

reaction was dependent on the first power of the concen-

tration of the oxidant.

Effect of acid

Fhe rate of the reaction was observed{ to be
dependent on the first power of the concentration of
the acid (Table 3).

Table 3. Effect of acid on the oxidation of arylalkanes in DMF.

[HClOa] diphenylmethane triphenylmethane fluorene
! - -

(M) 107 x k,(s h 103xk1(s h
1.5 5.25 7.15 6.80
1.0 3.68 4.45 4.57
0.75 2.58 3.57 3.38
0.50 1.80 2.25 2.30
0.25 0.87 1.20 1.12
0.10 0.36 0.45 0.46

[Substrate] = 0.01M, [QDC] = 0.001M, T = 313K.
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. + .
Plots of 1log k1 against log [H ] were linear,
with unit slopes, showing that the reaction was dependent

on the first power of the concentration of acid (Figs.3-4).

Rate law

The increase in the oxidation rate with acidity
suggested the involvement of a protonated Cr(VI) species
in the rate determining step. The involvement of such

protonated species has been well established in chromic

acid oxidations(27a).

Under the present experimental conditions,
wherein pseudo-first order conditions have been employed
for all the kinetic runs, the rate law can be expressed
as:

d[Cr(vIi)]

Rate = — T = k[Substrate][opc)[H™] (4)

Effect of solvent

The dielectric constants for DMF-water mixtures
have been estimated from the dielectric constants of
the pure solvents(28). The estimated dielectric constants

of the solvent mixtures used have been shown in Tables

4-5,
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The rate of the reaction was susceptible to
changes 1in the polarity of the solvent medium, with
varying proportions of DMF-water. With an 1increase
in the dielectric constant of the medium, there was
a decrease in the rate of the reaction (Tables 4-5).
This was 1in consonance with the observation that the
use of more polar solvents required larger reaction

times (29).

Table 4. Effect of solvent on the oxidation of diphenylmethane and tri-
phenylmethane.

DMF HZO D Diphenylmethane Triphenylmethane
(% v/v) 10" x ky 67

100:0 : 37.6 3.68 4.45
95:5 39.7 1.63 3.02
90:10 41.8 - 1.48 2.51
85:15 _ 43.9 1.34 2.09

80:20 46.1 1.23 1.70

[Substrate]=0.01M, [QDC] = 0.001M, [HCIOQ] =1.0M T = 313K,
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Table 5. Effect of solvent on the oxidation of fluorene.

DMF:H,0 D 10° x K,
(% v/v) » (s™)
100:0 37.6 4.57
95:5 39.7 3.4
90:10 41.8 . 2.95
8515 o 43.9 ' ) 2.50

80:20 ; 46.1 T 2.18

[Fluorene] = 0.01M, [QDC] = 0.001M, [HClOa] = 1.0M, T = 313K,

Plots of log k1 against the reciprocal of dielec-
tric constants were linear with positive slopes (Figs.5-6).
This suggested an 1interaction between a positive ion
and a dipole(30), and confirmed that the rate-determining
step, 1n the presence of acid, involved a protonated
Cr(VI) species. The effect of a change in solvent compo-
sition on reaction rate would also depend on factors
such as the solvating power of the solvents(31), solute-

solvent interactions(32,33) and solvent structure.

Effect of temperature
The rates of the reactions were observed to

be susceptible to changes in temperature (Tables 6-7).
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Table 6. Effect of temperature on the oxidation of diphenylmethane
and triphenylmethane in DMF.

— 102K (M%7

(£0.1K) Diphenylmethane - Triphenylmethane
308 2.18 2.96

313 3.68 ' 4.45

318 7.44 8.97

323 10.03 11.47

328 15.01 17.36

[Substrate] = 0.01M,  [QDC] = 0.001M, [HCIO,] = 1.0M,
k = k1/[Substrate][H+].

Table 7. Effect of temperature on the oxidation of fluorene in DMF.

TP < 747
308 ' 0.261
313 0.457
318 0.551
323 0.734
328 0.995

[Fluorene] = 0.01M, [GDC] = 0.001M, [HCIO,] = 1.0M,
k = l<1/[SubstrateIH+]



Plots of 1log k1 against the reciprocal
of temperature were linear (Figs. 7-8). The slopes
of the plots were wused to calculate the activation

energies of the reactions. The other activation parameters

were calculated and have been shown in Table 8.

Table 8. Activation parameters for diphenylmethane, triphenylmethane
and fluorene.

Parmeters Dipheny- Triphenyl- Fluorene
methane methane
E - (k3 mol™ ) 87+3 7753 5642
A HAKI mol™) 843 7443 5342
£ -1 -1 .
AST(IK™" mal ) -68+3 -78+3 -121+3
AGF (k3 mol™h) 10543 97+3 9143

Structural influences on the rate of reaction
Conjugation' influences and resonance factors
seem to play a prominent role in these reactions. In
this series, fluorene was oxidized fastest since the
9-position of the fluorene molecule was particularly
labile. The greater oxidation rate of fluorene over
diphenylmethane and triphenylmethane (Tables 1-2),
may be due to the electromeric effect, which would

be expected to be higher in fluorene. Steric hindrance
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due to the triarylmethane group would result in triphe-
nylmethane being oxidized at a faster rate, compared

to diphenylmethane.

Hammett plot

The effect of substituents was determined and
it was observed that electron-releasing groups caused
an increase in the rate of the reaction, whereas electron-
withdrawing groups caused a retardation in the rate 

of the reaction (Tables 9-10).

Table 9. Effect of substituents on the oxidation of diphenylmethane in

DMF.

Substituent 192k_1 k/kk
(M%) ‘

p-Methoxy 32.75 8.9

p-Methy! 9.20 2.5

H 3.68 1.0 |

p-Cl 2.61 0.71

p-Br 2.32 0.63

m-Cl 1.14 ' 0.32

m-Br ‘ 1.14 0.32

[Substrate]=0.01M, [QDC]=0.001M, [HClOa]:LOM, T=313K
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Table 10. Effect of substituents on the oxidation of fluorene in DMF.

Substituent (hd_gs—1) k/kH
2-methoxy 1.444 3.16
2-methyl 0.914 2.0
H (fluorene) 0.457 1.0
2-Br 0.416 0.91
2-Cl 0.407 0.89
Z—PKJZ 0.023 0.05

[Substrate]=0.01M, [QDC]=0.001M, [HCIOQ]:LOM, T=313K.

Structure-reactivity correlations were obtained wusing
the Hammett equation. Plots of the logarithm of relative
rates of reactions against o (34) were linear (Figs.9-10)
and the values of the reaction constants(p ) were obtained
as -1.50 (fluorenes) and -1.25 (diphenylmethanes) .
The values of the reaction coﬁstants (p ) indicated
that the 1initial reaction was the abstraction of a
hydrogen atom, forming *the radical intermediate 1in
the rate determining step of the reactions. Earlier
investigations had shown that hydrogen atom abstractions
from toluene yielding a radical(35), gave p values between
-0.75 and -1.50. In the oxidation of toluene by chromic

acid, the effect of substituents had yielded a p value of
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-1.40(36). The effect of substituents was correlated
with a reaction constant, p, of -1.40, in the oxidation
of diphenylmethane by chromic acid(6). In the oxidation
of fluorene by pofassium hexacyanoferrate(1I1), the p value
of -1.5 had demonstrated the formation of a radical
intermediate in the rate determining step of the reac-

tion(26b) .

Kinetic isotope effect
When the reaction was carried out wusing 9,9-
dideuterofluorene, the rate of the reaction was decreased

by a factor of 6.0 at 313K (Table 11).

Table 11. Kinetic isotope effect at 313K,

[Substrate] . Fluorene 9,9-dideutero-

fluorene
(M) (10° x k1,s-1)

0.01 4.57 0.76
0.025 11.25 1.87
0.05 22.03 3.68
U.ix;9_1(kH) 0.07; (_I;D)
, (M™% (M™%s™)
kH/kD = 6.0

[@DC] = 0.00TM, [H] = 1.0M, 1 and k) = i, /Fluorene] [H*)
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The observation of such a kinetic isotope effect would
indicate that there was the breaking of the carbon-
hydrogen bond in the rate—determiﬁing step of the reac-
tion, resulting in the formation of a radical interme-
diate. The chromic acid oxidation of diphenylmethane
had demonstrated a kH/kD value of 6.4(6), wherein the
rate determining step had been established as the cleavage
of the methylene carbon-hydrogen bond, forming the

benzhydryl radical.

ESR spectra of radical intermediates

The esr spectra of the correspdnding radicals
generated from the oxidation of each_of the substrates
were obtained (vide ‘'Experimental'). The spectrum of
the rad%cal obtained at room temperature from the oxida-
tion of diphenylmethane gave 18 1lines, that from the
oxidation of triphenylmethane gave 25 lines with consi-
derable overlap, while that from the oxidation of fluorene
gave 9 lines. Such spectra have been analyzed in detaii
in earlier investigations(37-39). It can thus be concluded
that the reaction pathway involved the formation of
a radical intermediate, generated in the rate-determining

step of the reaction.

The esr spectrum was further examined in order
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to establish the nature of the chromium intermediate
species formed during the course of the reaction. One
main peak with g=1.970+0.005 was obtained at 77K. This
spectrum was observed to decrease with time, and could
not be detected after about 30 minutes from the time
of initiation of the reaction. This peak could not
be due to Cr(III), since the concentration of Cr(III),
and hence the intensity of the peak, would have increased
with time. If a Cr(IVv) intermediate were to be formed,
then the presence of two unpaired electrons and S=1
would have shown a broad spectrum having two peaks
of low intensity. No such species could be observed.
With one unpaired electron and S=1/2, the Cr(V) species
would give an esr spectrum with one main peak. A similar
spectrum had been reported for the hypochromate 1ion,
CrO4_3, with a wvalue of g=1.97 (40). Further analysis
of the spectrum, obtained in the present investigation,
showed a dependence on temperature. Above 77K, the
spectrum could not be obtained, owing *to spin-orbit
coupling which tends to broaden the spectrum at higher
temperatures, thus vitiating the formation of an esr
signal. It has been shown in an earlier 1investigation
that for wvanadium tetrachloride and other symmetrical
V(1iV) éompounds (i1soelectronic with Cr(Vv) species),

no esr signals could be observed between 90K and 330K,
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whereas for unsymmetrical vanadium compounds, such
as VCleOR)z(ROH), (where R=n-butyl or t-butyl), esr
spectra could be obtained at 330K(41). In the present

study, the esr spectrum of the oxidation reaction mixture
at 77K must be due to the formation of a Cr(V) species.
It would be Jjustified to postulate that the chromium
species 1initially formed in the oxidation of all these
substrates (diphenylmethane, triphenylmethane and fluorene)

by @QDC, at 77K, was Cr (V).

Mechanism

Based on the stoichiometry of the oxidation
reactions and the observed experimental data, the mecha-
nistic pathways of the reactions have to be considered.
The kinetic observations which have to be taken into
account while proposing the reaction pathway are the

following:

(a) The rate of the reaction showed a first orde£
dependence on the concentration of the acid (Table 3)
indicating that the slow step of the reaction
involved the reaction between the substrate and

a protonated Cr(VI) species.

(b) A decrease in the polarity of the solvent medium

had resulted 1in an eénhancement 1in the rate of
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the reaction (Tables 4-5). Linearity in the plots
of 1log k1 againsf the inverse of the dielectric
constant suggested an ion-dipole type of interaction
(Figs .5-6) . This was in consonance with the observa-
tion that the use of more polar solvents Lleads
to greater reaction times(29). This also confirmed
the involvement of a protonated Cr(VI) species

in the rate determining step of the reaction.

(c) Tﬁ? values of the reaction constants ( p) were -1.25
(for diphenylmethanes) and -1.50 (for fluorenes).
The magnitude of the p values indicated the forma-
tion of a radical 1intermediate in the slow step

of the reactions.

(d) The kinetic isotope effect, kH/kD = 6.0 (Table 11),
indicated that the rate determining step involved
a carbon-hydrogen bond cleavage from the methylene

carbon atom.

The initial reaction between the substrate
and the oxidant, in acid medium, was the abstraction
of a hydrogen atom forming the radical intermediate.
It can be postulated that the reaction pathway was
via the formation of a radical intermediate generated

in the rate determining step of the reaction. The
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initiation of the polymerisation of acrylonitrile and
the induced reduction of HgC12 indicated the presence
of a radical intermediate. ESR spectroscopy has confirmed

the presence of the radical intermediate.

The observed increase in the rate of the reaction
with a decrease in the polarity of the solvent medium
’(Tables 4-5) 1indicated that the transition state was
much less polar than the reactants. This would contribute -
to +the facile formation of a radical intermediate,
rather than an 1ionic species, in the rate determining

step of the reactions.

The radical intermediate underwent rapid conver-
sion, 1in a series of steps, to give the product. The
steps leading from the radical to the products (benzo-
phenone and flﬁorenone from diphenylmethane and fluorene,
respectively) could not readily be studied, since they
followed the raté—determining step. No intermediate
product(s) could be isolated from the reaction mixtures:
in both these -oxidation reactions. Efforts to isolate
the intermediates, benzhydrol and fluorenol respectively,
from the oxidations of diphenylmethane and fluorene,
were not successful. Independent kinetic experiments
conducted in this laboratory showed that both, benz-
hydrol and fluorenol, were oxidized very rapidly (Tables

12-13) .
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Table 12. Rate of oxidation of benzhydrol by QDC, in DMF.

[Benzhydrol] | 102 X k1
(10%xM) s
1.0 14.0
5.0 73.0
10.0 150.0

(
[@DC] = 0.001M, [H'] = 1.0M, T = 313K

Table 13. Rate of oxidation of fluorenol by QDC, in DMF.

[(Fluorenol] k
2 !
( 10°xM ) (s ")
1.0 0.16
5.0 . 0.82
10.0 1.56
[QDC] = 0.001M, [H*] = 1.0M, T = 313K.

Comparison of the rate data of Tables 1-2 and Tables
12-13, would establish that if the respective alcohols,

benzyhydrol and fluorenol, were to be formed as reaction
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intermediates, théy would be rapidly oxidized to the
respective products, benzophenone and fluorenone. Earlier
work had shown that benzhydrol was rapidly oxidized
to benzophenone in good yields when oxidized by chromic
acid(6), alkaline permanganate(42), CrO3—pyridine complex(43),
and by N-bromo saccharin(45). Earlier investigations
had shown that fluorenol was rapidly oxidized to fluore-
none, when oxidizing agents such as V(V) in acid medium

(46) and bromamine-T in acid medium(47) had been used.

Further evidence in support of the radical
mechanism may be found in a comparison of the rates
of hydrogen abstraction (from toluene, diphenylmethane,
triphenylmethane and fluorene) and the rates of solvolysis
of the corresponding chlorides (Table 14).

Table 14. Relative rates of oxidation, hydrogen abstraction and solvolysis.

Relative Relative rate of Relative rate of
Substrate rate of hydrogen abstrac- solvolysis by

oxidation tion by CCl.(a) chlorides(b)

4

Toluene 1.0 1.0 1.0
Diphenylmethane 8.0 8.0 2x103
Triphenylmethane 12.0 16.7 1x107
Fluorene 130.0

(a) ref. 48 ; (b) ref. 49.
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The relative rates of oxidation were observed to be
as follows: toluene = 1.0,'diphenylmethane = 8.0, triphe-
nylmethane = 12.0 and fluorene = 130 (Table 14). These
relative rates appeared to be too small to be attributed
to an ionic pathway. These relative rates of oxidation,
by QDC, were comparable to those obfained in an earlier
investigation wherein chromic acid in 95% acetic acid
had been used as the oxidant(6). The data in Table 14
showed that there was agreement between the relative
rates of oxidation and the rates of hydrogen atom removal,

but the range of rates of solvolysis was much larger.

(

The observation of a Xkinetic isotope
effect indicated that the cleavage of the carbon-hydrogen
bond occurred in the rate-determining step. The small
difference in the rates of reactions between the diffe-
rent substrates (toluene, diphenylméthane,' triphenyl -
m=2thane and fluorene) and the small values of p (p=-1.25
for diphenylmethanes, and p = -1.50 for fluorenes)
obtained for these oxidation reactions suggested the

possibility of mechanisms as follows:

R,CH, + QDC _Slow 4 RzéH + cr’ (5)
R.CH + oDC -S%9W 5 p & 4 Y (6)

3 3
Slow v

@.0 + QDC ————> @.@ + Cr (7)

H 4 H
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The radical intermediate formed was probably oxidized
by one of the chromium species, possibly forming an

ester such as:

3
\\“> —_—> R. C -0 - crt (8)

It can be postulated, therefore, that in the
oxidation of these substrates (diphenylmethane, triphenyl-
methane and‘ fluorene), the rate determining step was
the abstraction of a hydrogen atom giving a radical.
The subsequent conversion of the radical to the product,
in all the cases, was rapid (Schemes 1-3). Resonance
factors seem to be important in these reactions. The
trend of observed reactivity (fluorene > triphenylmethane >
dipheny.lmethane) 1is justifiable, on the basis of the
stability of the products. In the case of fluorene
and diphenylmethane, the products obtained were the
ketones, which would be stabilized by conjugation influ-
ences more than the parent hydrocarlons. In the case
of triphenylmethane, the presence of three bulky groups

would facilitate the formation of the triphenylmethyl
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radical . The product, triphenyl <carbinol, would be
formed gquite easily, even though this product would
not have any carbonyl stabilisation with the pi-bonded
aromatic system. This would account for the faster
rate of oxidation for triphenylmethane over that for
diphenylmethane. Under the present experimental condi-
tions, ho benzophenone could be isolated from the reac-
tion mixture containing triphenylmethane and QDC in

acid medium.



SCHEME 1

H - H
thé-H + :;g;:: . slow ; thé-
OQH
H H
faSt> Ph2C|:+ / fa5t> thi-oﬂ fast s Ph,C-OH

fast + fast -
—_— Ph2C—OH — PhZC——O

SCHEME 2
O 6+ O
Ph.C=H + QbCr/, slow Ph.Ce
3 2N . 2 — 3
0 OQH

fast + fast

—_— Ph3C ) PhBC—OH



SCHEME 3

fast @ fast '
e, = O

H™ 0. =© T ol

fast fast
=5 O — ]
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KINETICS OF OXIDATION OF POLYNUCLEAR
AROMATIC HYDROCARBONS

1. Naphthalene

There has been a great deal of interest generated
regarding the oxidation of naphtﬁalene by various oxidi-
zing agents. The ceric sulfate oxidation of naphthalene
in adqueous acetic acid-sulfuric acid mixtures gave
a first order dependence in cach reactant(1). Chromic
acid oxidation "'of polynuclear aromatic hydrocarbons
generally resulted in nuclear oxidation. For example,
(a) naphthalene gave 1,4-nazphthogquinone and phthalic
acid(2); (b) 2,3-dimethylnaphthalene gave 2,3-dimethyl-1,4-
naphthoquinone(3); (c) 2-methylnaphthalene gave 2-methyl -
1,4-naphthogquinone{4}; and (a) l-methylnaphthalene
gave 5-methyl-1,4-naphthoquinone(5). With aqueous sodium
dichromate, ring oxidation was made negliéible under
conditions which permitted side chain oxidation. Thus,
methylnaphthalenes were oxidized ¢to the corresponding
naphthoic acids in about 95% vyield(6). The chromic
acid oxidation of 1,2,5-trimethylnaphthalene had resulted
in the loss of an alkyl group, to yield 2,5-dimethyl-1,
4 -naphthoquinone(7). When heated with lead tetraacetate

in acetic acid, napththalene gave 1-acetoxynaphthalene
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in 26% yield(8), but neither methylnaphthalenes nor
products of their further conversion was detected.
The oxidation of naphthalene by Milas's reagent(9)
gave phthalic acid(10). The oxidation of naphthalene
by peracetic acid had vyield o- and p- quinones(i1).

Naphthalenes have been oxidized by agueous KMnO,(12,13)

4
and by ruthenium tetroxide(14,15); the products 1in
both these oxidations were the corresponding phthalic
acids. The oxidation of naphthalene has been carried 
out by cobalt(III) perchlorate in aqueous acetonitrile(16)
V(V) ions(17) and by periodic acid(18). The oxidation
of naphthalene by potassium hexacyanoferrate(III) in
acid media had vyielded a—naphfhol in approximately
35-45% conversion(19). A p value of -4.0 and the lack
of a deutérium kinetic 1isotope effect suggested the

formation of an aromatic cation radical in the rate-

determining step of the reaction(19).

2. Phenanthrene

The chromic acid oxidation of phenanthrene(20,21)
and 1T-methylphenanthrene(22) had vyielded phenanthra-
quipone and 1-methyl-9,10-phenanthragquinone, respectively.
The chromic acid oxidation of 9-ethylphenanthrene had
yielded phenanthraquinone(23), indicating the removal

of an alkyl group during oxidation. The oxidation of
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methylphenanthrenes by aqueous sodium dichromate had
given the corresponding phenanthroic acids in good
yields(6) . fhe oxidation of 9-methylphenanthrene by
chromyl chloride had vyielded 9-phenanthraldehyde in
30% yield and phenanthragquinone in 18% yield(24). The
oxidation of phenanthrene by V{(V) 1in 6N H,80, at 50°C
had given phenanthraquinone in 38% yield(17). The oxida-
tion of phenanthrene by Co(II1) perchlorate in agueous
acetonitrile has been investigated(16). Ruthenium tetra-
oxide 1in CCl4 has also bcen used for the oxidation
of phenanthrene, the product being 9,10-phenanthraquinone
in 28% yield({(25). The oxidation of phenanthrene by
potassium hexacyanoferrate(III)in acid medium had yielded

9-hydroxyphenanthrene in approximately 20-25% conver-

sion(26).
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PRESENT WORK

The present work 1is a kinetic investigation
of the oxidation of polynuclear aromatic hydrocarbons
(naphthalene and phenanthrene) by quinolinium dichromate,

in acid medium, using dimethyl formamide as solvent.

Stoichiometry (vide "Experimental")
The stoichiometries of the reactions were deter-
mined Fnd found to conform to the overall eguations:

Voeut

(a) C, .H +3CrVI+2H 0O —> C,.H,O +3Crl 6H (1)

1078 2 107672

~ VI I
(b) L14ﬂ10+3Cr +2H20 —> C,,H,0,+3Cr

v+
14892 +

6H (2)
Effect of substrate and oxidant

Under pseudo-first-order conditions, the initial
kinetic runs were first order with respect to the oxidant

(QDC) . Further, the rate constants were independent

" of the initial concenftration of QDC (Tables 1-2).



Table 1. Rate data for the oxidation of naphthalene in DMF.
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[Naphthalene] [QDC] 10" x ks 2 k,
(102xM) (103X|\4) _1) —13_1)
1.0 - 1.0 2.80 - 2.80
2.5 1.0 6.96 2.78
5.0 1.0 14.13 2.83
7.5 1.0 21.05 2.81
10.0 1.0 27.90 2.79
20.0 1.0 56.10 2.81
1.0 0.75 2.73
1.0 0.50 2.69
1.0 0.25 2.85
1.0 0.10 2.91
1.0 0.05 2.87
[HCIOAJ = 0.5, T = 313K,
Table 2. Rate data for the oxidation of phenanthrene in DMF.
P . 4 2
[Phenanthrene] [QDC] 10" k1 107 x l<2
(102 x ) (10° x M) ) m s
1.0 1.0 1.80 1.80
5.0 1.0 9.0 1.80
7.5 1.0 14.2 1.89
10.0 1.0 18.5 1.85
20.0 1.0 37.3 1.87
1.0 0.75 1.7
1.0 0.50 1.8
1.0 0.10 1.6
T = 313K.

[HCIOa] = 0.5M,
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The order of the reaction with respect to substrate
was determined by varying the concentrations of naph-
thalene and phenanthrene, respectively, over a twenty-
fold range and observing the effect on the rate, at
constant QDC and acid concentrations. The data have
been recorded in Tables 1-2. It was observed that the
reaction showed a first order dependence on the concen;
trations of the substrates. Plots of k1 against the
" concentration of the substrate were linear passing.
through the origin (Figs.1-2), indicating a first order
dependence of the reaction on the concentrations of

)

the substrates. The second order . rate constants(k2
were found to remain constant as the concentrations
of the substrate was increased, 1indicating that the

reaction was first order with respect to the substrate

concentration (Tables 1-2).

Effect of acid
The rate of the reaction showed an increase;

with increasing concentrations of acid (Tables 3-4).
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Fig.1: Plot of k1 against substrate concentration (Naphthalene) _
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Fig.2: Plot of k1 against substrate concentration (Phenanthrene)
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Table 3. Effect of acid on the oxidation of naphthalene in DMF.

[ HCIO,) 10% « <, 10“k1/[H+]
(M) s
0.10 0.56 .60
0.25 42 5.68
0.50 2.80 5.60
0.75 4.18 5.57
1.00 5.71 5.71
+
[Naphthalene]=0.01M, [QDC] = 0.001iv, = 313K.

Table 4. £ffect of acid on the oxidation of phenanthrene in DivF.

[HZ10,) 10" x K, .
(M) ™) 107k, AR
0.25 0.9 3.60
0.50 1.8 3.60
0.75 2.6 3.47
1.0 3.7 3.70
1.25 4.6 - 3.68

[Phenanthrene]=0.01iM, (QDC] = 0.001M, T = 313K,
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Plots of log k., against log[H+] were linear, with slopes

1
equal to unity (Figs.3-4), indicating that the reaction
was dependent on the first power of the concentration
of acid. The increase in the rate of oxidation with
acidity indicated the involvement of a protonated Cr(VI)
species 1in the rate determining step. The involvement

of such species is prevalent in chromic acid oxidation

reactions{(27a) .

Rate law

Under the present experimental conditions, wherein
pseudo-first-order conditions have been used for all
the kinetic determinations, the rate law could be expres-
sed as:

d{Cr(vI)] +

Rate = — ar = k[{Substrate]l [QDC][H ] (3)

Effect of solvent
The dielectric constants for DMF-water mixtures
[
have been estimated from the dielectric constants of

pure solvents and have been recorded in Table 5.
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Table 5. Effect of solvent on the rates of oxidation for naphthalene
and phenanthrene.

DMF HZO D Naphthalene Phenanthrene

(%o, v/v) (10ak1,As-1)

100:0 37.6 2.80 1.8
95:5 39.7 2.42 1.4
70:10 41.8 2.22 1.1
85:15 43.9 2.05 . 0.9
80:20 46.1 1.71 0.7

[
[Substrate]=0.01M, [QDC] = 0.001M, [HClOa]:D;SM, T = 313K.

Changes in the composition of the solvent mixtures
affected the rates of these reactions. The essential
features concerning the effect of solvent on the rate
of oxidation of naphthalene and phenanthrene can be

summarized as follows:

(a) Increasing propositions of dimethyl formamide resul -
| ted in an 1increase 1in the rate of the reaction
(Table 5). This was in accordance with the observa-
tion that larger reaction times were required for
more polar solvents(28). This was brought about
by a lowering of the dielecktric constant of the
medium, which would result in a less polar transition

state compared to more polar reactants.
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Plots of log k1 against the reciprocal of dielectric
constant were linear with positive slopes (Figs.5-6),

ndicating that the reaction was of the ion-dipole
type(29). This also confirméd the participation
of a protonated Cr(VI) species in the rate determin-

ing step of the reaction.

Solvent effects on the rates of reactions may also
be due to factors such as the solvating power of
solvents(30), solute-solvent interaction(31,32)

and solvent structures.

Effect of temperature

The rates of reactions were increased with an

increase in the temperature (Table 6).

Table 6.Effect of temperature on the oxidation of raphthalene and pheran-

threne in DMF.

Naphthalene Phenanthrene

Temp. 4 1

(+0.1K) | | (107 x ky,s7)

303 1.91 1.2
308 2.31 1.4
313 2.80 1.8
318 313 2.2
323 3.90 2.8

[Substrate] = 0.01™M, [QDC] = 0.001M, [HClOa] = 0.5M.
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Plots of log k, against fthe reciprocal of temperature

1
were linear (Figs. 7-8), and the slopes of these plots
were used to calculate the activation energies. The

other activation parameters were evaluated, and have

been shown in Table 7.

Table 7. Activation parameters for the oxidation of naphthalene and
phenanthrene in DMF.

Parameters : Naphthalene Phenanthrene
E(leﬂOl4) 28+2 3542
E -1
AH" (k3 mol™ ) 25+2 32+2
2 -1 -1
AST (K" mol ) -230+5 -21343
£ -1
AG" (kJ mol ) 97+2 9912

Hammett plot

The effect of substituents on the rates of reac-
tions were studied, and it was observed that electron-
releasing groups accelerated the rate of the reaction,
whereas electron-withdrawing groups caused a decrease

in the rate of the reaction (Tables 8-9). .
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Table 8. Effect of substituents on the oxidation of naphthalene in DMF.

Substituent 104_1)( k1 10_22 x _k1 krel
(s ) M s )
1-Methoxy 9.95 _ 39.9 7.13
1-Methyl 6.31 12.6 2.25
Naphthalene 2.80 5.6 1.0
1-Chloro 1.99 3.98 0.71
1-Broma 1.58 ' 3.16 0.56
1-Nitro 0.32 0.64 8.11

[Substrate}=0.01™, [QDCJ]=0.001M,  [HCIO,]=0.5M,
T =313K;  k = k,/[Naphthalenes] [H*).

Table 9. Effect.of substituents on the oxidation of phenanthrene in DMF.

Substituent ) 10‘3 _ﬁ k1 ‘ 10_22x1k krel
s ) (M “s )

9-Methoxy 8.9 17.8 . 6.94

9-Methyl 2.8 5.6 1.56

Phenanthrene 1.8 3.6 1.0

9-Nitro .7 1.4 0.39

[Substrate] = 0.01M, [QDC] = 0.001M, [HCIO, ] = 0.5,
T=313K, k = k1/[PhenanthrenesIH+].
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Structure-reactivity correlations were obtained wusing
the Hammett equation (Figs.9-10). The effect of substi-
tuents were correlated with a reaction constant ( p) of

-1.30 (naphthalenes) and -1.79 (phenanthrenes).

Kinetic isotope effect

The Kkinetic 1isotope effect- was determined so
as to derive more information regarding the ordsr of
bond nﬁﬁing and bond breaking, and about the structure
of the intermediate. wWhen the reaction was performed

with naphthalene-d the rate of the reaction showed

8’
a significant decrease, and -the kH/kD value obtained

was 5.80 (Table 10).

Table 10. Kinetic isotope effect at 313K,

Substrate 107 x k(™) 10° x k (M2
Naphthalene 28.0 | 56.0
«Pdaphthalene—d8 4.83 9.66
kH/kD = 5.80

[Substrate] = 0.01M, [QDC] = 0.001M,

[H] = 0.5M, ki, and kg =k, /[Substrate] H.

Mechanism

For the oxidation of naphthalene and phenanthrené,
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the observed kinetic data could be summarized as folllows:

(a)

The linear increase in the rate of oxidation with
acidity (Tables 3-4) indicated the involvement
of a protonated Cr(VI) species in the rate determin-
ing step. The initial reaction would be between

the substrate and the protonated Cr(vV1) species.

The observed 1increase in the rate of reaction,
with a decrease in the polarity of the solvent
medium (Table 5), indicated that the transition
state was much 1less polar than the reactants.
This would <contribute to the facile formation
of a radical intermediate, rather than an ionic
séecies, in the rate determining step of the reac-
tions. Linear plots of log k1 against the inverse
of dielectric constant (Figs.5-6) yielded positive
slopes. This suggested an interaction between
a positive ion and a dipole(29), and was in conso
n;nce with the observation that in the presence
of  an acid, the rate determining step involved

a protonated Cr (V1) species.

The kinetic 1isotope effect, kH/kD=5.80, for naph-
thalene, indicated that the carbon-hydrogen bond

was cleaved 1in the rate determining step of
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the reaction.

(d) The effect of substituents on the rates of the
reactions was correlated using the Hammett equation.
The values of reaction constants ( p) were -1.30
(for naphthalenes) and -1.79 (for phenanthrenes).
This was similar to the effect of substituents
observed in the oxidation of toluene by chromic
acid(33), and suggested the formation of a radical

intermediate in the slow step of the reaction.

(e) The presence of radical intermediates was indicated
by the initiation of polymerisation of acrylonitrile

and the induced reduction of HgClz.

The mechanistic pathway of the oxidation process
would thus involve a hydrogen abstraction process,
resulting in the formation of a radical ‘intermediate.
The initially formed radical would be expected to react
instantaneously with the Cr5+ species formed 1in the
initial step, similar to the obscrvation in the oxida-
tion of saturated hydrocarbons by Cr(VI) compounds(27b,34).
The negative values of the reaction constants observed
in these oxidation reactions ( p =-1.30 for naphthalenes

and p = -1.79 for phenanthrecnes) clecarly 1indicated

the possibility of a hydrogen abstraction mechanism.



[ 124 ]

‘The cleavage of the carbon-hydrogen bond, in the rate
determining step of the reaction, was supported by
the observed kinetic isotope effect, kH/kD=5.80, for
naphthalene (Table 10). The radical intermediate formed
was rapidly oxidized via the formation of a chromate
ester. The similarity 1n rate laws observed in the
present investigation and those observed for chromic
acid oxidations(27a} would favour the formation of
a chromate ester. The steps leading from the radical
to the products (1,4-naphthoquinone from naphthalene,
and 9£10—phenanthraquinone from phenanthrene) could
not readily be. studied since *they followed the rate

determining step and were very rapid.

Earlier investigations have shown that polynuéleap
aromatic hydrocarbons have been converted to gquinones.
‘For example, the two-phase oxiation of naphthalene and
phenanthrene to the corresponding guinones, 1,4-naphtho-
gquinone and 9,10-phenanthroquinone respectively, was
accomplished by using ammonium persulphate in the cata-
lytic presence of ceric ammonium sulphate, silver nitrate
and sodium dodecylsulphate(35). Various guinones have
been prepared from aromatic hydrocarbons with chromium
trioxide by the addition of 18-crown-6-ether{(36). The
oxidation of 2-methylnaphthalene to 2-methyl-1,4-naph-

thoguinone -was achieved with agueous hydrogen péroxide,
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in acetic acid, in the presence of a palladium catalyst

supported on sulphonated polystyrene type resins(37).

In the present investigation, the oxidation
of naphthalenes and phenanthrene by QDC, in acid medium,
yielded 1,4—naphthoquinone and 9,10-phenanthragquinone,
respectively. The sequence of reactions has been shown

in Schemes 1-2.
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KINETICS OF OXIDATION OF SOME AROMATIC HYDROCARBONS
BY QUINOLINIUM DICHROMATE '

SUMMARY



SUMMARY

(Hexavalent chromium compounds have been widely
used as oxidizing agents, reacting with diverse kinds
of organic substrates. The mechanism of oxidation varies
with the nature of the chromium(VvI) species and the
solvent used. The development of newer chromium(VI)
reagents for the oxidation of organic substrates continues
to be a subject of interest. A number of novel chromium(VI)
oxidizing agents have been introduced, -especially for
complex or highly sensitive substances where great selec-
‘tivity and effectiveness, coupled with mildness of condi-

tions, are prerequisites for success.

Some of the chromium(VI) reagents which have

been used as efficient oxidizing agents are:

Chromium trioxide; chromyl chloride; Jones reagent -— a
solution of Cr(VI) oxide in concentrated sulfuric acid(1);
Collins' reagent — dipyridinium Cr(VI) oxide in dichloro-
methane(2); Corey's reagent — pyridinium chlorochromate(3);
pyridine oxodiperoxy chromium(VI) reagent(4); pyridinium
dichromate(5); bis tetrabutylammonium dichromate(6);
Chaudhuri's reagent -— pyridinium fluorochromate(7);

4-(dimethylamino) -pyridinium chlorochromate(8); Cr(VI)
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oxide diperoxide(9); Chlorotrimethylsilane-chromium
trioxide(10); chromium peroxide complexes(11); imidazolium
dichromate(12); pyridinium bromochromate(13); biphospho-

nium dichromate(14); and 3-carboxy pyridinium dichromate(15).

New procedures have been emerging 1involving
non-agueous chromium(VI) reagents with the general idea
that anhydrous conditions are more conducive to mild

oxidation.

The reagent employed in the present investigation,

guinolinium dichromate(QDC), (C9H7NH+)2Cr2072—,

emerged as a very useful and versatile oxidant(16),

has

which 1s <clearly deserving of widespread application.

CHAPTER-I Kinetics of Oxidation of Toluene and Substituted
Toluenes

The kinetics of oxidation of toluene and substi-
tuted toluenes (xylenes, methoxytoluenes and nitrotoluenes)
by quinolinium dichromate(QDC) has been studied in acid
medium, using dimethyl formamide as the solvent, under
a nitrogen atmosphere. The progress of the reaction
was followed spectrophotometrically, by observing the
disappearance of chromium(VI) at 440nm. A stoichiometric
ratio , A[QDC]/ A[Substrate}, of 1.09 indicated a two-

electron transfer. The rate of the reaction was found to
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be dependent on the first powers of the concentrations
of each reactant (substrate, ' oxidant and acid). The
linear incréése in the oxidation rate with acidity sugges-
ted the involvement of a protonated Cr(VI) species 1in

the rate determining step.

The reaction has been found to be fastest in
those solvent mixtures containing the largest proportions

of dimethyl formamide. Plots of log k., (the pseudo-first-

1
order rate constant) against the reciprocal of the dielec-
tric constant were linear, with positive slopes, indica-
ting an 1ion-dipole type of reaction. This was also 1in
consonance with the observation that, in the presence

of an acid, the rate-determining step involved a proto-

nated Cr(VI) species.

The effect of changes 1in temperature on the
rate of the reaction has been studied, and the activation
parameters have been evaluated. The reactions were charac-
terized | by negative entropies of activation. This would
suggest an ordered transition state, relative to the
reactants. The 1isokinetic ftemperature was 359K. Although
current views do not attach much physical significance
to isokinetic temperatures, a linear correlation between

AH76 and AS# is usually a necessary condition for the vali-

dity of the Hammett equation. Further, the values of
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the free energies of activation were nearly' constant,
indicating that the same mechanism operated for the

oxidation'of all the supstrates studied.

The kinetic rates of oxidation were in accordance
with the theory of electronic substituent effects. It
was found that electron-releasing groups caused an accele-
ration in the rate of the reaction, while electron-with-
drawing groups caused a retardation in the rate of the

reaction. A plot of log'krel against ot gave a value of

p = -0.20. For most hydrogen abstraction reactions, the
reaction constants ( p ) have small magnitudes.
A kinetic isotope effect, kH/kD' was observed

in the range 5.0-5.3 for substituted toluenes, which
indicated that the rate-determining step 1involved the
cleavage of the carbon-hydrogen bond of the methyl group

attached to the arene ring.

There was no induced polymerization of acryloni-
trile or the reduction of mercuric chloride. No ESR
signals could be detected. These results do not rule
out free radical inﬁermediates; they simply do not provide
evidence that radicals are formed. This may be due to

the high rate of oxidation of the free radicals.

Although the reaction did not give any ESR signals
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and there was no evidence for the induced polymerization
of acrylonitrile or the reduction of mercuric chloride,
the possibility of a hydrogen abstraction mechanism
cannot be completely excluded. The radical formed initially
would react rapidly with the Cr5+ species formed in
the iniﬁial step. The transition state could be considered
as 1involving a carbon atom which would exist with both,
radical and carbonium ion character. This resonance
hybrid would possess lower energy than either the radical
or the carbonium ion, which would account for the stabi-
lity of the intermediate. Efforts to isolate the possible
intermediate, benzyl alcohol, were not successful. This
indicated -that the intermediate, formed in the slow
step of the reaction, was converted rapidly to the product.
The only isblable product, in each case, was the corres-
ponding aldehyde, which was characterized as the respec-
tive 2,4-dinitrophenyl hydrazone derivative, obtained
in good yields. Since drastic conditions of concentrations
and temperatures were not employed in the present investi-
gation, only one methyl dgroup (in the case of xylenes)
underwent oxidation to give the corresponding aldehyde.
There was no formation of acid in any of these reactions,
implying that the product (the corresponding aldehyde

in each case) was stable, and did not undergo further
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oxidation , under the experimental conditions employed

in this investigation.

CHAPTER 2 Kinetics of Oxidation of Diphenylmethane,
Triphenylmethane and Fluorene

The kinetics of oxidation of diphenylmethane, tri-
phenylmethane and fluorene by quinolinium dichromate(QDC)
has been studied in acid medium, using dimethyl formamide
as solvent, under a nitrogen atmosphere. The stoichio-
metry of the réaction was determined to be 1:2 (substrate:
oxidant) . Tﬁe rate of the reaction showed a first order
dependence on the concentrations of each reactant — sub-
strate, oxidant and acid. The increase in the rate with
acidity suggested the involvement of a protonated Cr(VI)

species in the rate-determining step of the reaction.

With an 1ncrease 1n the dielectric constant
of the medium, there was a decrease 1in the rate of the
reaction, which was 1n consonance with the observation
that the wuse o0of more polar solvents required larger

reaction times.

The rate of the reaction was enhanced, with
an increase :n the temperature of the medium. The activa-

tion parameters have been cvaluated.
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Conjugation influences and resonance factors
seem to play an important role in these oxidation reac-

tions. The observed order of reactivity was:

Fluorene >triphenylmethane> diphenylmethane.

Fluorene was oxidized rapidly, owing to the labile nature
of the 9-position. The electromeric effect would be
higher in fluorene, which would contribute to a much
higher rate of oxidation of fluorene over that for tri-
phenylmethane and diphenylmethane. Steric hindrance
due to the triarylmethane group would result in triphenyl-
methane being oxidized at a faster rate, compared to

diphenylmethane.

Structure-reactivity correlations were obtained
using the Hammett eguation. Electron-releasing groups
caused an increase in the rate of oxidation, whereas
electron-withdrawing groups caused a retardation in
the rate of the reaction. Plots of log krel égainst 0 were
linear, and the values of the rcaction constants (p ) were
obtained as -1.50 (fluorenes) and -1.25 (diphenylmethanes).
The values of the reaction constants {p ) i1ndicated
that the initial reaction was the abstraction of a hydrogen
atom, forming a radical intermediate in the rate-determining

step of the reaction.
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The kinetic isotope effect, ky/ky=6.0 for 9,9~
dideuterofluorene, indicated the cleavage of a carbon-
hydrogen bond in the rate-determining step of the reaction,

yielding a radical intermediate.

The presence of radical intermediates was detected

by ESR sFectroscopy and by the polymerization tests.

The mechanistic pathway of the reaction involved
the formation of a radical intermediate in the slow
step of the reaction. The conversion of the radical
to the <carbocation was rapid, and hence the formation
of the carbocation could not be detected. The intermed;ates,
benzhydrol and fluorenol (formed during the oxidations
of diphenylmethane and fluorene, respectively) could
not be 1isolated from the respective reaction mixtures.
This indicated that the radical intermediate was converted,

in rapid steps, to the products.

The major products obtained in these oxidation
reactions, in good yields, were benzophenone (from diphe-
nylmethane), triphenylcarbinol (from triphenylmethane),
and fluorenone (from fluorene). These products were

characterized by analytical and spectral methods.



[ 137 ]
CHAPTER 3 Kinetics of Oxidation of Polynuclear Aromatic
Hydrocarbons

%he kinetics of oxidation of polynuclear aromatic
hydrocarbons (naphthalene and phenanthrene) by quinolinium
dichromate (QDC) has been studied in acid medium, using
dimethyl formamide as the solvént, under a nitrogen
atmosphere. The stoichiometries of the reactions were
determined. The rate of the reaction was dependent on
the first powers of the concentrations of each reactant —
substrate, oxidant and acid. The first order dependence
of the rate on acid concentration indicated that a proto-
hated Cr(V1) species was involved in the rate-determining

step of the reaction.

The rate of the reaction was increased, with
increasing proportions of dimethyl ‘formamide. Plots
of log k1 against the reciprocal of the dielectric constant
were linear; with positive slopes, suggesting an 1ion-

dipole type of reaction.

Increasing the temperature of the reaction medium
resulted in an 1increase in the rate of the reaction.

The activation parameters have been evaluated.

Hammett plots of 1log kr against the o values

el

of substituents yielded values of the reaction constants (p)
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of -1.30 (naphthalenes) and -1.79 (phehanthrenes), indica-~
ting the formation of a radical intermediate in the

slow step of the reaction.

Whén the reaction was performed with naphthalene
—d8, the rate of the reaction showed a significant decrease,
and the kH/kD value obtained was 5.80. This indicated
a cleavage of the carbon-hydrogen bond in the rate-deter-

mining step of the reaction.

The reaction pathway involved a hydrogen abstrac-
tion process, resulting in the formation of a radical
intermediate, which was detected by the polymerization

of acryloniftrile and by the reduction of mercuric chloride.

The products obtained from the oxidation reactions,
in good yields, were 1,4-naphthoguinone (from naphthalene),
and 9,10-phenanthraquinone (from phenanthrene). These
products were characterized by analytical and spectral

methods. ‘
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