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ABSTRACT

The effects of additives such as ferric benzoate, cupric benzoate,
m-dinitrobenzene and nitrobenzene on the thermal decomposition of
benzoyl peroxide in toluene, anisole and t-butylbenzene have been
investigated over a wide range of additive concentrations. In the reactions
of anisole, the effect of air, oxygen, t-butyl hydroperoxide and
nitrosopentafluorobenzene were also examined. The additives exhibited
different effects on the product distribution of these substrates.
Explanations have been suggested to account for these observations.

The effects of these additives on the competitive reactions of
toluene, anisole and t-butylbenzene with benzene as & standard solvent have
been studied over a wide range of additive concentrations. Relative rates
are significantly lowered in the presence of additives, and partial rate factors
are also altered. These observaticns have been interpreted in terms of
the formation of some weak complexes between phenyl radicals or their
precursors with the substrate molecules in the absence of additives, but
such complications are removed in the presence of additives. The mean
values of the relative rate and the partial rate factors which are
determined in this work in the presence of additives are considered to
be the best definitive set now available. The competitive reactions
containing various molar concentrations of anisole and benzene, toluene
and benzene with or without the presence of additives were also studied.
Finally, the cross-checked experiments involving the direct competitive
reactions between toluene/anisole, toluene/t-butylbenzene and anisole/
t-butylbenzene were carried out. The results substantiated the order of
reactivity determined for toluene; anisole and t-butylbenzene towards

the phenylation reactions by benzoyl peroxide.



To study the silylation reaction on aromatic substrates, attempts
were made to generate dimethylphenylsilyl radicals, thermally or
photolytically, from dimethylphenylsilane in the presence of radical
initiators such as t-butyl peroxide, azo-bisisobutyronitrile and benzoyl
peroxide. The formation of dimethyldiphenylsilane and
diphenyltetramethyldisilane in the reaction of the dimethylphenylsilane
in benzene indicated the formation of silyl radicals. Benzoyl peroxide
was found to be the most efficient initiator in this reaction. Investigation
was extended to the study of the reactions of dimethylphenylsilane with
toluene, naphthalene and halobenzenes (chlorobenzene, bromobenzene,
p-dichlorobenzene and iodobenzene) and anis~le. In the reactions with
toluene, naphthalene and anisole, nuclear silvlated préducts were
detectea. However, in the ;eaction with halcbenzene, the main reaction
was the displacement or the abstraction cf the halogen from the aromatic
nﬁcleus by silyl radicals. Mechanisms have been suggested to account
for these observations. These results indicated the nucleophilic

character of the dimethylphenylsilyl radical.
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1 INTRODUCTION

1. Homolytic Aromatic Substitution Reactions

1 ) .

In 1934, Hey and Grieve showed that in a number of biaryl-forming
reactions, in which the hydrogen atom on the aromatic nucleus is replaced
by an aryl group, the isomer distribution in the attack of mono-substituted
benzenes could not be explained by the normal laws governing aromatic

2
substitution reactions proposed by Ingold . In these reactions, the
substituent group on the substrate did not exhibit the well-documented
polar effects shown in aromatic electrophilic substitution. Hey suggested
a non-ionic type of mechanism, in which a neutral species participated in
the reaction, to account for such observations. After this, a wealth of
information was rapidly accumulated and was reviewed in detail by Hey and

. 3
Waters in 19377.

The subject of homolytic aromatic substitution has been reviewed

. 4 A eaas 5 e 6a,b
subsequently by Dermer and Edmison . Augood and Williams , Williams ’

7
and more recently by Hey , Williams8 and Perkinsg.

(A) Homolytic Aromatic Substitution bv Benzoyl Peroxide.

The thermal decomposition of benzoyl peroxide is one of the most widely
studied sources of phenyl and benzoyloxy radicals. It provides the 'cleanest',
most convenient source of the phenyl radical and often higher yield of products
than other sources. However, the reaction is more complex than was at one
time thought.

Some .of the earlier work on the reaction of benzoyl peroxide with

various solvents was done by Gelissen and Hermans (1925)10a and Boeseken and

Hermand1935)10b. They found that in aromatic substrates, unsymmetrical biaryls
(Ar-R where Ar and Rwere provided by the peroxide and solvent respectively),

and carbon dioxide were obtained. They proposed the so-called 'RH' scheme to

explain the products but did not specify any mechanism for the reaction.
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1
The homolytic nature of this reaction was recognised later by Hey . 1In
1937, Hey and Waters3 proposed the participation of short-lived aryl radicals

in this reaction and suggested the following scheme to account for the observed

products.
(Arco-o)2 ——>  ArCO-C-+ Ar- + co2 ceeees (D)
Are + RH — —> Ar-R + H-* o i e (2)
AYCO*O++ H» ———> ArCO-0H ... (3)
Ar- + RCH, ——> ArCHR+H ... (4)
ArCO+0+ + RH ————> ArCO*OR + H-  ...... (5)

Equations (4) and (5) were included to account for the minor products,
polyphenyls and phenolic esters.

(I) Kinetics and mechanism of benzoyl peroxide decomposition

From present day knowledge, the basic scheme outlined above needs
some modifications. These modifications are of degree rather than of kind,
for the concept of intervention by aryl and aroyloxy radicals remains.

Kinetic studies of the decomposition of benzoyl peroxide in aliphatic

. 1la-e
and aromatic solvents have been reported by a number of workers . The
results show that the decomposition can be represented by the sum of a first
order reaction and one of another oraer, i.e. concurrent unimolecular homolysis
and an induced homolysis the extent of which varies with the solvent and
the initial peroxide concentration. A kinetic form of first order unimolecular
s th . s
decomposition and an n order induced decomposition was demonstrated by
11b

Nozaki and Bartlett for the decomposition in benzene.

- d[R] = k,[P] + k,[P]" ceeees (6)
dt

[P] = Peroxide concentration at time ¢, k1 and k2 are rate constants.

By the application of the steadystate approximation, it can be shown than n

12
can have values of three-half or one depending on the modes of termination .
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It has a value of three-half for termination involving reaction between
two like radicals and one if termination is between unlike radicals.

By kinetic analysis or by employing radical trapsl3a'b to
eliminate the induced decomposition, it was found that the rate constant
for unimolecular decomposition also varies slightly with the solvent.
Hammond and Soffer14, using iodine in moist carbon tetrachloride,
demonstrated that the spontaneous decomposition is in fact the homolysis
of the oxygen to oxygen bond of the peroxide to form two moles of benzoyloxy
radicals. They were able to isolate two moles of benzoic acid per mole of :
peroxide.

(PhCO'O)2 ——> 2PhCO-O-
PhCO*0+ + I, ——> PhCO-OI + I

2

PhCO*0OI + H20 —_— PhC0241+ IOH

2l —m> I

2
S5HOI ——> 2H2O + 2I2 + HIo3
This confirms that the benzovloxy radicals have a sufficient
life~time to escape from the solvent cage under these conditions. If

the decomposition of benzoyl peroxide in benzene and in this reaction are of

the same nature, it is necessary to modify equation (1) to read.

AYrCO*0-0°-CO°*Ar ——> 2ArCO-0O- ceeeee (7)

ArCO*Q0s ——> Are +Co2 easese (8)

The most direct evidence of aryl radical participation comes
1 .
from the work of De Tar and Howard > on the decomposition of the optically

active peroxide (1) in benzene. The o-terphenyl derivative (2)° was

isolated, only 25-50% of the optical activity being retained.

@) GO G
w 2 N j 2;2)' | (j;)’?-?'
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This partial racemization demonstrated the independent existence
of the short-lived intermediate radical ( 3i) in which free rotation about the
inter-nuclear bond is possible.

Furthermore, it is necessary to include a reaction to represent the
induced decomposition.

R+ + ArCO+0 - O+CO*Ar ——> ArCO+O*R + ArCO-0O- ceeeee (9)

The work of Williams and co—workeré6b on the decomposition of benzoyl
peroxide in benzene and alkylbenzenes has provided kinetic and other evidence to
show thatthec~c9mplex is responsible for the induced decomposition of the
peroxide. In some cases the induced decomposition is more complex and eqn. (6)
is an over-simplification. The following complex scheme (benzene as substrate
at 800C) was proposed to account for tﬁe observations, fhose steps marked

with an asterisk being of minor importance.

P —> 2Ph*CO*0- S i (10)
PhCO-0- —> Ph+ + CO, ceeees (11)
Ph- + PhH = —> o- el (12)
PhCO+0O+ + PhH —> g~ ceeaa(13)*
o + P — Ph~Ph + PhCOzH + PhCO-0O- ceve..(14)
o' + P © —> PhCO+0-Ph + PhCOH + PhCO-O- ceeeaa(15)*
o+ + PhCO-0+ ~—> Ph-Ph + PhCOH cre...(16)*
o' + PhCO-O+ —> PhCO+OPh + PhCO,E ... (17) *
20- —> Ph-Ph + Ph—C6H6 seee..(18)
20° ——->-(PhC6H6)2 eesses(19)
20" —> Oxygen containing dimerization and

' disproportionation products R o) I

For the reaction in benzene, alkylbenzene, fluorbenzene and chlorobenzene

at low initial peroxide concentration, the rate obeys equation (6) with
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n = %@, so that the chain termination reactions involve dimerization

and disproportionation of the G;:complex. It is also observed that in
high dilution, where secondary radical reactions of the dihydroaromatic
products are minimized, the best yields of quaterphenyls are obtained.
When results from this and related experiments are extrapolated to
infinitely low concentration of peroxide, almost all of the peroxide could
be accounted for as carbon dioxide and the products of dimerization and
disproportionation of 0 -—complex, with dimerization accounting for as much

as 75% of the reaction16a'17f18.

However, the reaction in bromobenzene shows a kinetic form with first
ofder induced decomp@sition. In this case the termination involves the
direct oxidation of the 0-—radicals by benzoyloxy radicals, the importance
of the termination by dimerization and disproportionation being much reduced.

This is thought to be due to the stabilization of benzoyloxy radicals by the

formation of a one electron charge transfer complex.

H

7 N\_st. 3 / N + 5 Ve 5
[ ¢ Bre O+CO*Ph] <—> [ Br + 0*CO*Ph] =——> [ . ==Br O-CO°*Ph]
— g \=

The reaction in nitrobenzene is more complicated. At very low concentration

of peroxide, the rate law (21) is obeyed indicating both modes of termination

are important.

3
- Q[P] = K [P] + K, [P] + Ky, [P] . ey
dt : 2

At higher concentration, the rate law becomes (22)
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- d/p] = k,[P] + k. [P] _ ceene. (22)
==L~ % 2
at

In summary, in solvents showing the three-halves order term e.g.
benzene, biaryls are formed in reactions (14) and (18), and thé chain
is terminated by reactions (18) and (19). Since reaction (16) does not
occur, yields of biaryl and acid are lcw and those of residue are high.
In solvents showing the first order in@uced decomposition terms such as
bromobenzene, and in solvents of the férmer group in the presence of additives
such as iron(III) benzoate, chains are;terminated by reaction (16) or its
equivalent, (14) and (18) occur to a much smaller extent, and consequently
yields of biaryl and aroic acid are high, and those of the residue are low.

(II) Further mechanistic features

(a) The nuclear substitution reaction, evidence of the ¢ - radicals,

nature of residue.

The finding that the isomer ratio in the arylation of substituted
benzenes appears to be nearly independent of the nature of the radical source
suggests that the step (23) is common to all homolytic phenylation reactions.
There are three possible pathways to achieve this

Phe + ArH -——> PhAr + [H+]

(a) The abstraction and addition mechanism.

Phe + ArH —> PhH + Ar-

Phe + Are ——> Ph-Ar

Are + Are ——> Ar-Ar

(b) The addition-abstraction mechanism.

Ph
Phe + ArH ——>  >ar-

PhArHe + R« ~—> PhAr + RH
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(c) The synchronous mechanism.

Phe + Ax-H Ph AY-=—--H -——> Ph~Ar + H°®

Mechanism (a) is considered unlikely by energy considerations and
the absence of symmetrical biaryls in the reaction products. The absence
of a significant change in the hydrogen isotbpe distribution in the recovered
substrates from reaction in deuterated and tritiated benzenelga_c also argues
against mechanisms (a), (c) and fréely reversible addition in (b). Hey and
his colleagues 19¢ suggested that the acceptable mechanism consistent with
this observation is the addition-abstraction mechanism with an irreversible
addition step to form the o-complex. More recently Saltiel and Curtis20 also
reported the absence of a hydrogen isotope effect in the phenylation of
deuterated benzene and supported the irreversible addition of phenyl
radicals to benzene to form the o-complex. Based on thermochemical data,
Jackson21 constructed a table to predict the feasibility of the addition
reaction to olefins and benzene by free radicals. It was suggested that
the formation of the phenylcyclohexadienyl radical‘is irreversible at
temperatures below 200°c. Eliel and co-workers22 also reported the
absence of an isotope effect in the recovered substrate in the deuterated
benzene, but an isotope effect was observed in the products of certain
arylation reaction, this isotope effect is attributed to the isotopic
discrimination in the competition between dimerization and disproportionation

of the two types of arylcyclohexadienyl radicals.

Ar H . Ax D

and
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Within the mechanism proposed, the addition step is held to

be rate-determiningzz'19c

and the hydrogen atom in the O-radical is

never free but lost in a bimolecular hydrogen transfer to another

radical in solution. The isolation of dimerization and disproportionation

products of ¢ radicals also gives strong support to this mechanism23.
However, results from recent studies by Perkins24 indicate that

in some cases the formation of the arylcyclohexadienyl radicals, at

least at high temperature, could be reversible. The 0-radicals (5) and

( 8) were formed by pyrolysis of (4) and {( 7.) respectively at

210°C, (5) was also formed by hydrogen abstraction of (8 ), in

chlorobenzene. The three isomeric chlorcbiphenyls were detected and

forméd in proportions characteristic of homolytic phenylation of

chlorobenzene.

Ph Ph A Ph :
-
Ph H Ph 210% Ph  130°%

- (4) (5Y Ph Ph
l (6)
Ph
. TN
OO e )
cl
Ph - P Ph =\ .
H H Ph 210 Cc H B \—~/"u
A7) (8). .
| on

Phe + @ PhCl N
"
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The pyrolysis of 2—chquo—1,4—dihydrotritylbiphenyl in chlorobenzene
afforded 2-chlorobiphenyl and triphenylmethane as the sole detectable
products. This was interpreted as the non-occurrence of the fragmentation
of 2-chlorophenylcyclohexadienyl radical to give phenyl radicals.

Kobayashi et .al 25a reported the observation of an isotope effect in the

phenylation of chlorobenzene, nitrobenzene and m-dinitrobenzene in dimethyl
sulphoxide at 20°C. The isotope effect was found to be greatest for the
formation of ortho substituted biaryls. This observation was explained in
terms of reversible addition of phenyl radicals to the substituted benzenes
to form arylcyclohexadienyliradicals. However, it was suggested that the
reversibility of phenyl radicals addition to aromatic substrates in
dimethylsulphoxide could arise from the solvent effect of dimethylsulphoxide
on free radical behaviour23. More recently Nonhebel and co-—workerSZGa'b'c
claimed to have obtained evidence in favour of the reversible addition of
phenyl radicals to disubstituted benzenes, e.g. xylene and dichlorobenzenes
at moderate temperatures. In the phenylation of p-xylene with benzoyl
peroxide at different temperatures (80-12OOC) or in the presence of

additives, the ratio of the yield of (11) to (10) increases with increase in

temperature.

Me

e uvuivoe

Me

(9) ' (10)

. Me_@__/_QMe reeeel (27)

(11)

(26)
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In grdichlorobenzene the ratio of the yield of 2,3-dichlorobiphenyl
to 3,4—dichlorobiphenyl decreases with increase in temperature, although
inclusion of copper benzoate increases the ratio. It was also found that
partial rate factors for phenylation of E-diehlorobenzene vary
with temperature and additives. These observations were attributed to the
reversible addition of phenyl radicals to the disubstituted benzenes.

It was also reported that in the vapour phase (SOOOC) the addition of
phenyl radical to chlorobenzene is reversible27

It should be noted that if the reversibility of phenyl radicals
addition is substantiated, the yield of biaryl in reversible addition of
phenyl radicals depends on the standing concentration of the o-radicals
at equilibrium. This kinetic stability is distinct from the thermodynamic
stability where the yield of biaryl is determined by the rate -of
irreversible formation of the o-radicals. As yet, there is no unequivocal
evidence for reversibility of phenylation in systems involving aroyl
peroxides.

In phenylation reactions with benzoyl peroxide, as much as 40-50% of the
products can be involatile residue. In 1957, Pausacker and Lynch28 and
Walling29 independently reported that the o-radical is a resonance-
stabilized arylcyclohexadignyl radical and is capable of dimerization and
disproportionation to give three of the_posifional isomers of tetrahydro-

quaterphenyls.

H B Ph Ph H
XA )
Ph it H H H
"~ H Ph
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It was suggested that the residue could consist of these compounds
and their further phenylated products, and also of some terphenyl arising
from further phenylation of the biaryl. Some polyaryls were later isolated
by Pausackerzs, and Hey, Perkins and Williams30 by dehydrogenation of the
‘involatile residue from the reaction in benzene, confirming the nature of
the residue in this reaction. Pausacker also demonstrated that the
guaterphenyls are not derived from the further phenylation of biphenyl or
terphenyl, for if this were the case,'we should expect the yield of
terphenyls to exceed those of the quaterphenyls. In fact the contrary
is true. Pausacker31 also observed that the decomposition of symmetrically
di-substituted benzoyl peroxides e.g. p-chlorobenzoylperoxide in benzene
resulted in the formation of symmtrically di-substituted p-quaterphenyls
which are presumably formed by the dimerization of the p-disubstituted
phenylcyclohexadienyl radical and .subsequent dehydrogenation.

By isotope labelling (1—13C in benzene)32, it was shown that the
residue contains a small amount of p-terphenyl (formed from further
phenylation of biphenyl) labelled in one nucleus, and a much greater amount
of quuaterphenyi labelled in two benzene rings.

The above evidence firmly established the participation of the
phenylcyclohexadienyl radical in the phenylation reaction, and the nature
of reéidue.

(b) Benzoyloxylation

Esters always accompany biaryls in the phenylation of aromatic
substrates. Combination of phenyl and benzoyloxy radicals within the
solvent cage to give esters does not occur widely, particularly in
thermolysis, when loss of carbon dioxide occurs readily. The direct
homolytic benzoyloxylation of the aromatic nucleus by benzoyloxy-radicals

must compete with their decarboxylation to give phenyl radicals which
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subsequently react with the aromatic system. Under conditions where the
decarboxylation is slow, e.g. photolysis, the combinatioﬁ of phenyl and
benzoyloxy radicals does occur as shown by the isclation of 10% of phenyl
benzoate from the photolysis of benzoyl peroxide in chlorobenzene33. Under
thermal conditions benzoyloxylation occurs only to reactive aromatic
substrates which are most susceptible to homolytic attack, e.g. polycyclic

a .
'bl Thus reaction

compounds (naphthalene34a, anthracene34b and anisole35
of benzoyl peroxide with naphthalene gives a and B-benzoyloxynaphthalene in
addition to o and B-phenylnaphthalene.

The aryloxycyclohexadienyl rgdicals are believed to be formed in a
reversible manner. The yields of the phenolic ester are increased in the

3 3 3
presence of oxidising agents, e.g. oxygen 3, copper salts 6a and iodine ob

fo) C
i l
H_ 0-C-Ph O-C-Ph
i

/
. 0 ST
PhCO* 0+ + @ — —2 K/ﬂ + HOs cee. (28)
> o 2

In the benzoyloxylation of benzene, Saltiel and Curtis20 have
provided evidence to show that the benzoaﬁe is formed at the expense of
biphenyl, in contrast to the report of Simamura, Tokumaru and Nakata3
who suggested that the benzoate is formed at the expense of benzoic acid.
Recently physical evidence on the reversibility of aryloxylation has been
obtained by carbon-13 CIDNP studies, which indicate that the addition of

pentafluorobenzoyloxy radical to chlorobenzene is reversible37.
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(c) Nature of phénvl and benzoyloxy radicals

E.s.r. studies of phenyl radicals trappea in a solid matrix at 77°C
revealed that the unpaired electron remains localized in the sp2 orbital
of the carbon atom at wihich bond breeking has occurred7. The phenyl radical
is therefore represented as a sigma radical. This lack of resonance stabilization

is reflected in the hicghly reactive nature of the phenyl radical

-The near zero e values of the
HammettSslope38 (0.09 for meta, 0.31 for meta and para together) indicate the
almost neutral rature of phenvl radical. This is because phenyl radical
is of the o type and has a poor polar character, the transition state
for phenylation wculd ke therefore mcre similar to a o-complex, with
very slight contriburion of polar forms. On the other hand, benzoyloxy

s iy 39
radicals are electreophilic in nature .

(ITI) Quantitative studies of phenylation and criticism thereof.

fa) Competitive reactionms

In 1951,Hey aad his co-wcrkers embarked upon a cuantitative study
of homolytic arylation usingy the competitive method which has been used
extensively by Ingold and others to study electrophilic substitution. Frem
the relative amounts of each products formed, the ratio of the total reaction
rates of the two compounds may bé calculated e.g. total rate factor:

Ph
PiiK = the ratio of the total rate of phenvlation cof PhX to that of PhY.

Using the relationship (29) it is possible to meke an indirect determination

K = X -

PhX PhX PhZ
PhY PhZ Phy

X . _ ceee.a (29)

of iggK. Its identity with the value determined directly may provide a

check of the method, and may furthermore demonstrate that solvent-solvent
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complexing may be disregarded4o. Combination of this total rate

factor with the isomer ratio of substituted biaryls, determined
spectroscopically or gas chromatographically or by isotope dilution
techniques, gives a new set of reactivity indices called partial rate factors.
This is an expression of the reactivity of any specific nuclear posiﬁion

in PhX with reference to that of any one position in benzene. Expressions
leading to the partial rate factors for mono-substituted benzene are given

below:

Fm = 3*U. K

PhX
Fp = 6°7T PhHK

where w, 4 and m are the isomer ratiosfor the ortho, meta and para isomers
respectively.

The partial rate factors of a large number of compounds were
determined chiefly by Hey, Williams and co-workers in England, De Tar41,

40,41

Dannley and Rondestvedt43, and their co-workers in America, Huisgen

4
and his school in Germany44 and Simamura in Japan 5. Some of the results

are summarized in Table 1 for phenylation with benzoyl peroxide at 800C 6a.
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Table 1

Substrates Relative Rate Isomer Ratio (%) Partial Rate Factors

(PhH = 1) o- m- p- Fo Fm Fp
PhNO2 2.94 62.5 9.8 27.7 5.5 0.86 4.9
PhF 1.03 55.2 29.8 15.0 1.7 0.92 0.93
PhC1 1.06 56.9 25.6 17.5 1.8 0.81 1.1
PhBr 1.29 55.7 28.8 15.5 2.2 1.1 1.2
PhI 1.32 51.7 31.6 16.7 2.0 1.3 1.3
PhMe 1.23 65.4 20.0 14.6 2.4 0.74 1.1
PhEt : 0.90 | 51 28 21 1.4 0.76 1.1
PhPri 0.64 30 42 28 0.58 0.81 1.1
PhBu® 0.64 24 49 27 0.46 0.94 1.0
Ph-Ph 2.94 -48.5 23.0 28.5 2.1 1.0 2.5
PhCN 3.7 60 10 30 6.5 1.1 6.1
PhCOZMe 1.77 57.0 17.5 25.5 3.0 0.93 2.7
PhOMe 2.01 69.8 14.5 15.8 4.2 0.87 1.9
Pyridine 1.04 . 54 32 14 1.7 1.0 0.87

(b) validity of partial rate factors

In the formulation of partial rate factors,one tacit assumption has
been made, i.e. the rate of formation of binuclear products is directly
related to the rate of formation of the various o-complexes. If the
phenylation reaction proceeds in one step, the validity of this assumption
céuld not be contested, but as shown before the reaction proceeds in two
steps. Thus if the o-radicals are not all oxidised to biaryl and are
selectivély diverted from direct oxidation e.g. by dimerization or

disproportionation of ¢ — complexes to other non-biaryl products, this will
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_render the derived partial rate factors invalid. On these grounds,

Pausacker and Lynch28, Walling29 and Cade and Pilbeam46 criticised the

validity of such partial ratg factors as a true measure of the reactivity

of the various positions in the aromatic nucleus. The observations: (1)

of a non-statistical hydrogen isotope distribution in the binuclear

products (though not in the unconsumed substrate) in the phenylation

of deuterated benzene indicates that the oxidation of the o- complex to

biphenyl must compete with other side-reactions leading to non-biaryl

formation, and (2) that side reaction was greatly suppressed and the

yields of biaryls greatly enhanced by'conducting the decomposition of

benzoyl peroxide in benzenerin a stream of oxyaen, raise further uncertainty

about the basic assumptions concerned.with the partial rate factor§7._
However, the work of Morrison, Cazes, Samkoff and Howe48 provided

evidence that the diversionary reaction of the o — complexes areé non-

selective, and Cazes49 also showed that neither variation in peroxide

concentration, nof the inclusion of benzene as a co-reactant influenced

the relative rates and isomer distributions of the mono-substituted benzenes.

In the presence of oxygen the yields of biaryls are trebled, but the rate

factors and the isomer ratios are unaffected. Consequently it can be

concluded at least tentatively,‘that the rate factors determined based

on products analysis in the absence of oxygen do provide reliable information

about the reactivity of the various positions'towards phenyl radicals.

This conclusion is reinforced by subsequent investigations in which various

additives have been used to increase the vields of biaryls (Table 2).
Recently, thé question of the validity of partial rate factors has been

raised again by NormanSO and bf Bonnier51. Norman noted that the isomer ratio

and total rate factors in the decoﬁposition of benzoyl peroxide in anisole

are not the same in the presence and the absence of cupric benzoate.
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Bonnier et gl_51a also showed that the conclusion drawh by Morrison and

co-workers might not be valid in all cases. They found that the isomer

ratio of phenylated 4-methylpyridine depends on the concentration of

the peroxide. Such variation in isomer ratio is not observed when

catalysts, e.g. oxygen and nitrobenzene are included in the reaction.

An isotope effect was also reported in the phenylation of the deuterated
. ... 51lb . .

4-methylpyridine . The above observations were attributed to the

48
Table 2

o)
Reaction of Aromatic Substrates with Benzoyl Peroxide at 80 C

Substrate Oxygen Yield of Isomer Ratio (%) Total Rate
biaryl ortho- meta- para-  Factor
(mole/mole (C6H6 = 1)

of peroxide)

PhOMe - 0.50 69.8 14.7 15.6 1.99
PhOMe + 1.35 69.8 14.5 15.8 2.01
PhBr - 0.33 56.2 27.3 16.5 1.14
PhBr R 1.58 55.2  28.8 16.0 1.11
PhBu" - 0.72 21.1  49.9 29.0 0.63
PhBu " + 1.40 21.1 50.0 28.8 0.61

PHNO, - 0.19. 632 9.7 27.1 2.95
PO, + 0.68 62.8 9.7 25.7 2.85

fact that the side reaction of the various o —complexes leading to the
formation of the biaryls could be selective. They also reported that52
the isomer ratio and partial rate factors in the phenylation of pyridinium

chloride changed drastically in the presence of catalytic amounts of

. 53
. nhitrobenzene. Don et al also reported the variation of isomer ratio
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with oxidising agent in the phenylation of 4-methylpyridine.

Competitive reactions have often been determined with nitrobenzene
as the standard solvent. Recently, Ohta and.Tokumaru54 have pointed
out that nitrobenzene is not a suitable standard solvent for competitive
studies with substrates having abstractable hydrogen, because the
intermediate nitrophenylcyclohexadienyl radical is diverted to products
other than nitrobiphenyls. This observation necessitates the
re-determination of rate factors for alkylbenzenes with other suitable
standards, e.g. p-di-chlorobenzene as used recently by Hey, Davies.and
Summersss.

(IV) The effect of oxidising agents on arylation by aroyl peroxides.

(a) Oxygen

The effect of oxygen in increasing the yield of biaryl was first
reported by Eberhadt and Eliel47. The results were substantiated by
subsequent work48. It ié known that phenyl radicals are not very reactive
towards 6xygen56. Therefore - . oxygen is thought to abstract .
hydrogen from the o-intermediate, presumably by the formation of a

hydroperoxide radical, which could bring about the oxidation of another o¢-

radical.
[PhC6H6]- + o:2 ——->Phc635 + HO,» ...l (30)
[PhC6H6]- + H02-——>- H202 + Ph-C6H5 ...... (31)

Hydrogen peroxide has been detected in these reaction557. Theoretically
two moles of biphenyl per mole of peroxide could be formed in the presence
of oxygen. The benzoic acid formed in this reaction is unaffected by oxygen,

in fact the yield of benzoic acid is lower in the presence of oxygen than
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in its absence and much less than in the presence of other additives.
Some phenol is also formed in this reaction, with higher yields at
57
lower temperature .
The above observation is attributed to the higher solubility of the
gas at lower temperature and the more efficient trapping of phenyl radicals
by it.

Phe + O2 ——> Ph-0-0+ ——> PhOH

It was also reported58 that oxygen shows no effect upon the isomer
ratio and the yields of biaryl in the attack by o-tolyl radical on pyridine
and in fact a slight reduction in the yield of biaryl was observed in
phenylation.

(b) Nitro-compounds and other electron acceptors;

Augood and Williams5 were the first to point out that the presence
of a nitro-compound would increase the yield of biaryls, though the mechanism
was not clear at that time. It was Hey, Perkins and Williams59 who showed
that the inclusioﬁ of a small quantity of nitrobenzene in the phenylation
of benzene with benzoyl peroxide, was sufficient to enhance the yield of
biphenyl and benzoic acid to above 0.8 mole per mole of peroxide, while the
formation of residue was greatly suppressed, with no change in the yield
of phenylbenzoate. Also, the nitro-compounds could be recovered almost
quantitatively after the reaction. This phenomenon has been referred to
as the 'nitro-group' effect.

Hall60 investigated a number of electron-acceptors and showed that all
(with the exception of nitromethane) manifest the same effect. However,
there appears to be no simple relationship between the effectiveness of the
additive and its reduction potential.

It is now known that the nitroso-compound, from the reduction of the

nitro-compounds, is in fact the effective catalyst61. The conclusion was
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based on (a) the greater efficiency of nitrobenzene and phenylhydroxylamine
(which is converted into nitrobenzene) than that of nitrobenzene, (b) the
amount of nitro-compound unrecovered, which is sufficient to produce

the oberved effect, (c) a signal characteristic of diphenylnitroxide

(aﬁ = 10.5 gauss), detected by e.s.r. spectroscopy in such decomposition
of benzoyl peroxide in benzene catalysed by nitrobenzene. The following

scheme was proposed to account the catalytic effect of the nitroso

compounds.

PhNO,, O, pive L (32)
Ph* + PhNO —> Ph,NO- cece.. (33)
Ph,NO- +[PhC6H6]- ~——> Ph-Ph + Ph_NOH ceeea. (34)
Ph_NOH + (Phco-o)2 —> Ph_NO* + PhCO,H + PhCO-O- ceea.. (35)
Ph_NOH + PhCO-O- —> PhCO_H + Ph_NO- : eeeae. (36)

(c) The effect of transition metal ions

Perusal of the literature gives abundant examples of the effect
of metal ions on free radical reactions, notably the Sandmeyer, Gatterman,
Pschorr and Meerwein reactions and the reactions of Fenton's reagent.

In 1959, Kharasctha'b observed that catalytic amounts of copper
salts could drastically alter the course of many homolytic reactions.
It was also found that the course of the reaction is sensitive to the
nature of the salts. In the reaction of benzoyl peroxide with olefins, he showed
that, in the presence of cuprous salts, the tarry residue is greatly decreased.
The yield of benzoic acid is enhanced and there is an increase in the degree
of unsaturated adduct obtained. This suggested that cuprous salts facilitated
the termination réaction. With hindsight, these observations were
explicable by the oxida£ion of the radical by copper salts. From these

. 2 .
studies, Kha‘rasch6 a arrived at the conclusion that a carbon radical could
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form a free radical complex with oxygen, nitrogen, hydrogen and
even with a carbon-hydrogen bond in the presence of a copper salt.
+ yer 7 ¥

R* + R'H + Cu —> [CuRR'H]J* cene--o (37)

Recently, Kochi63 has classified the oxidation effected by metal
salt into ligand-transfer (a) and electron transfer (b) by analogy with

69

the inner sphere and outer sphere mechanism developed by Taube to
describe redox reaction in inorganic systems.

R* + CuCl2 ——> RC1l + CuCl cee-a. (@)

+ +
R* +Cu2+ ——> R + Cu veeee. (b)

Ligand transfer mechanisms involve transfer of a group or an atom
eg.chlorine in (a)) from the metal qomplex to the radical through a bridge
transition state, to form halide, the metal ion being reduced to its
lower valent state. Halides and pseudohalides are good transfer agents,
sulphate and perchlorate are not good bridging ligands, while carboxylate,
alkoxide and hydroxide are of intermediate activity65. The metal ions
Fe(III), Cr(VvIi), Pt(IV) and Pb(IV) have been used in the preliminary
studie563. The electron transfer mechanism involves a direct transfer
of electrons from the radical to the metal ion with the production of a
‘carbonium ion which undergoes subsequent reaction to give stable products.
The product composition can be used to provide evidence of the
intermediacy of carbonium ion. Thus the oxidation of cyclobutyl radicals
by Pb(IV) gives the same mixture of acetates as that obtained in

6
solvolysis proceeding via the carbonium ion 6.
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AC
__l Pb (IV) > | ,) + [>"CH20AC + CH2 = CH (CH2)20Ac
2%
AcOH (52%) (442) (43 )
OAC
‘/ OAc ( +l>‘CH2OAc + CH, = CH(CH,) ,OAc

(47%) (48%) (5%)

The ease of oxidation of a radical to a carbonium ion depends on
the oxidation potential of both the radical and the oxidant. The oxidation
potential of the radical is largely controlled by the ability of the
groups attached to the tervalent carbon to stabilise the developing positive
charge. In accordance with this, p-methoxybenzyl radicals are much more
readily oxidized by Pb (IV) than benzyl radica1567, owing to the stabilizing
effect of the methoxy group on the p-methoxy benzyl cation. Any stabilizing
effect the methoxy group had on the radical would be less. These results
suggest that there is considerable development of carbonium ion character
in the transition state in electron-transfer oxidation of radicals.

Kochi63 pointed oﬁt that such classification of oxidation mechanisms
was arbitrary and argued that the two mechanisms may have a related
transition state, the importance of the resonance contribution depending
on the structure of the radicals, the metal ion, and the ligands. He
proposed the following generalised transition state for these oxidation

reactions.

' +n +(n-1) +, +(n-1) +(n-1)
«X- <> = - - <> -
CH2CH2 X-M CHZ—CHZX M <> C|ZH2CH2 X-M TH2CH2 XM
H ut ' H H
ceess. (38)

After this brief consideration of the mechanisms of such oxidation,
the reaction mentioned at the beginning of this section will be re-examined

in terms of the redox properties of the transition metal.
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The Fenton reagent, which is a solution of hydrogen peroxide
and ferrous sulphate, is generally used to generate hydroxyl radicals.

<+ -
Fe2+ + H202 —_— F63 + HO- + OH

Using this reagent, the hydroxylation of some aromatic compounds
. 68a,b ) . .
has been achieved . However,benzene and toluene give biphenyl and
bibenzyl respectively in addition to the respective phenols. In a

re-investigation of this reaction, the following mechanism was proposed,

with benzene as the example69.

H OH

O = & OO0
—_— —_ —_— \\ //\
" H H OH

{g+)

OH

The o-complex in this reaction has been detected by the e.s.r.
. . 70
technique by Dixon and Norman .
In the Sandmeyer, Gatterman, Meerwein and Pschorr reactions the
copper or copper salts are functioning as redox catalysts. In these
reactions the diazonium salts are reduced by electron transfer, with

the resultant generation of aryl radicals.
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CuCl

Sandmeyer reaction: Ar—NZCl ———> ArCl + N2
Cu
Gattermann reaction: ArNZCl —> ArCl + N2
Meerwein reaction: ArN2C1 +CH2 = CHX ——> ArCHZCHClX + N2

The key step in these reactions is the electron transfer reduction of

Pschorr reaction:

the diazonium salt to generate the aryl radicals, e.g.

ArN2+ + CuCl2— —> Ar- + N2 + Cuc12 ceee.. (40)

ArN2+ + Cu e Ar°.+ N, + cu” ce-... (41
In the Sandmeyer and Meerwein reactions, the final stage of the
reaction involves a chlorine atom transfer from the cupric chloride to
the aryl radical to form the arvlhalide and regenerate the cuprous species71.
Are + CuCl2 —> ArCl + CuCl ceee.. (42)

In the Pschorr reaction the intermediate radical may be oxidised

to a carbonium ion followed by loss of a proton72.

ee.. (43)

In the decomposition of benzoyl percxide in the presence of copper
salts, Kharasch73 found that, in the absence of hydrogen donating substrates,
the catalytic effect of copper salts upon the reaction is inoperative. This
is.because there are no carbon radicals formed (with the exception of the
fragmentation products of the oxy-radical) and hence no way of regenerating

the cuprous species.
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Dailly and Willia’mss'74 have found that the yields of biaryl and
benzoic acid are increased greatly by the addition of Fe (III) benzoate
in the decomposition of benzoyl peroxide in benzene, chlorobenzene,
fluorobenzene and toluene. It was suggested that Fe(III) ions catalysed
the oxidation of o-complex by benzoyloxy radicals, hence preventing their
dimerization. The following mechanism was pronosed to explain the

observed catalytic effect of Fe(III) ion.

PhArHe + Fe(III) —> Ph-Ar + H+ + Fe2+ ...... (44)
- 3+

PhCO-0+ + Fe2' —— PhCO-0 + Fe ... (45)

PhCO+0  + H' ——> PhCO.H - ceen.. (46)

2
The main feature of this catalytic reaction is the equimolar production
of biaryl and benzoic acid in agrgements with the above schemes.
Similar catalytic effects were observed by Hewy, Perkins énd Liang75, who
used cupric benzoate, cobalt naphthenate and copper broﬂ;e. The following

reaction sequence, by analogy with the Kochi scheme was proposed.

(PhCO+0) , + cut ——— Phco-ocu © + PhCo-O- cenea. (87)

PhCO*0- —> Ph* + co2 cee... (48)

Phe + PhH —> 0" P{/Ph ceeee. (49)

ge + PhCO+OCu(II) —> o +cu + Phc02_ eeee.. (50)
H Ph

@ + PhCOz_ —> Ph-Ph + PhCO.H eeee.. (51)

The steps (50) and (51) could be a concerted process as indicated by the

. werk of Kochi63'76 on electron transfer oxidation of radicals. The Cu(I)

thus generated would catalyse the induced decomposition of benzoyl peroxide.
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Krienes77_found that there seems to be no apparent relationship
between the ability of metal salts to trap radicals and the metal's
reduction potential on the reaction of 2-cyano-2-propyl radical in
benzene solution in the presence of transition metal chlorides.

(V) Other sources of phenyl radicals

(a) Other sources of benzoyloxy radicals

(i) Electrolysis of benzoic acid (Kolbe reaction). This method

78
is of little synthetic use .
PhCO,~ = PhCO+0+ ——> Ph+ + CO, ceeen. (52)

Ph- + l ~ — @
. i _
N2 Ph™lyz

(ii) Decomposition of lead tetrabenzoate79a and silver halide

dibenzoates.
125%
Pb(o-co-Ph)4 —_— Pb(o-co-Ph)2 + 2Ph+CO-+0- ceeees (53)
AgX(O-CO-Ph)Z ———> 2PhCO+*0O+ + AgGX ceeeen (54)

(b) From diazo, azo and related compounds

(c) N-Nitrosoacetanilide

The mechanism of the decomposition of this compound has been the

. 80a,b . .
subject of much controversy because the proposed mechanism fails to
take account of the absence of any evidence for the existence of acetoxy
radical and the absence of hydroaromatic products derived from dimerization
and disproportionation of cyclohexadienyl intermediates. The mechanism

generally accepted was that proposed by Ruchardt81.
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N=0 o

| -
Ph-N-CO*CH ———-—->-PhN=N-—O—C—CH3 _— PhN O0+CO-CH
3 . SEE— 2 3

lPhN=N—OH
Phe + N2 + HO'CO'CH3 + PhN=NO-

| e

Ph Phy ,H

P = . .

The detection of N-(phenylacetamido)phenyl nitroxide radical (I)
by e.s.r. led Perkins and Chalfont82 to suggest & new mechanism similar to
the above scheme, but differing in that the N- (phenylacetamido)phenyl
nitroxide radical, formed by addition of phenyl radical to N-nitrosoacetanilide

(egn. 56) was the key chain carrying radical rather than (phenylazo)oxy

radical. N=0O
_ Ph-N-O-
Ph- + Ph-N-CO-CH, —> |
Ph-N-CO*CH,
(1)
H Ph

‘ Ph-N-CH
SO B
Ph-N-CO*CH, + Ph.{C::>

However, the observation of (phenylazo)oxy radical by e.s.r. together
with other evidence, led Cadogan, Paton and Thomson83 to suggest that the
(phenylazo) oxy radical is the more significant chain carrying radical

in the decomposition of acylarylnitrosolamine in such solvent.

(d) Aryl diazonium ionic derivatives

(i) The heterogeneous Gomberg and Gomberg-Hey reaction had been used
to provide phenyl radicals.

+ - .
PhN + OH e Ph-N=N-OH ——> Ph* + N_ + HO-

2 - (0ac+)
(or OACT) 4 . (oAc) Ac

ceee-a(57)



41,

These reactions have been mccdified to provide a cleaner homogeneous
system involving reaction of an aromatic amine jin situ in an organic solvent
- 0,82
with amyl nitrite at 60-80°C .

(ii) Electrolytic reduction of diazonium salts has recently been

. - . 85
&veloped as a source oI phenyl radicals .

+ -
ArN + e —> Ar* + N
2 2
Thermolysis of phenylazotriphenylmethane at BOOC is also a convenient
source of phenyl and triphenylmethyl radicals, the driving force for
the reaction being the stability of triphenylmethyl radical and the

. . 86
formation of molecular nitrogen .

(iii) Photolysis of haloarenes and of organometallic compounds.
... 87a .87b , .

Bryce-Smith and Kharasch ~ave shown that photolysis of aryl
iodides and also aryl bromides in aromatic solvents generates aryl
radicals.

ArT -L- Are + 1I°

Photolysis of diphenylmercury, tetraphenyllead and triphenylbismuth

and phenylmercuric iodide have all been empioyed as sources of phenyl
8
radicals 7a.

(iv) Miscellaneous methods.

Phenyl iodobenzoate, on heating to 125°C, breaks down to give
phenyl radicals, which comes from the phenyl group of the iodosobenzene
moiety rather than from the benzoate grour as was believed at one timess.

Phenyl radicals are alsc generated in reaction between arylhalides
and Grignard reagent in the presence of catalytic amount of cobalt (II)
salt89.

The pyrolysis of nitrobenzere at 6OOOC was also shown to afford

phenyl radical in vapour phase. A review on the subject has appeared

very recentlygo.
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(B) Homolytic Silylation Reactions

(I) Some General Considerations and Comparisons of the Properties of

Carbon and Silicon Free Radicals

The evidence for the production of silyl radicals in the primary
process in the thermal decomp@sition of silane, alkylsilanes and alkyldisilanes
in the gas phase was inconclusive91—94. However, in solution, the rapid
-accumulation of results interpretable by the participation of silyl
radicals have fully established the intermediacy of silyl radicals in
such chemical reactions. The subject of silicon free-radical chemistry has
been reviewed by Friswell and Gowenlock95 and more recently by jackson96a'b’c'd
and Sakurai97.

It is relevant to consider the bond dissociation energy of the
Me3Si—Y bond. A comparison of these values with the corresponding
carbon-Y bonds provides some insight into the differences in chemical
behaviour of these two classes of free radicals. Although many studies
on the bond dissociation energy of the Me3Si—Y bond have been carried out,
and many values of the bond dissociation energy of Me3Si—Y have been
published, there is poor agreement over the range. This is due to
experimental difficulties in carrying out these determinations. The
bond dissociation energy D(Me3Si—Y) could be determined in two ways,

i.e. (l)kinetic method99 and (2) eiectron impact methodloo. In the
kinetic method unreliable bond energies will result if the mechanism

of the decomposition has beenmisinterpreted. This has occurred frequently
in silicon chemistry owing to the complex nature of the reactions. In
electron impact method, the appearance potential Vof the silyl cation
Me3$i+ is determined, combining these data from teramethylsilane (Me4si)

and hexamethyldisilane (Me Si-SiMéB), and their heats of formation, the

3

bond dissociation energy of (Me_Si-Y) could be calculated. However,

3

the unreliability of the values of the heats of formation of the silicon
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0la,b casts uncertainty on the values calculated. Recently,

compounds1
a table of bond dissociation energy for group IVB elements was compiled
' by Jackson96. Though these values should be treated with reserve

some general trend can be seen. The values for silicon and carbon
have been reproduced in Table 3.

Table 3

Bond dissociation energy D(Me3M—Y) kcal mole

Y =H Me MMe3 CH F Cl Br I
M =C 104 88 80 91 118 82 69 56
M = Si 81 76 67 119 (143) 104 87 78

These differences in bond energy account for several differences
in carbon and the silicon radical chemistry. Carbon will form stronger
bonds to hydrogen or alkyl groups than silicon and also the silicon-
silicon bond is weaker than the carbon-carbon bond. Moreover, silicon
forms a stronger bond to halogen, oxygen and nitrogen atoms than does
carbon. The basic differences in the bond energies are reflected in
the differences in chemical behaviour exhibited by carbon and silicon radicals
in chemical reactions. 2as a result of these differences, silyl'radicals
prefer to abstract halogen102 (an exothermic process) rather than to
abstract hydrogen (energetically unfavourable); the . reverse is true
for carbon. radicals which tend to abstract hydrogen and are less reactive
towards halogen abstraétion.

Recently a kinetic reinvestigation of the pyrolysis of

hexamethyldisilane103 (Me Si—SiMe3) has given a new bond dissociation

3
energy of 80.5 kcal mole'.1 for the Si-Si bond. The appearance potential
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104
of tetramethylsilane and hexamethyldisilane were determined .

Combining these with data from the heat of formationlo5 the values of
88 and 80 kcal mole_1 for D(Me3Si—CH3) and D(Me3Si—SiMe3) respectively
were obtained. The latter value was in good agreement with the value from the
kinetic measurement referred to above103.

Silyl radicale, like organic radicals undergo dimerization, addition
to alkynes and alkenele6a—c, rearrangerpentlo7 and cyclisationllz. But
unlike organic radicals, silyl radicals add to the oxygen atom of the
carbonyl group108 and they do not disproportionate. The reason for the
inability of silyl radicals to disproportionate is that silyl radicals can
not form Prm-Pm bonds.

Although the stability of triphenylmethyl radicals is well
established, hexaphenyldisilane is a stable solid (m.p. 3520) and does
not appear to dissociate even on prolonged heating in xylenelog. This
observation seems to contradict the idea that the silicon-silicon bond is
weaker than the carbon-carbon bond. The thermal stability of hexaphenyldisilane
could be explained by the following two reasons. (1) The triphenylmethyl

radical is resonance stabilised, the free electron being delocalised over

ten carbons.
Ph ‘ H Ph

Ph Ph

(12)

Silicon does not form a double bond to carbon and hence the

contribution from structures analogous to (12) is much less important.
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Thus the dissociation towards the formation of triphenylsilyl radicals

is unfavourable. (2) The second reason is of steric origin. The

longer silicon-silicon and silicon-carbon bonds (owing to the larger

size of silicon) make it possible for six phenyl groups to surround

two silicon atoms with virtually no steric hindrance, and a recent report
of the quinonoid structure of the dimer of triphenylmethyl radicals
provides further support of the importance of bond length in the structure
of the bulky dimerllo,

The relative electron density (atomic number/atomic radius) for
silicon is the minimum, so that the electropositivity of silicon is at a
maximum within group IVB. The greater electropositivity of silicon than
carbon is reflected in the greater polar effect in the transition state
of a particular reaction. The organosilyl radical (R3Si') should be ab.e
to supply more electrons in the transition state of chemical reactions,

and more easily than the corresponding carbon radicals.

Table 4

Element Covalent Radius Electronegativity Stable Maximum
Pauling Scale double number of
bond electron pair
bonds formed

C 0.77 2.55 Yes 4

Si 1.18 : ©1.90 No 6

(II) Methods of Production of Organosilyl Radicals

(a) Pyrolysis
There are some reports on the pyrolysis of silane and alkylsilanes
4

at high temperature, where it seemed that silyl radicals were produced91~ .

However, an interpretation involving formation in the primary process should
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be made with care, as it has been argued, mainly on thermodynamic
grounds, that a silene intermediate (13) is in fact more possibly

involved in the primary process.

R2Si:

(13)
. . . . 111-4
The heating of bis(trimethylsilvl)mercury and
11 .
bis (triphenylsilyl)mercury > in solution gave products interpretable
by the intermediacy of silyl radicals. These mercury compounds may

decompose in a stepwise manner (58) or in a simultaneous process (59).

R_Si-Hg-SiR

3 ——> Hg + «SiR

L R,Si- + HgSiR

3 3

R3Sngs;LR3 —_ 2R351- +Hg ... (59)
R = Me, Ph.
As a result, it appears that these mercury compounds are promising
. . . . 116a,b,c
sources of silyl radicals. However, it was realised leter that
the major pathway by which these mercurials react with most organic
compounds is a molecular reaction, rather than by a free radical mechanism,
undet thermal conditions. The stereospecific cis-elimination of two bromine
atoms leading to the formation of alkenes in reactions of bis(triphenylsilyl)-
mercury and 1,2-dibromo-compounds provide evidence for such a molecular
reaction, and suggest that a one stage molecular mechanism is operating in
. . 117 \ . . .
this reaction . As a result, application of free radical mechanisms

to the thermal reaction of these mercury compounds should be exercised with

care.
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(b) Photolysis

Silane and alkylsilanes do not have a convenient absorption band
in the ultra-violet region and so direct photochemical production

of silyl radicals is not possible. The production of silyl radicals

e , 107,118 .
may be achieved by mercury photosensitization ! . However, this

method is of relatively little use as a source of silyl radicals in
spite of the attractiveness of this method in terms of lack of

contamination from radical initiators.

The presence of a chromophore like the phenyl group in the

11
molecules makes the silicon compounds susceptible to photolysis 9.

The photolysis of trichlorosilane has also been shown to produce

2
trichlorosilyl radicals1 O.

It has been demonstrated that the photolysis of organisilyl

mercury compounds is a useful method of production of silyl

. 121a,b,c,d.
radical et However, even in photolysis, reactive molecules

like anisole and bromobenzene gave products similar to those

produced in the pyrolytic (molecular) reaction.

e.g.

i _HGSi
35} ? 1Me3

' S— ArHg-SiMe,

beeeoad

(Me3Si)2Hg + ArBr —> Me

Me_SiBr

Ang-SiMe3 + ArBr —> ArZHg + Me3SiBr

(c) Production of silyl radicals by metathesis

Organosilyl radicals may be made indirectly by treating an
organosilicon hydride with free radicals, usually from an organic

initiator, e.g. di-t-butylperoxide or benzoyl peroxide102.
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' R35iH + Re! —> R3Si' + R'-H
This method is widely used to produce silyl radicals. However,
complications might arise from reactions between the silyl radicals
produced and the initiator, or the radical from the initiatarmight
react with the solvent. But for chain reactions where only a small
amount of initiator is required, this is one of the most "important
106b,c

methods of generating silyl radicals

(d) Other methods of production of silyl radicals

123
v-Radiolysis has alsc been employed to break the Si-X bond a,b,

but this method is relatively little used because of the high energy of the
radiation. Indiscriminate breakage of the various bonds in the molecule
usually results, giving rise to a wide variety of products even from
simple starting materials. The radiation chemistry of silicon compounds

. 124
has been reviewed by Shaw .

Electrochemical reduction cf organosilicon halides (R3Si—hal)

can also be used as a source of organosilyl radicals (R3Si')125 for

example in a controlled-potential electrolysis of triphenylsilylchloride,
triphenylsilane was obtained. Intermediate triphenylsilyl radicals were
postulated indicating that silyl radicals were able to abstract hydrogen

from the solvent.

(IIT) Some Reactions of Silyl Radicals

(a) The hydrogen abstraction reactions

Silyl radicals are known to abstract hydrogen atoms though these
reactions do not proceed readily. For example, some trimethylsilane is
prcduced in the photolysis of solutions of bis(trimethylsilyl)mercury
in hydrocarbon solventslzs, preéumably by hyvdrogen abstraction from the
solvent. With toluene, where a reactive o hydrogen is present, only a
little hydrogen-abstraction took place even at high temperature, though

small amounts of benzyltrimethylsilane and bibenzyl are formed126.
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Hydrogen abstraction by organosilyl radicals has also been reported
127 . 99
by Kumada's group , Davidson, Band, Lambert and Stephenson ~,
. ) . 125
and Dessy, Kitching and Chivers .

(b) Homolytic aromatic silylation reactions

Reports of homolytic aromatic substitution reaction by silyl
radicals are rather limited. In 1967, Eaborn, Jackson and co-workers
were the first to recognise the occurrence of aromatic silylation via
trimethylsilyl radicals generated by photolysis cof bis(trimethylsilyl)-
mercury in benzene to give phenyltrimethylsilane in low yieldlBla'b_
Subsequently Sakurai, Hosomi and Kumada128 also reported the formation
of silyl substituted benzene in the thermolysis reaction of di-t-
butylperoxide in solutions of hydrosilanes in benzene. In their studies

a number of hydrosilanes had been tested. The following reaction sequence

was proposed.

(t-BuO)2 —> 2 t-Bu0O~  L..... (60)
t-BuO+ + R3SiH —_—— t-BuOH + R3Si' ero o (61)
-, H
R_Si+ + PhH —_— f}( ceeee. (62)
3 \-- R
SiR
3
+ t-BuOQ* ———> @—SiR3 + t-BuOH ceeeen (63)
iR
3
2 R3Sl' —_— R3Sl—SlR3 : ceee.. (64)

Subsequently they extended their investigation to substituted benzenes
to study theorientation effect of the substituents and the relative reactivities
of silyl radicais, by competitive reactionslzg. Some interesting results
were obtained. Firstly, it was found that the pentamethyldisilanyl and
n-propyldimethylsilyl radicals used in their studies appeared to be
nucleophilic in character giving a Hammett reaction constant (P) of 1.4

and 1.6 respectively. Secondly, in the competitive silylation of
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hexadeuteriobenzene and benzene by n-propyldimethylsilyl and
pentamethyldisilanyl radicals: kinetic isotope effects with kH/kD
values of 1.50 and 1.45 respectively were observed. They suggested
that this isotope effect could have ccme from £heirreversible addition
to form the cyclohexadienyl radicals and included a secondary isotop®
effect arising from the inductive effect of deuterium atoms in the
change of hybridization at a reaction centre of the deuteriobenzene

B . 115b,121b
system. However, Eaborn, Jackson and their co-workers !

favoured
the idea of reversible 2ddition based on the observation that the yield
of trimethylsilylbenzené falls with increasing température. This may
indicate that reaction (-66a) beccmes relatively more favourable at
high temperature. When toluene was employed as the substrate the

yields of substitution products were also observed to decrease, and that of

bibenzyl to increase with increase in temperature.

(Me3Si)2Hg —_— 2'Me3Si- + Hg . cece.. (65)
lMe3
5
Me_. Sis+ {653) <:> e eeeee (66)
3 <
(-66a)

More recently similar observation was also noted by Eaborn, Jackson
. . ;. . . . . 115b
and Rahman in the reaction of triphenylsilyl radicals with toluene .
They argued in favour of the reversible addition of the silyl radicals
by considering the entropy change of the addition. The aromatic
substitution reaction (67a) though exothermic and preéumably having

a moderate activation energy, proceeds with loss of entropy. At high

temperature, this will make the reverse reaction more favourable,
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CH .
3 SlPh3
Ph Si- + }’8 ceenn. (67
CH,

*CH
"3 12

Ph_Si- + —_— E;/lj + Ph_SiH ceee.. (68)

3 NG 3

N

and in fact no aromatic substitution was observed at 220°%c. Attack
of triphenylsilyl radicals at the methvl group in toluene is possibly
slightly endothermic, but there is noc loss of entropyin this reaction
which will therefore be more favoured at higher temperature. The
triphenylsilyl radicals were produced by photolysing or heating
a solution of bis(tri-phenylsilyl)mercury in the aromatic solvent.
Using thermochemical data, Jackson showed that the addition of
organésilyl radical to benzene is reversible121.

Recently, it has been reported that the radicals

pentamethyldisilanyl (Me Si—SiMez), 1,1,2,2,3,3,3~heptamethyltrisilanyl

3

(Me3Si—Si(Me)ZSiMe2)and 2,2,2-trimethyl-1, 1-diphenyldisilanyl

(MeBSi—Sith) radicals gave significant quantities'of aromatic
substitution products with benzene at 1300C, but branched chain radicals
such as 1,1,1,2,3,3,3-heptamethyltrisilan-Z-yl [(Me3Si)2SiMe], and
tris(trimethylsilyl)silyl [(Me3si)3Si°] radicals gave the dimers

in good yield, indicating that these branched chain radicals may be
somewhat stabilized13o’131.

The results of investigations on aromatic homolytic silylation

reaction on substituted benzenes are summarised in Table 5.
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Table 5
Substrate
PhCH3 PhOMe_ _PhCF3 Reference
Radicals o- m- p- O- m- p- O- M- p- P Hammett's
Reaction
Constant
MeBSi- 39 42 19 62 31 7 - - - - 113
Ph35i° 16 59 25 - - - - - - 115 (b)
n—PrMe25i° 16 64 20 - - - - - - +1.6 129
MeSSiz- 21 52 27 58 34 8 0 48 52 +1.4 129

The positive values of Hammett's p constant is indicative of
the nucleophilic nature of organosilyl radicals.
. 132 . , . .
In 1964, it was reported that the illumination of a mixture
of chlorine, trichlorosilane and benzene by an incandescent lamp gave
35% of phenyltrichlorosilane and 43% of tetrachlorosilane in accordance

with the following reaction scheme.

c1, B 69)

Cl: + HSiCl, ——> HCL + C1.§i- 5iC13 ...... (70)
Clzsi- + [:::] L;::}§1Cl~—————>-tgglj+ R-H sseses (71)
1 e 1 T e '
Cl331 + C12 _— SlCl4 + C1 SRRERE (72)

Subsequently, in 1965 Birchall, Daniewski, Haszeldine and Holden

reported that the photolysis of trimethylsilane and trichlorosilane could
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also afford nuclear silylated products in hexafluorobenzene, and a

. : . . 133 :
novel reaction was observed with trichlorosilane . Approximately
equal amounts of trimethvlpentafluorcbenzene and fluorotrimethylsilane
were obtained with trimethylsilyl radicals. 1In reaction with
trichlorosilyl radicals, the major product was (fluorodichlorosilyl)
pentafluorobenzene suggesting the following novel rearrangement being

taking place.

hv

Cl,SiH  ———> He + c13Si-. F eeeaas (73)
!
SicCl
2 )l 2
F \\TF
‘ + Cl3Si- — —> C) + Cle -e-... (74)
F F

F F
Cooper in 1967 showed that on u.v. irradiation (chlorophenyl)

trimethylsilane was formed from a mixture of chlorobenzene and excess
trimethylsilane134.

In polyphenylated silanes, a redistribution reaction in which
silicon-containing groups are displaced can occur, e.g. diphenylsilane
irradiated with ultra-violet light or in the presenée of free radicals give

a mixture of tetra-, tri-, di- and monophenylsilanes and silane. The

following reaction scheme was postulated75—77.
R + Ph,SiH, — > RH + PhSiH: ' ceeee (75)
iPhH2 Ph2H81 SlPhH2
'\\
Ph2SiH.+ _— ————é-Ph3SiH + PhSiHé
| ceeen. (76)
iH_+ + Ph_Si PhSiH_ + Ph_SiH-
PhSlH2 h231H2 — PhSi 3 hZSlH .. (77)

Similar redistribution reactions have also been reported by other

113, -
workers 115a,135-6 and it has been shown that this type of reaction

has asubstantial activation energy and will only be important at high

temperatureé35'136.
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(c) Reactions of silyl radicals with halogeno-compounds

Halogen abstraction by silyl radicals is a therm@iynamically
favourable process. In 1957, Curtice, Gilman and Hammond were the first
to postulate chlorine abstraction reaction from chlorobenzene by silyl
radicals in the reaction with triphenylsilane catalysed by

02

t—butylperoxide1 .

Ph3SiH + t-BuO- —*~—>'Ph38i- + t-BuCH e (78)

Ph_Si- + PhCl — > Ph;SiCl + Ph- ...l (79

The isolation of triphenylchlorosilane and chlorobiphenyls supported
the above mechanism. This observation seemed to contradict the reaction
of phenyl radicals with chlo?obenzene, where a homolytic phenylation
reaction takes place to produce 2-, 3- and 4-chlorobiphenyl. These
workers argued that the production of the resulting phenyl radicals
(a reactive species with low heat of formation and no resonance stabilization
energy arising from delocalization of the unpaired electron) was
compensated for by the formation of the strong silicon-halogen bonds.
In high temperature gas phase reaction137, the reaction between trichloro
silane and chlorobenzene, where the main products were benzene, phenvl-
trichlorosilane, tetrachlorosilane and hydrogen chloride, was also believed
to involve trichlorosilyl radicals. In these reactions two simultaneous
processes were thought to occur, namely a condensation reaction (80)and
a reduction reaction (81).

PhCl + HSiCl, -— -> PhSiCl_ + HCl ceea.. (80)

3 3

PhCl + HSiCl, ——> PhH + SiCl, ceee.. (8D

3

. The mechanism was believed to involve initial homolytic

dissociation of trichlorosilane, followed by two simultdneous reactions.
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The condensation reaction (80) involves an addition-displacement process

as in (82) and (83).

| cl sicl,
ClBSi- + PhCl —> i} il . (82)
+'HSic13 —> HCl + PhSiCl; + +SiCl,. ceeen. (83)

The reduction reaction (81) involves direct chlorine abstraction by

the trichlorosilyl radicals (84 and 85).

ClBSi' + PhCl ———3 Ph* + SiCl4 cenes. (84

Phe + HSiCl3 ——— PhH + -sic13 ...... ( 85)

Evidence for the condensation and reduction reactions at low
. . 113,234

temperature and on photolysis was also available .

The halogen abstraction reactions from halogeno—alkanes and alkenes

. . 138-142 . .

have received great attention . Kerr, Smith, Trotman-Dickenson and
Young, in 1966, studied the photcchemically initiated gas-phase reduction of
alkyl halides with trichlorosilane. They proposed the following mechanism.

for the chain reaction139a.

SiCl3' + RC1 —_— SiCl4 + R*

Re + HSiCl, —— RH + Cl,Si- ... (87)
~ They have also evaluated the activation energies for (86), R represents
a variety of alkyl groups. They fournd that the activation energy falls in the
series R = ethyl > isopropyl > t-butyl consistently with the increasing
stability of the incipient alkyl radicals. The relative ease of chlorine

abstraction from the trichloromethyl group of X—CCl3 with chlorcform as
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standard by triethylsilyl and phenyldimethylsilyl radicals has alsoc been
détermined. The data correlated fairly well with Taft's o* constants
with a p* value of +0.26 and +0.29 for phenyldimethylsilyl and
triethylsilyl radicals respectively, the positive sign of the reaction
constants indicating some nucleophilic nature of the silyl radicalsl42.
The relative ease of chlorine abstraction from benzyl chloride
by pentamethyldisilanyl radicals had also been studied and fairly
satisfactory Hammett correlations were obtained with p =+-O.29143.
Recently the halogen abstraction property of silyl radicals has

been used to generate specific alkyl radicals for structural studies

from the corresponding bromides or chloridesl44.
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2 EXPERIMENTAL

Instruments and Apparatus

(a) Infrared spectra were measured by a Perkin-Elmer 457
Grating Infrared Spectrophotometer.

(b) N.m.r. spectra were measured by Perkin-Elmer R12B 60 MHz
N.m.r. Spectrometer.

(c) Gas chromatographic analysis was done by using a Pye 104
and Perkin-Elmer F21D model gas chromatograph with a flame
jonisation detector.

(d) Photolysis: The photolyt%c experiments were carried out by

a Hanovia IL Photochemical Reactor, with a medium pressure

straight arc tube emitting predominantly u.v. light at 254 mu,

265 mpu, 297 my, 313 mu and 366 mu.

Preparation and Purification of Compounds

I. Purification of solvents

The following solvents were fractiorally distilled twice through

2-ft, column packed with glass helices. The middle boiling fraction was

collected. Gas chromatographic analysis revealed no impurities. The

literature values are those quoted in Dictionary of Organic Compounds unless

otherwise stated.

(1)

(2)

(4)
(5)

(6)

Benzene b.p. 79.5°-80.5°C. 760 mm (Lit.b.p. 80.5°) 760
Toluene b.p. 100°-110°%¢ 760 mm (Lit.b.p. 110.5°)760
Chlorobenzene b.p. 132°C 760 mm (Lit.b.p. 132°) 760
Bromobenzene b.p. 150-1% 758 m (Lit.b.p. 156° 760
Anisole b.p. 152-3% 758 mm  (Lit.b.p. 155°) 760
t-Butylbenzene b.p. 168° 760 mm (Lit.b.p. 168°) 760

II. Purification of compounds

The solid compounds were recrystallised at least once in ethanol,

a

mm

mm

mm

mm
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(a) Bibenzyl (B.D.H.) m.p. 52° (Lit. m.p. 52°)
(b) Biphenyl (B.D.H.) m.p. 70° (Lit. m.p. 70°)
(c) Pentamethylbenzene (Aldrich) m.p. 53°  (Lit. m.p. 53°)
(4) p-Dichlorobenzene (B.D.H.) m.p. 52° (Lit. m.p. 530)
(e) Naphthalene (B.D.H.) m.p. 80° (Lit. m.p. 80.3%)
(f) m-Dinitrobenzene m.p. 88-9° (Lit. m.p. 89.6°)
(g} Purification of benzoyi peroxide (B.D.H.)

The commercial reagent containing water (30%) was dissolved in a
minimum quantity of warm chloroform and the aqueous layer rejected. The
solution was rapidly filtered under suction and two volumes of ice-cold
methanol were added with stirring, causing precipitation of benzoyl peroxide
as fine white crystals. The solution was decanted from the crude product
which was further purified by repeating the above procedure three times.
The purified peroxide was finally filtered and dried in a vacuum dessicator
over calcium chloride m.p. 105°, (Lit. m.p. 104 - 106°)

III. Preparation of compounds

84a,b

(a) 2-Methylbiphenyl

2—Metﬁylaniline (6.7 g) and amyl nitrite (B.D.H.) (10 ml) were
dissolved in benzene (250 ml) and allowed to mix thoroughly at room
- temperature for 10 minutes. A further quantity of amyl nitrite (10 ml)
was then added and the mixture waglgently warmed until a steady ;eaction
set in. After boiling the mixture steadily under reflux for six hours,
the bulk of solvent was rémoved by distillation at atmospheric pressure,
and the residue was transferred to a Claisen flask (50 ml) to complete
the removal of the solvent over an oil bath heated to 1400.

The crude biaryl fraction distilled at 50 - 120/0.1 mm Hg. The
orange coloured product was chromatographed on a neutral alumina column,
eluated with light petroleum (b.p. 60 - 800). After removal of the
solvent by an efficient rotary evaporator, the residue was aistilled

under reduced pressure from a 25 ml Claisen flask to yield 2-methylbiphenyl

\u
\
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(80 - 840/0.1 mm) as a. pale yellow oil (6.8 g, 65%). Gas chromatographic
analysis revealed no impurities [Lit. b.p. 130-60/27 mm]. Its infrared
spectrum was recorded and it had bands at 730 cm_l, 750 cm_l and 780cm_1
which are characteristic of a 2-substituted biphenyl and at 1380 cm_1

and 1450 cm_1 which are characteristic of a methyl group.

The following compounds are prepared by the analogous methods.

(b) 3-Methylbiphenyl b.p. 124—50/0.1 mm, Lit.b.p. 148-50/20 mm,Yield 60%

(c) 2-Chlorobiphenyl b.p. 82—40/0.1 mm, m.p. = 32—30, Lit m.p. = 32O,Yield 55%
(@) 3_Chlorobiphenyl b.p. 85-8°/0.1 mm, Lit.b.p. 79°/0.05 mm' 02, vield 50%

(e) 4-Chlorobiphenyl b.p. 760 -7°,Tit. m.p. 770, vYield 733

(£) 2-Bromobiphenyl b.p. 158-160°/10 mm,Lit. b.p. 160°/11 mm, vield 35%

(9) 3-Bromobiphenyl b.p. 170—50/18 mm,Lit.b.p. 169—1730/17 mm, Yield 16%

(h) 4-Bromobiphenyl b.p. 169-172°/17 mm, m.p.=90-1° Lit.m.p.=91-2°, vield 60%
(i) 3_Methoxybiphenyl b.p. 130-4°/0.1 mm, Yield 65%

Infrared absorption bands:v704 cm—l, 755 cm_l, 789 cm—l, 870 cm_l,'

1, 1180 cm_l, 1270 cm_l, 1420 cm—l, 1480 cm L.

1040 cm”
4-Methylbiphenyl and 2-methoxybiphenyl were kindly donated by
Dr. R. Bolton.

(3) 4-Methoxybiphenyl

This compound was prepared by the methylation of p-hydroxybiphenyl
with dimethylsulphate.

4-Hydroxybiphenyl (42 g, 0.25 mole) was dissolved with vigorous
stirring in équeous sodium hydroxide solution (150 ml, containing 10.5 g
of sodium hydroxide), dimethyl sulphate (315 g, 0.25 mole) was added whilst
the mixture was cooled in ice. The solution was warmed for one hour at
70 - 80° and allowed to cool, 4-methoxybiphenyl was filtered under suction
and washed thoroughly with 10% sodium hydroxide solution. The crude
4-methoxybiphenyl (39.1 g, 0.21 mole, 85%) was recrystallised from methylated

spirit, m.p. 84°. (Lit. m.p. 850).
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(k) o-Methoxyphenylbenzoate

1
This compound was prepared according to Vogel's method 60.

Guaicol (6 g 0.05 mole) was dissolved in 10% sodium hydroxide
(75 ml) , redistilled benzoyl chloride (12 g, 0.09 mole) was added,
and the mixture was stoppered securely and shaken vigorously for
20 minutes. The solid product was filtered under suction, and washed
thoroughly with water and drained well. The crude ester was recrystallised
twice from methylated spirit to giveié.S g of ester (61%). M.p. 57—80.
(Lit. m.p. 58°) . |

(1) p-Methoxyphenylbenzoate was similarly prepared. Yield 80.5%
4° 16l

m.p. = 73-4°  Lit. m.p. 7

(m) 4—t—Butylbiphenyl162

The Friedel-Crafts reaction be:iween t-butyl chloride (14.8 g,
0.16 mole) and biphenyl (25 g, 0.16 ﬁole) was carried out in carbon
disulphide (125 ml) at 25° with ferric chloride (0.045 mole) as catalyst.
The 4-t-butylbiphenyl was distilled at 105—1150/0.1 mm and recrystallised
from ethanol-twice. The colourless plates (11 g, 0.05 mole, 30%) had m.p.
51 - 52° (Lit. m.p. 52.2°).

(n) 2,4',5-Trichlorobiphenyl

p-Chlorobenzoyl peroxide (4.0 g,0.013mole) was allowed to decompose
in p-dichlorobenzene (50 g) in the presence of ferric benzoate (1.5 g) as
catalyst at 80°C for 72 hours. When the reaction was complete, the reaction
mixture was dissolved in benzene and the ferric salt was filtered off.
The benzoic acid formed and the ferric salt dissolved in the reaction mixture
were removed according to the method described in section 4Ra. The neutral
organic solution was dried and concentrated to 10 ml, and charged on to a
silica gel column, and eluated with petroleum ether (60 - 800) 300 ml of
eluant was collected and the petroleum ether was removed in a rotary

evaporator. The residue was recrystallised from ethanol to constant m.p. 66o

(Lit. m.p. 67°) yield 2.5 g (75%).
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(o) Phenyldimethylchlorosilane

Commercial reagent (Aldrich) was redistilled under nitrogen, the
fraction boiling 189° to 1940C was collected and stored in a vacuum dessicator.
This compound is air sensitive and deteriorates in air. The freshly
distilled reagent is colourless but turns pink initially and eventually
becomes a dark brown colour.

This compound was also prepared by the reaction of a Grignard reagent
(phenyl magnesium bromide) with dimethyldichlorosilane 63. Tne fraction

boiling 189 - 194°C was collected. Yield: 32%.

(p) Phenyldimethylsilane16q

To lithium aluminium hydride (éS g) suspended in sodium dried ether
(800 ml), phenyldimethylchlorosilane &99 g) dissolved in sodium dried ether
(250 ml) was added over a periocd of 3?hours. The solution was refluxed
for 3 hours before the excess of lithium aluminium hydride was destroyed
by ethyl acetate. The reaction mixture was poured over ice, the ethereal
layer was separated and the agqueous solution was extracted twice with
ether. The ethereal extracts were combined, dried over anhydrous sodium
sulphate and distilled. vThe ffaction beiling 155O —160o was collected.
This fraction was redistilled, the fraction boiling at 156 - 7O was
collected. G.l.c. analysis showed the presence of some bromobenzene and
little biphenyl. The bromobenzene was removed by refluxing the hydrosilane
in a suspension of lithium aluminium hydride in ether. The excess lithium
aluminium hydride was hydrolysed. Phenyldimethylsilane was distilled as
described above and was purified on a silica gel column with petroleum
ether (40 - 600) as eluant. The fracticon boiling at 156 - 7O was

collected. G.l.c. analysis showed that it contained a trace of impurity

(~ 0.1%). vYield: 3.4 g (45%).
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An n.m.r. spectrum was recorded (Tabie (A)). The infrared

spectrum showed the following characteristic absorption. 790 cm_1

1

(si-cH,) , 820 o (51(CH,) )5 850 cm™ ! (Si-H); 1020 cm™ ! (Si-Ph);

1120 cm * (Si-Ph) 1445 (Si-Ph); 2100 — (si-H) .

165
(q) Diphenyldimethylsilane

This compound was prepared by the Grignard reaction with
phenyldimethylchlorosilane. The fraction boiling 170-180° /45 mm
was collected and redistilled to givefthe silane boiling at 175-8/45 mm
(Lit. b.p. 176-80/45 mm). G.l.c. anaiysis showed that it contained little
diphenyltetramethyldisilane (1 - 2%).2 An n.m.r. spectrum was recorded
(Table (A)). The infrared spectrum showed the following strong absorption

1 1 1140 em™?, 1440 cm™t.

800 cm T, 825 cm 1, 1015 cm”
The following compounds were similarly prepared by the Grignard reagent

route by employing the appropriate aryl bromides. G.l.c. analysis showed |

that the product contained little diphenyltetramethyldisilane (1-3%). The

n.m.r. data of these compounds are given in table (A). The infrared

spectra of these compounds showed the characteristic strong absorptions

of Si—CH3 and Si-Ph bonds in addition to those absorptions arising

from the disubstitution of the benzene ring.

(r) gﬂPhenyldimethylsilyﬁanisole: b.p. 141-2°/15 mm. Yield: 15%

(s) g;@henyldimethylsilyDanisole: b.p. 158—1620/25 mm Yield: 20%

(t) Ej?henyldimethylsilyDanisole: b.p. 170—50/25 mm Yield: 32%.

(u) o-fhenyldimethylsilyltoluene: b.p. 173-8°/50 mm  Yield: 20%

(v) m-Phenyldimethylsilyltoluene: b.c. 164—80/45 mm. Yield: 68%

(w) p-Phenyldimethylsilyltoluene: b.p. 152-4°/24 mm vYield: 75%

(x)  a-fhenyldimethylsilylnaphthalene: m.p. 525—5350. Yield: 58%

() - B{Phenyldimethylsilylnaphthalene: This compound was prepared in low

yield (< 5%) as shown by g.l.c. analysis. The reaction mixture contained

mainly unreacted B-bromonaphthalene., The formation of this compound -



was inferred from the presence of a peak with a similar retention time as
that in the reaction mixture of t-butyl peroxide/phenyldimethylsilane/

naphthalene system.

’
(z) Diphenyltetramethyldisilane 66

This compound was prepared by the Wurtz coupling reaction.

Yield: 38% m.p. = 32.5 - 34°C, Lit. m.p. = 34-5°C.



Table (A)

N.M.R. Data of Organosilanes

64.

Chemical shift

Compounds § (in p.p.m.)
Peak centre
a b c d
ab lo]
PhMezsiH 7.10 (5H) 0.30 (6H) 4.40 (1mH)
a b
Ph,Sile, 7.50 (10H)  0.75 (12H)
ab
(PhMeZSi)2 7.20 (10H) 0.30 (12H)
a b c d b +d
STCH3'CGH4‘Si‘M32Ph 2.25 (3H) 7.35 (peak 0.55 (6H)
(9H) centre)
a b c d b+ d
m-CH_-C _H SiMe.Ph 2.2 (3H) 7.3 (peak 0.50 (eH)
— 3 64 2
(9H) centre)
a b c d
p-CH_-C_H SiMe Ph 2.2 (3H) 7.0-7.50 0.45 (6H)
= 3 64 2
(98)
a b c d
ngHao—C6H4SiMe2Ph 3.70 (3H) 6.95 (4H) 0.55 (6H) 7.45 (5H)
a b c d
ETCH3O—C6H4SiMe2Ph 3.80 (3H) 7.10 (4H) 0.50 (eH) 7.50 (5H)
a b c d
27CH3O—C6H4SiMe2Ph 3.70 (3H) 6.80 (4H) 0.50 (6H) 7.30 (5H)
a b c
a-C, .H_SiMe_Ph 8.9 (7H) 0.72 (6H) 7.3 (5H)

1077 2

a,b,c,d refer totypes of protons
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C. Quantitative and Qualitative Analysis of Reaction Products

Throughout this work the following g.l.c. columns were employed for
qualitative and quantitative analysis of reaction products, for easy
reference they were designated with code numbers preceding the description

of the columns.

Code Number ‘ . Description

Ap. 15C ‘ 8-ft x 1/8 inch outer diameter (0.D.) column
1 . Packed with 15% Apiezon L. grease on 100-120 mesh

Celite (Embacel)

Ap.20C 8~ft x 3/8 inch 0.D. packed with 20% Apiezon
L grease on 100-120 mesh Celite (Embacel)

Cc20C 8-ft x 3/8 inch 0.D. column packed with 20%
carbowax on 100-12C mesh Celite

ovi 8-ft x 1/8 inch 0.D. column packed with 1% methyl
silicon gum.

520C 8-ft x 1/8 inch 0.D. column packed with 20% silicon
Elastomer E301 on 100-120 mesh Celite

Identification of the reaction products were achieved by comparing
the retention times with those of the authentic samples under similar
conditions. The comparison was carried out using at least two columns of
different polarities. After the identification of the different components
of the reactiop mixture, the detector was calibrated for quantitative analyses
by the method of "internal standardization".

To calibrate the detector, standard solutiong of a suitable internal
standard and a product of the reaction were made. The internal standard
chosen must not be a product of the reaction and had a non-overlapping

g.l.c. retention time to the products being studied. The general
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practice was to make at least 5 such standard solutions containing varying
relative concentrations of internal standard to the products.to be |
calibrated. Each solution was injected three times into the gas
chromatograph. The relative peak height of compound to standard was
calculated, a mean of the three injegtions was taken. A calibration
graph was plotted with relative peak height versus relative mole ratio.

In some reactions, calibration graphs were also constructed by plotting
relative peak area against relative.mole ratio. The peak area was
determined by multiplying the peak height by the peak width at half-
height. '

From the calibration curve of relative peak height versus relative
mole ratio it was found that the detector response only remained linear
so long as the peak heights of the standard»and compounds were approximately
of equal magnitude. The detector response fell off from linearity when
one peak was small relative to the other. Consquently, in a system where
the biaryl isomers varied considerably in concentration as well as in
relative time, if the concentration of the standard was arranged so that
the peak obtained was of the same magnitude as that of the more volatile
isomer, then one found that the peak height of the standard was many times
larger than the height of the least volatile isomer. This disadvantage
of peak height measurement over peak area measurement could be overcome
by the construction of calibration curves over a wide range of relative
concentrations of compounds to standard.

When the detector responses of all the compounds to be determined
quantitatively have been calibrated, the unknown compoéition of the
reaction mixture containing the same compound was determined by adding
a known amount of the internal standard to the reaction mixture to
be analysed. A sample was injected into the column under the same

experimental conditions where the authentic species were calibrated.
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From the chromatograph the relative peak height or relative peak
area of the products to the standard were determined. Then from
the calibration graph, the molar ratio corresponding to this

peak height or peak area ratio was read, and the molar yield-of the
products calculated therefrom. In reactions where g.l.c. peaks
overlapped, special correction fact@rs had to be calculated and
these would be dealt with in the apbropriate system.

The accuracy of this method was checked by analysing a
mixture of known composition, It wes found that the method was
accurate to within 2%.

It has been shown by Hey, Perkins and williams157 that the
yields of biaryls and aroic acid depend to a large extent on the
initial concentration of aroyl peroxide, therefore for the effect
of additives to have any relative significance it was necessary to
fix on a concentration of peroxide and perform all experiments
involving catalysts at this arbitrary value. Throughout these studies,

a concentration of 0.083 M (1.5 g/75 ml) of benzoyl peroxide is used.

D. The Phenylation Reactions

I. The phenylation reactions of toluene

(2a) The decomposition of benzoyl peroxide in toluene

No m-Dinitro- Ferric Cupric
additives benzene benzoate benzoate
: (0.09 g - (0.08 g - (0.40 qg)
0.20 qg) 0.40 qg)
Volume of toluene: (ml) 75 75 75 75
Benzoyl ide:
¥ Pele(;oiZi 1.59 1.5 g 1.5 g 1.5 g
6.2 x 10
Temperature: (°C) 80 +0.1° = 80 % 0.1° 80t 0.1° 80 * 0.1

Time: (hours) 72 72 ' 72 72
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After the reactions had been carried out under a flow of
nitrogen,pentamethylbenzene (ca. 100 mg) was added as an internal
standard for the g.l.c. analysis, and benzoic acid was extracted by
saturated aqueous sodium bicarbonate (1 x 100 ml, 3 x éS ml), from
which it was recovered by the dropwise addition of concentrated
hydrochloric acid followed by ether extraction (1 x 70 ml; 3 x 50 nl).
Removal of solvent from the dried (sodium sulphate) extract, finally
in a vacuum desiccator, gave the beuzoic acid which was Qeighed.

In reaction containing metal benzoates as additive, the metal
benzoate was filtered and the weight of which was recorded to give
an allowance of benzoic acid formed from the subsequent hydrolysis
of the metal benzoates dissolved in the reaction ﬁixture. (The formula
weight of ferric benzoate trimers and cupric benzoate dimer were taken
as 1086 and 612 respectively). "To the filtrate, 50% o-phosphoric acid
(20 ml) was added to hydrolyse the dissolved metallic benzoate. The
reacfion mixture was washed with water (5 x 25 ml) until the washing
is neutral to blue litmus paper. After the above pre;treatment of the
reaction mixture, the benzoic acid was extracted as described above.

The original organic layer was concentrated, using a rotary
evaporator, and checkinq (g.l.c.) the absence of detectable amounts
of biaryl in the distillate, and the concentrated solution was analysed
(g.l.c.). Ap.15C separated o-methylbiphenyl from its isomers;
m-methylbiphenyl was partly resolved from p-methylbiphenyl, but
bibenzyl could not be. SE15C separated bibenzyl and o-methylbiphenyl
completely, but presented the m- and p-isomers as an irresolvable peak.

Calibration using both these columns, with the isomeric methyl-

biphenyls, bibenzyl and known mixture of m- and p-methylbiphenyls against
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pentamethylbenzene allowed the amounts of these compounds to be
measured to within 2% (o-methylbiphenyl and bibenzyl) or 3%

(n- and p-methylbiphenyls).

Analysis of mixture of known composition

Methylbiphenyls Bibenzyl

o- m- b-

Found

(mole x 10'3) 5.952 3.800 2.120 1.212
(45.49%) (29.04%) (16.02%) (9.27%)

Known

(mole x 10'3) 5.898 3.887 2.060 1.191
(45.24%) (29.82%) (15.80%) (9.14%)

The results obtained are tabulated in Tables 6 and 7. The
following experimental conditions were adopted for the g.l.c. analysis.
Column Ap.15C Gas liquid chromatograph, Perkin Elmer F21D

Colume temperature: 150° Carrier gas : nitrogen

Pressure 1Kp/cm2 Attenuation: x 128
Compounds Relative retention times
Pentamethylbenzene 1.0

Biphenyl . 1.67
Diphenylmethane 2.56
o-Methylbiphenyl 2.07
m-Methylbiphenyl 3.07
p-Methylbiphenyl . 3.37

Bibenzyl ' 3.37



Column: SE.15C

o
Column temperature: 130

Carrier gas: nitrogen

2
Pressure: 1 Kp/cm

Attenuation: x 128

Compounds
Pentamethylbenzene
Biphenylb
Diphenylmethane
2-Methylbiphenyl
3-Methylbiphenyl
4-Methylbiphenyl

Bibenzyl

Relative retention data

1.0

1.67

2.13

1.80

2.80

3.33

70.
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Table 7

The ratio of side-chain attack to nuclear attack on

toluene in phenylation reaction by benzoyl peroxide

Peroxide concentration: 0.083 M (1.5 g/75 ml)

Experiment Additive % of % of nuclear
No g (mole/mole) side chain attack
attack
1 Nil 23.4 76.6
2 Nil 24.1 75.9
Mean of 1 + 2 ' 23.8 76.2

m-Dinitrobenzene

3 0.0095 - 24.5 75.5

(0.0137)

4 0.0095 23.3 76.7
(0.0137)

Mean of 3 + 4 0.0095 23.9 76.1
(0.0137)

5 0.0248 18.6 81.4
(0.0357)

6 0.0248 17.8 82.2
(0.0357)

Mean of 5 + 6 0.0248 18.2 81.8
(0.0357)

7 0.2015 ' 7.0 93.0
(0.2902)

8 0.2015 6.7 93.3
(0.2902)

Mean of 7 + 8 0.2015 6.8 93,2
(0.2902)

Ferric benzoate

9 . 0.0814 “ 24.6 75.4
.(0.0181)

10 0.0814 25.9 74.1
(0.0181)

Mean of 9 + 10 0.081 25.3 74.7

(0.0181)



Table 7 (continued)
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Experiment Additive % of % of nuclear
No g (mole/mole) side chain attack
.attack
11 0.2072 25.1 74.9
(0.0462)
12 0.2972 22.2 77.8
(0.0462)
Mean of 11 + 12 0.2072 23.7 76.4
(0.0462)
13 0.4050 23.4 76.6
(0.080)
14 0.4050 22.0 78.0
(0.080)
Mean of 13 + 14 0.4050 22.7 77.3
(0.080)
Cupric benzoafe
15 0.4007 23.4 76.6
(0.156)
16 0.4007 19.1 80.9
(0.156)
Mean of 15 + 16 0.4007 21.2 78.8

(0.156)




76.

ITI. The Competitive Reactions

(a) The decomposition of benzoyl peroxide in an equimolar

mixture of benzene and toluene with or without additives

No m-Dinitro Nitro- Ferric Cupric
additive benzene benzene benzoate benzoate
(0.0Q7 g (0.15 g (0.25 g (0.50 g -
- O.§5 g) -0.85g) - 1.30 g) 1.50 q)
vVolume of
toluene: (ml) 40.3 ) 40.3 40.3 40.3 40.3
Volume of .
benzene: (ml) 34.7 34.7 34.7 34.7 34.7
Benzoyl
peroxide: (g) 1.50 1.50 1.50 1.50 1.50
-3 -3 -3 -3 -
(mole) 6.2 x 10 6.2 x 10 6.2 x 10 76.2 x 10 6.2 x 10
o) o le} o)

Temperature: (°c) 80 + 0.1° 80 *+ 0.1° 80 + 0.1° 80 + 0.1° 80 * 0.1

Time: (hours) 72 72 ‘ 72 72 72

A series of experiments were carried out according to the method
‘described in the previous section. At the completion of the reaction,
pentamethylbenzene (ca. 100 mg) was added as internal standard for g.l.c.
analysis. White crystals precipitated from the mixtures where no
additive was added. These were filtered. The reaction mixture was
treated by the same work-up procedure described in tﬁe previous section.

In these competitive reactions, Carbowax column was also used
to analyse the yield of biphenyl and 2-methylbiphenyl which could not
be separated either by Ap.15¢ or SE.15C when the concentration of
biphenyl is about the same as that of 2-methylbiphenyl. The
experimental conditions for the determination of 2-methylbiphenyl and

biphenyl are as follows.
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F21 model, column: Carbowax 20%
Column temperature : 200°%¢
Carrier gas : Nitrogen
Attenuation : x 128

Pressure : 1.5 Kp/cm2

Compound Relative retention time
Pentamethylbenzene 1.00
2-Methylbiphenyl 2.13
Biphenyl 2.73

The analytical conditions described in pages 67 and 70
were used for the determination of 3- and 4-methylbiphenyl and
bibenzyl.

The results are summarised in Tables 8 and 9.
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Table 11

The decomposition of benzoyl peroxide in anisole at 80°
for 72 hours. Peroxide concentration: 0.083 M (1 g/50 ml)

Experiment Additive Methoxy- Methoxyphenyl- Benzoic acid
No. (mole/mole) biphenyls benzoates (mole/mole)
(mole/mole) (mole/mole)
57 Nil 0.407 0.032 1.164
58 Nil 0.414 0.033 1.180
59 Nil 0.414 0.047 1.184
Mean of 57,58&59 0.412 0.037 1.176

m-Dinitrobenzene

60 (~0.4) 0.366 0.076 1.220
~ 0.5760

61 0.372 0.094 1.205

Mean of 60&61 0.369 0.085 1.213

Pentafluoronitroso-

benzene
62 (~nv 0.007) 0.389 0.048 : n.d.
~s 0.009
63 0.401 0.052 . n.d.
Mean of 62&63 0.395 0.050
Nil
64 (under oxygen) 0.128 0.288 n.d.
65 (under oxygen) 0.159 C.226 n.d.
66 (under oxygen) 0.120 0.447 n.d.
67 (under oxygen) | 0.288 0.255 1.274
68 (under oxygen) 0.144 0.212 1.304
Méan 0.168 0.286
Nil
69 (under air) 0.350 0.179 | n.d.
70 (under air) 0.333 ©0.192 n.d.
Mean of 69&70 0.342 0.186

n.d. = not determined.
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Table 11 (continued)
Experiment Additive Methoxy- Methoxyphenyl- Benzoic acid
No g (mole/mole) biphenyls benzoates (mole/mole)
(mole/mole) (mole/mole)
71 Cupric benzoate 0.451 0.392 1.039
(0.2507)
(0.100)
72 0.2498 0.454 0.348 1.047
(0.099)
Mean 71&72 0.453 0.365 1.043
73 Ferric benzoate 0.556 0.126 0.893
(0.4571)
(0.102)
74 0.4599 0.480 0.126 1.006
(0.102) ’
Mean 73&74 0.518 0.126 0.949
75 t-Butylhydro- 0.487 0.052 1.141
peroxide
0.1044
(0.281)
76 0.1000 0.502 0.044 1.133
(0.269)
Mean 75&76 0.495 0.048 1.137
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Table 12

+ The isomer distribution of methoxybiphenyls and methoxyphenylbenzoates

Experiment Additive Isomer ratio (%) Isomer ratio (%)
XpNo Methoxybiphenyls Methoxyphenylbenzoates
) o m- B- o~ p-
57 Nil 73.3 12.6 14.1 69.0 31.0
58 Nil 74.6 11.4 14.0 82.5 17.5
59 Nil 73.2 11.5 15.3 62.9 37.1
Mean value 73.7 11.8 14.5 71.5 28.5
EfDinitrobenzene
60 0.3988 ° 66.9 21.2 11.9 61.0 39.0
(0.573)
61 0.3982 67.9 20.2 11.9 54.6 45.4
(0.573)
Man value 67.4 20.7 11.9 57.8 42.2
62 Pentafluoro- 73.3 15.8 10.9 60 40
nitrosobenzene
(0.0120)
(0.013)
63 (0.0102) 74.4 14.7 11.0 - -
(0.013)
Mean value 73.8 15.2 11.0
Nil
64 ) (under oxygen) 65.8 22.4 11.8 36.7 63.3
65 (under oxygen) 65.8 22.6 11.6 37.6 62.4
66 (under oxygen) 64.5 22.9 12.6 33.8 66.2
Y (under oxygen) 66.1 21.5 12.4 33.5 66.5
68 (under oxygen) 66.4 21.7 11.9 38.7 60.3
Mean value 65.7 22.2 12.1 36.1 63.7
69 Nil 67.3 19.4 13.3 40.3 59.7
(under air)
70 (under air) 67.0 20.10 12.9 37.4 62.6

Mean value 67.15 ©19.75 - 13.1 38.9 61.2
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Table 12 (continued)

Experiment Additive Isomer ratio (%) Isomer ratio (%)
No. Methoxybiphenyls Methoxyphenylbenzoates
o- m- p- o- p-

Cupric benzoate

71 0.2507 70.2 19.4 1C.4 66.0 34.0
(0.100)

72 02498 70.2 19.2 10.6 72.1 27.9
(0.099)
Mean value 70.2 19.3 10.5 69.0 31.0

Ferric benzoate

73 0.4571 ©70.1 18.3 11.6 60.7 39.3
(0.102)

74 0.4599 70.50 17.9 11.7 60.7 39.3
(0.102)
Mean value 70.3 18.1 11.6 60.7 39.3

t-butylhydro-~

peroxide

75 0.1044 74.0 14.3 11.4 67.0 33.0
(0.281)

76 0.100 76.2 12.6 11.2 71.0 39.0
(0.269)

Mean value i 75.1 13.5 11.3 69.0 36.0
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(b) The decomposition of benzoyl peroxide in a solution

containing various molar ratios of benzene and

toluene

In this series of experiments, the molar ratic of the substrates
is varied while the total volume of solvent was still maintained at
75 ml. Benzoyl peroxide (1.5 g) was allowed to decompose in these
mixtures with or without the presence of additives.

The same work-up procedureswere adopted for the reaction mixtures,

the results being summarised in Table 10.

ITI. The phenylation reaction of anisole

(a) The decomposition of benzoyl peroxide in anisole

To deaerated anisole (75 ml) was added benzoyl peroxide (1.5 g)
which was allowed to react at 80°C for 72 hours under a steady stream
of nitrogen gas in a thermostat. At the compiétion of the reaction,
the acidic and non-acidic reaction products were separated (Section D.I.a),
The non-acidic solution containing methoxylbiphenyls and methoxyphenyl-
benzoate was not concentrated but was directly taker for g.l.c. analysis
with pentamethylbenzene as the internal standard. The Ap.15C column
was found to be suitable for the quantitztive analysis; with this
column all the major reaction products are completely separated
except 3- and 4-methoxybiphenyls which have partially overlapping peaks.
Therefore an additional calibration curve was constructed by using
standard solutions containing various molar ratios of 3- and 4-
methoxybiphenyls with pentamethylbenzene. The correction factors

for 3- and 4-methoxybiphenyls were 1.18 and 1.21 respectively.
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Calibration curves for the other reaction products were also constructed
with pentamethylbenzene as the internal standard. There was one
unidentified peak immediately in front of the peak due to 2-methoxy-
phenylbenzoate in reaction without addizive and in reactions in the
presence of nitro-compounds as additives, and also in reaction under
air or oxygen.

The analytical conditions together with the retention data
are given below.

The results of these reactions are summarised in Tables 11

and 12.

Gas Chromatograph: Pye 104
Column: AP.15C

Column temperature: 200°
Carrier gas: nitrogen

Pressure: 1 Kp/cm2

Attenuation: 50 x 10_2

Compounds ' Relative Retention Time
Pentamethylbenzene 1.00
o-Methoxybiphenyl 2.75
m-Methoxybiphenyl 4.38
p-Methoxybiphenyl 5.00
Unidentified peak 7.80
o-Methoxyphenylbenzoate 8.13

p-Methoxyphenylbenzoate 12.75
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Analysis of mixture of known composition

Methoxybiphenyls " Methoxyphenylbenzoates
o- m- p- o- -
Found -3
(mole x10 ) 4.194 1.694 1.254 0.865 0.627
(58.72%) (23.72%) (17.26%) {57.98%) (42.01%)
Known -3
(mole = 10 7) 4.258 1.674) 1.278 0.887 0.645
(59.06%) (23.22%) (17.73%) (57.90% (42.10%)

(b) The effect of m-dinitrobenzene and pentafluoronitroso-

benzene on the decomposition of benzoyl percxide in

anisole.

To anisole (50 ml) which has been purged with nitrogen for
half an hour, was added to m-dinitrobenzene (0.40 g); to a duplicate
set of experiments pentafluoronitroscke=nzene {({.Cl g) was added.

This was followed by the addition of benzoyl peroxide (1.0 g).

The solution was rapidly heated to 80°C in a thermostat, and allowed
to react for 72 hours under a nitrogen atmosphere. At the complepion
of the reaction pentamethylbenzene (ca. 100 mg} was added as an
internal standard. The wvork-up procedure and the g.l.c. analytical
conditions described in the preceding section were adopted for the

determination of benzoic acid, and biaryls. The products formed
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were similar to those repeated in page 93

The results are given in Tables 11 and 12.

(c) The effect of oxygen gas and air on the decomposition

of benzoyl peroxide in aniscle.

Benzoyl peroxide (1.0 g) was added to anisole (50 ml). The
solution was bubbled with oxygen or air through a fine capillary
glass tubing. The flow rate of the gas was adjusted so that one
or two bubbles were formed per second. The solution was purged with
the gas for 30 minutes. The mixture was theﬁ quickly brought to
80° : 0.1° and the reaction allowed to proceed for 72 hours while
.the oxygen gas or air was maintained at the same flow rate.

At the completion of the reéction, nc new major products
was detected, and consequently pentamethylbenzene was added as the
internal standard. The reaction mixture was processed according to
the procedure in page 68 . After separation of benzoic acid, the
reaction mixture was dried and taken for g.l.c. analysis. Similar

analytical conditions to page 93 were emploved.

The results are tabulated in Tables 1: and 12.

(d) The effects of ferric benzoate and cupric benzoate

on the decomposition of benzoyl peroxide in

anisole.
A duplicate set of reactions containing ferric benzoate (0.45 g)
or cupric benzoate (0.25 g) as additive in anisole (50 ml) containing

benzoyl peroxide (1.0 g) was performed. The reaction was allowed to
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proceed for 72 hours under a nitrogen atmosphere. At the completion
of the reaction, the same work-up procadure (page 68 ) was used to
separate the acidic and non-acidic compounds. The biaryls and
esters were analysed by the method described in the previous section.

The results are given in Tables 11 and 12.

(e) The effect of t-butylhydroperoxide on the deomposition

of benzoyl peroxide in anisole.

Duplicate experiments, each containing a mixture of t-butyl-
hydroperoxide (0.1 g) and benzoyl peroxide (1.0 g) in deaereated
anisole (50 ml) were performed under the similar experimental
conditions described for the above reactions. The standard work-up
procedure was followed for the analysis of benzoic acid; biaryls
and esters formed.

The results are summarised in Takles 11 and 12.
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IV. The competitive reactions

(a) The decomposition of benzoyl peroxide in an equimolar mixture

of anisole and benzene with or without the presence of additives.

The experimental conditions were as follows:

Additives Volume of Volume of Ber.zoyl peroxide Temperature Time of
anisole benzene g mcle reaction
Nil 41.3 ml 33.7 ml 1.5 6.2x10~_3 80 * 0.1o 72 hours

In reactions where additives are included, the concentration ranges
are given below.
Ferric benzoate (0.30 to 1.2 g); cupric benzoate (0.02 to 0.2 g);
cupric p-toluate (0.01 g); m-dinitrobenzene (0.20 to 0.45 g); and
nitrobenzene (0.21 g to 0.50 g).

At the completion of the reaction p;ntamethylbenzene (ca. 300 mg) was
added as an internal standard. White crystal precipitated from the reaction
mixture where no additive was included. This precipitate was filtered and was
not investigated further. The benzoic acid was separated according tc the
standard methods (page 68). The organic solution was taken fcr g.l.c.
analysis without further concentration. The analytical conditions used
were similar to those used in the phenylation of anisole (page 93 ), with
an additional calibration graph for biphenyl against pentamethylbenzene.

For the reactions with m-dinitrobenzene as additive, it was found that
the peak due to biphenyl overlapped with that of m-dinitrobenzene on the
chromatogr;m. As a result the biphenyl formed in these reactions was
determined separately using carbowax column in which biphenyl and
-m-dinitrobenzene could be separated. The results for these reactions
were given in Tables 11 and 12.. The results for reactions with

m-dinit robenzene and nitrobenzene as additives were summarised in Tables

13 and 14.
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105.

(b) The decomposition of benzoyl peroxide in a solution

containing various molar ratics of benzene and anisole

In this series of experiments, reactions with the relative
concentrations of anisole and benzene vary from 3:1 (58.1 ml of
anisole to 16.9 ml of benzene) to 1:3 (20.6 =l anisole to 54.4 ml
benzene) were carried out using benzoyl peroxide (1.5 g) with or
without additives. The analysis and work-up of the reaction mixture
were similar to that used in the competitive reaction cof equimolar
mixture of the anisole and benzene.

The results are summarised in Takle 15.
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108.

V. The phenylation reactions of t-butylbenzene

(a) The decomposition of benzoyl peroxide in t-butylbenzene

Benzoyl peroxide (1.0 g) was added to t-butylbenzene (5C ml)
which was purged with oxygen-free nitrogen for 30 minutes. The reaction
mixture was quickly heated to 80° and allowed to react under a nitrogen
atmosphere for 72 hours. At the end of this reriod, the solution was
allowed to cool and bibenzyl was added as an internal standard for g.l.c.
analysis of the biaryls. The white crystale which precipitated were
filtered and were not investigated further. The benzoic acid formed was

separated by the standard method (see page 68 ). The neutral organic

layer was taken for g.l.c. analysis. The three isomers of t-butylbiphenyls

were completely separated on SE.15C column.

Six calibration solutions containing varying concentrations of
bibenzyl and 4-t-butylbiphenyl were prepared. The relative peak area
of 4-t-butylbiphenyl to bibenzyl is plotted against the relative molar
ratio of 4-t-butylbiphenyl and bibenzyl.

2- and 3~-t-Butylbiphenyls were not calibrated. Their amounts i
the reaction mixture were determined from their peak area relative tc
thét of bibenzyl, from the calibration curve cf 4-t-butylkbiphenyl to
bibenzyl assuming that all the isomers have the same cetectcr response.

This assumption is not unreasonazble since the three isomers of
t-butylbiphenyls are structurally similar. Th: analytical conditions
and retention data are given below.

Column: SE.15C; Column temperature: 1350; Nitrogen pressure 1 Kp/cm2

Attentuation: 50 x 102

i

I

Compounds: Biphenyl,Bibenzyl, 2-t-Butylbiphenyl, 3-t-Butylbiphenyl,4-t-Butylbiphernyl:

Retention
data: 0.49 1.00 1.38 2.34 1.92

H
¥

i
i
t
i
i
1



109.

(b) The effects of additives on the decomposition of

benzoyl peroxide in t-butylbenzene

The reactions containing additives were performed under
similar conditions to those reactions without catalysts. The additives
used were ferric benzoate, cupric benzoate and m-dinitrobenzene. The
reaction mixture was analysed by the method described above., The

results are summarised in Table 16.
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112.

VI. The competitive reactions

The decompositions of benzoyl peroxide in an equimolar mixture

of benzene and t-butylbenzene with and without the presence

of additives

Benzoyl peroxide (1.5 g) was allowed to decompose in an equimolar
mixture of t-butylbenzene (47.5 ml) and benzene (27.8 ml) with and
without additives. The reactions were carried out according to the

standard conditions described in section 2.D.II. At the completion

of the reactions white crystals precipitated out from reactions containing

cupric benzoate and also from reaction mixture containing no additive.
Bibenzyl was added an an internal s:andard, the reaction mixture was
processed by the standard method api analysed by g.l.c. using the
same analytical conditions described in page 108 ., An additional
calibration graph of relative peak height against relative mole ratio
was constructed for biphenyl with bibenzyl as internal standard to
determine the yield of biphenyl in these reactions.

The results are in Tables 17 and 1B.
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117.

VII. The competitive reactions between two mono-substituted benzenes

(a) The effects of additives on thz decomposition of benzoyl

peroxide in an equimolar mixture of anisole and toluene

Benzoyl peroxide (1.5 g) was allowed to decompose in an equimolar
mixture of toluene (37.1 ml) and anisole (38.2 ml) with or without
additive according to the methods described for competitive reactions
in previous sections. At the completion of the reaction, pentamethyl-
benzene was added as an internal standard. The benzoic acid was
separated with the appropriate methods described in page 68 .

The neutral organic solution was analysed with the f»nllowing analytical
conditions. The yields of 2-methylbiphenyl and 3- and 4-methylbiphenyls
together, and that of bibenzyl were determined according to the method
described in section 2.D.I, using SE.15C cclumn. The yields of

2-, 3~ and 4-methoxybiphenyls were determined by using SE 15C column

The yields of methoxyphenylbenzoates were rot determined. The results
are summarised in Tables 19 and 20. The analytical conditions are listed

below.

Column: SE. 15C; Column temperature: 1300; Carrier gas: Nitrogen

Pressure: 1 Kp/cm2 ; Atten uation: 50 x 10_2
Compounds Relative Retention Time
Pentamethylbenzene 1.00
2-Methylbiphenyl 1.75
3-Methylbiphenyl 2.75
4-Methylbiphenyl 2.75
Bibenzyl 3.31
2-Methoxybiphenyl 3.88
3-Methoxybiphenyl ' 5.69

4-Methoxybiphenyl 6.31
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Table 20

The total rate factors determined from the decomposition of

benzoyl peroxide in an equimolar mixture of anisole and toluene

119.

at 80°, 72 hours. Peroxide concentration = 0.083 M (1.5 g/75 ml)
Experiment Additive MeOK MeOK CH _
No. g (mole/mole) CH3 i H °K
. o ,
II\c'i;OK'Cd KII %ﬁeo"/ ']
3 8 - MeO
’ ca|
— 3_
135 Nil 1.6€ 2.99 1,92
136 "Nil 1.57 2.83 2.03
Mean value of 135 & 136 1.52 2.91 1,98
137 m-Dinitrobenzene 1.37 1.98 1.32
0.2011
(0.1027)
138 m-Dinitrobenzene 1.28 1.86 1.41
0.2010
(0.1021)
Mean value of 137 & 138 1.33 1.92 1.37
139 Cupric benzoate 1.30 1.81 1.25
0.2566
(0.0666)
140 Cupric benzoate 1.19 1.66 1.36
0.2549
(0.670)
Mean value of 139 & 140 1.25 1.74 1.30
141 Ferric benzoate 1.37 2.30 1.34
0.5982
(0.0882)
142 Ferric benzoate 1.32 2.21 1.39
0.6009
(0.0892)
Mean value of 141 & 142 1.35 2.26 1.37
Best value 1.30 2.0 1.40




(b) The effects of additives on the decorposition of benzoyl

peroxide in an equinolar mixture of anisole and t-butylbenzene

A number of experiments, each with benzoyl peroxide (1.5 g)
and a known amount of additive (if any, in an eguimolar mixture of
anisole (31.5 ml) and t-butylbenzene (43.5 ml), were performed according
to the standard procedure described previously. Pentamethylbenzene and
bibenzyl were added as internal standards for the quantitative
determination of methoxybiphenyls and t-butylbiphenyls respectively.
The benzoic acid was separated by the appropriate methods described
previously according to the nature of the additives present. The
yields of 2- and 4-methoxyphenylbenzoates were not determined. The
analytical conditions used were listed below. The results are
summarised in Tables 21 and 22.

Column: SE.15C Column tempereture: 130°

2

Attenuation: 50 x 10~ Carrier gas: Nitrogen

2
Pressure: 1Kp/cm

Compounds Relative retention time
Pentamethylbenzene (internal standard) 1.00
Bibenzyl (internal standard) 4.14
2-Methoxybiphenyl 4.91
2-t-Butylbiphenyl 6.00
3—Methoxybiphényl 7.64
4-Methoxybiphenyl 8.46
3-t~-Butylbiphenyl 10.27

4-t~-Butylbiphenyl 12.91
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Table 22

The total rate factors determined from the decomposition

of benzoyl peroxide in an equimolar mixture of anisole and

t-butylbenzene at 800, 72 hours. Peroxide concentration = 0.083 M

Experiment Additive MeOK MeOK tBuK
No. g (mole/mole) tBu H H

tBu  H g ipy

—- . —_
MeO tB M
‘ e ué] MeO eOK b

143 Nil . 2.46 2.49 1.29
144 Nil 2.35 2.39 1.35
Mean value of 143 & 144 2.41 2.44 1,32
145 m-Dinitrobenzene 2.20 1.89 0.82
0.3984
(0.3816)
146 m-Dinitrobenzene 1.89 1.63 0.96
0.4016
(0.3847)
Mean value of 145 & 146 2.05 1.76 0.89
147 Cupric benzoate 2.00 1.46 0.81
0.2564
(0.0676)
148 '~ Cupric benzoate
0.2592
(0.0683)
Mean value of 147 & 148 2.05 1.50 0.79
149 Ferric benzoate 2.20 2.24 0.83
0.4554 '
(0.0675)
150 Ferric benzoate 2.15 2.19 0.85
0.4560
(0.0677)
Mean value of 149 & 150 2.18 2.22 0.84

Best value 2.10 1.80 0.84
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(c) The effect of additives on the decomposition of benzoyl

peroxide in an equimolar mixture of toluene and t-butylbenzene

A series of experiments was performed according to the standard
procedure. Benzoyl peroxide (1.5 g) was allowed to decompose in an
equimolar mixture of toluene (30.5 ml) and t-butylbenzene (44.5 ml) for
72 hours under a stream of nitrogen. At the end >f the reaction,
dibenzyl ether (0.1 - 0.15 g) was added as an internal standard for the
guantitative determination of t-butylkiphenyls, methyl biphenyls and
bibenzyl formed. The relative peak area of u-butylbiphenyls to dibenzyl ether
was determined and their yields are determined from the relative peak
area against relative mole ratio calibration curve of 4-t-butylbiphenyl
against dibenzyl ether. The yields of the methylbiphenyls and bibenzyl
were determined fromthe relative peak height against relative mole ratio
calibration curves. The analytical conditions are given below. The results
obtained are given in Tables 23 and 24.

Column: SE 15C Column temperature: 130O

2
Attenuation: 50 x 10 Carrier gas: Nitrogen

Pressure: 1 Kp/cm2

Compounds Relative retention time
2~-Methylbiphenyl 0.29
3-Methylbiphenyl - 0.46
4-Methylbiphenyl 0.46
Bibenzyl G.54
2-t-Butylbiphenyl 0.75

Dibenzyl ether (internal standard) i.00
3~t~Butylbiphenyl 1.26

4-t-Butylbiphenyl : 1.58
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Table 24

The total rate factors determined from the decomposition

of benzoyl peroxide in an equimolar mixture of

t-butylbenzene and toluene at 800, 72 hours

Peroxide concentration = 0.083 M (1.5 g/75 ml)

Experiment Additive CH CH tBu
3 3 K (calc)
l \
g (mole/mole) tBuK H K(calc) H
[6331( ’ ;BuK CHBK/ CH3K
| tBu H tBu
151 Nil 1.61 1.61 1.11
152 Nil 1.49 1.49 1.21
Mean value of 151 & 152 1.55 1.55% 1.16
153 m-Dinitrobenzene 1.42 .14 1.02
0.2036
(0.1954)
154 m-Dinitrobenzene 1.24 0.992 1.17
0.2025
(0.1943)
Mean value of 153 & 154 1.33 1.07 1.10
155 Cupric benzoate 1.25 0.94 1.11
0.0456
(0.0120)
156 Cupric benzoate 1.55 1.1¢ 0.90
0.0458
(0.0121)
Mean value of 155 & 156 1.40 1.05 1.01
157 Ferric benzoate 1.42 * .47 0.96
0.5916
(0.0878)
158 Ferric benzoate 1.63 1.63 _ 0.87
0.6000
(0.0888)
159 Ferric benzoate 1.59 1,59 0.87
0.5958 '
(0.0886)
Mean value of 157 & 158 & 159 1.56 1.56 0.90

Best value 1.4 1.2 1.0




126.

E. The Homolytic Aromatic Silylatior Reactions

I. The reactions of phenyldimethvlsilvl radicals with benzene

(a) The reaction of phenyldimethylsilane with benzene in the

presence of azo-bis-isobutyronitrile

Phenyldimethylsilane (1.5 g) and azo-bis-isobutyronitrile
(0.85 g to 4.6 g) were dissolved in deareated benzene (50 ml). The
solution was heated to 80O in a thermost:-at under a steady stream of
oxygen—free nitrogen and allowed to react at that temperature for
48 hours. At the completion of the réaction, the solid precipitate
(ca. 0.49 g to 1.5 g) was filtered and was not investigated further.
The reaction mixture was concentrated tc about 20 ml by removing the
excess of benzene in an efficient rotary evaporator after pentamethylbenzene
(0.1 g) had been added as internal standérd for quantitative analysis.
The following compounds were identified by comparison with authentic
species prepared separately: dimethyldiphenylsilane, diphenyltetramethyl-
disilane. A compound with identical retention time to biphenyl was detected.
The yields of dimethyldiphenylsilane and diphenyltetramethyldisilane were
determined by constructing calibration curves of these compounds with
pentamethylbenzene,

The experimental conditions are given below. The results are shown

in Table 23.

Column: OV1 Column temperature: 110°
Pressure: 1.0 Kp/cm2 Attenuation: 20 x 10—2
Compounds Retention time (relative)
Pentamethylbenzene 1.0
Diphenyldimethylsilane 4.43

Diphenyltetramethyldisilane - 10.14
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The unreacted phenyldimethylsilane was determined by using
p-dichlorobenzene as an internal standard with the following experimental

conditions:

Column: OV1 Column temperature: 50°
2 . 4
Pressure: 1.0 Kp/cm Attenuation: 1 x 10
Compound Retention time (relative)
p-Dichlorobenzene 1.0
Phenyldimethylsilane 0.65

(b) The reaction cf phenyldimethylsilane and benzene in the

presence of benzoyl peroxide

Phenyldimethylsilane (0.5 g to 1.5 g) and benzoyl peroxide
(0.5 to 1.2 g) were dissolved in benzene (50 ml). The reaction was
performed and the products analysed according to the methods described in the
preceding section. The major products in these reactions were kiphenyl,
diphenyldimethylsilane, diphenyltetramethyvlcisilane and a few unidentified

species. The results are given in Table 25.

(c) The photolysis of t-butyvl peroxide and phenyldimethyvlsilane

in benzene

In this experiment phenyidimethylsilarne (4.0 g) and t-bvtvl peroxide
(6.0 g) were dissolved in 500 ml of deaereated kenzene in a Hanovia IL
photochemical reactor. The reacter was covered with aluminium foil to
minimise the loss of u.v. radiation. The solution was photolysed at room
temperature for 100 hours under a steady stream of nitrogen to sweep
away the ozone formed above the surface of the reaction mixture. At the
end of the reaction pentamethylbeinzene was added as arn internal standard
for g.l.c. analysis. There were at least six products formed:
t;butyl alcohol, biphenyl, diphenyldimethylsilane and diphenyltetramethyl-
disilane were amongst them. Similar asalytical conditions as employed

in the previous sections were used. In another reaction a more concentrated



128.

(%L1) mHOEM|oH X 9€'1

(8%1) oHOEmroH LA

OHOEmon X L6"L

WHOEmloﬂ X €0°V

oTou, 01 X Z'1

sInoy pg
(dT0W_ 01 X 6°C7) NAIVY

(4
T 09

vaﬁvoHOEvloﬁ X 2°6

(59°L)

wHOEvloﬁ X 60°G
paumsuco

2URTTIS aowAToWw 90" G
aHoEQICa X (8'¢

STOU. 0T ¥ YL'Y
SToW__0T X 927V

sTou, 01 X 11

sInoy §g
(eToW_ 0T X 8°Z) NEIY

[4
Tw 09

€
T 0S

*a°N "d°N

va.ﬁvm~0Emloﬁ X yC°S va.mvwaoamloﬁ X €£°6
*aA°N 'Q.z.

oTou. 01 X VL€ STow . _01 X 98°¢
mHOEmloH X €7 mHOEmloﬂ X 91°1
wHOEM|oﬁ X $0°9 wﬁOEMIOH X ¢0°s
sanoy ¥z sanoy yg

_0T X Z°S) NIV (dTO0W_ 0T X T°G) NaIY

T 09

. QUBTTISTIP
'Hmppmsmuumuﬁmqm:mﬂa

sueTTsTAy3zawrpTiusydIq

TAusydrg
paunsucd junowy

pa3oeaiaun
PuTuTtRWex jUNOUY

junowe TeTITUI
toueTTSTAUISWTIPTAUSYJ
SWTL

SI03RTITUT TedTpey

suazuag

£91

[4°)!

191

091

*ON 2uswtaadxd

Oow 1B auazusd UiTm

STeoTpex [A[TS JO SUOT3DOEDI BYUIL

Sz wﬁQmH,



129.

(G°%1)
STou. 01 X 28°1
(%G°L)
mﬁoamuoﬂ X (8°7

*SuUOD QueTTsS

sTow/aToW zZO°Q dTOW QT X L°P

v

"a°N

mHOEmloH X 8r°¢C

aTou_ 0T X Sp°

oTow, 0T X €6°C

sanoy Q01

sanjexadwal wWooy

(dTOW 5, QT X z°v)
gpIxoxadriing-3 ‘-*aA°n

Tw 009

(37 °€2)
wHoEmuon LV°S
($9°€€)

oTOU_ 0T ¥ 88°L

oTOU, 01 X BEE’L

orou, 01 X $66°1

maOEm-onmmm.q
sanoy 00T

aanjexadwoy wOOY

(3Tow, 07 X Pg)
apTxoxadifing-3 °*A°n

Tw 00S

Q0RIL

(s5¢)
oTou. 01 X 969

b
*d°N
TIN

STou. 01 X $86°1

oToW. 0 X 896°C

wHOEMIOH xmmm.v
sanoy g/
08

STouW. 0T X 967V
opTxoiad Thozusg

T 001

(22)

eTou. 01 X 8£°C
(30€)

eTow, O ¥ LS°€
*a°N

TN

eTow. 01 X 61°1
STou . 0T X 60°1
STou. 01 X 82°¢C
sanoy g/

08

|Tow. 0T X 0°¢
aptx0oa3d Thozusg

Tw 09

SUBRTTSTP

~-TAyzsurexisltiusuydTqg

aueTTrsTAYIawTpTAUusydIqg

TAusydrg

ToyooTe TAIng-3
PRUWNSUOD FUNOWY

paa1oeasun
putuTRWSI JUNOWY

junowe TeTITUT
tourTTSTAULWIPTAUSYg
SWTL

Uo axnjexadway,

Z03eT3TUT TeoTped

auazuoag

L91

991

591

791

*ON JuswTxadxdg

(pPenuUTluCD) Gz 2(Jed



130

‘pouTwWISl’dp jou pIaTA ‘pajoarasg

“a°N

STTIITUOIAINJOST-STQ—-0Ze = NIV

:S210N

(s271)
aTou mloH X 11°C
(%9)
®HOE.v Nf X 8°L

poumsuod auelTs a7ow/atow [Q°Q

mﬁosqnoﬁxmw.m
oTow , 01 X 8E'E

oToOWm _ 0T X p1°¢€

Q0B IT,

(2€2)

STow 01 X 9€°€

pauTWILl}SdpP ION
stow 0l X pEV°l

4

stom _ 0] X €£0°¢

aueTISTpTAUlvwexzaxTAusydIqg

suetTsTAyzwes TpTAusydIq

1&usydtg

paunsuod junowy

pa3oeaxun

butuTewax Junouy

- (A
STow , 01 X ZL°¢€ Stou . 01 X Ly°€ junouwe TRT3ITUT
tourTTSTAYzWIpTAUSYg
sanoy Q0T sanoy Q07 ST,
aanjexadus) wooy aanjexsdwsl wooy aanjexadway,
JUBTIT *A°n JYBTT *A°n 103eT3TUT TeoTpey
Tw 09 T 00S suszuag
691 891 *ON judwTxadxqg
(penutjuod) GZ BTqel



solution of t-butyl peroxide (6.0 g) and phenyldimethylsilane (5.0 g)

in benzene (50 ml) was performed. The results are summarised in Table 25.

(d) The photolysis of phenyldimethylsilane in benzene

Phenyldimethylsilane (4.7 g) was dissolved in deareated benzene
(500 ml) in a photochemical reactor. The reaction was carried out
under the conditions used for reactions in the preceding section, and
at the end of the reaction the products were identified by using similar
analytical conditions. In another set of experiments a more concentrated

solution was used (5 g/50 ml). The results are in Table 25.

II. The Reaction of Phenyldimethylsilyl Radicals with Toluene

(a) The photolysis of the t-butyl peroxide, phenyldimethylsilane

and toluene system

t-Butyl peroxide (5.2 g) and phenyldimethylsilane (5.0 g) were
dissolved in toluene (500 ml). The solution was photolysed for 50 hours.
At the end of this period, excess of toluene was removed b§ an efficient
rotary evaporator. G.l.c. analysis showed that the main reaction product
was bibenzyl which was formed in so large a quantity that the g.l.c.
peak due to it masked the peaks of other products and rendered analysis
for other products difficult. Consequently further analysis of the

product was not carried out.

(b) The photolysis of phenyldimethylsilane in toluene

A solution of phenyldimethylsilane (4.6 g) in toluene (500 ml)
was photolysed for 50 hours., after which period the solution was
concentrated to 100 ml and the residue was taken for g.l.c. analysis.
The following products, together with some unknown products were formed:
bibenzyl, diphenyldimethylsilane, o- and m- and Ef@henyldimethylsilyytoluene
and diphenyltetramethyldisilane. The yields of these products are
determined by constructing calibration graphs with pentamethylbenzene as

an internal standard. The phenyldimethylsilane remained unreacted and
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was determined by adding p-dichlorobenzene as the internal standard
as used in section 2.E.I(a). .Only one experiment was performed.
The experimental conditions are given below. The results are summarised

in Table 26,

Column AP. 15C Colum.: temperature: 185°¢
Nitrogen pressure: 1.0 Kp/cm2 Attenuation: 50 x 10?
Compounds Relative Retention time
Pentamethylbiphenyl 1.00
Diphznyldimethylsilane 1.50
Bibenzyl ' 1.88
m-{Phenyldimethylsilyltoluene 2.38
o~ and p-Phenyldimethylsilyltoluere 2.75

Diphenyltetramethyldisilane 3.88



Reactions of silyl radicals with toluene

Experiment No.

170

Temperature

Radical initiatox

Hours of irradiation

Toluene (ml)

Phenyldimethylsilane:
Initial amount

Amount remaining
unreacted

Amount consumed

Diphenyldimethylsilane

o- andlgf(Phenyldimethylsilyl)toluene
m-{PhenyldimethylsilyDtoluene

Diphenyltetramethyldisilane

Bibenzyl

Isomer Ratio : Phenyldimethylsilyltoluene

o- and p-

m-

Room temperature
u.v. light
50 hours

500 ml

0.034 mole (0.068 M)

0.014 mole

0.020 mole
N.D.
-3
1.92 x 10 mole (9.6 %)
-4
4 x 10 mole (2%)
1.56 x 10> mole (7.8%)

2.28 x 10" mole (11.4%)

83%

17¢
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III. The reaction of phenyldimethylsilane with naphthalene

in the presence of t-butyl peroxide

To naphthalene (50 g) was added t-butyl peroxide (2.9 g) and
phenyldimethylsilane (2.5 g). The reaction mixture was rapidly heated
to 130° under a stream of nitrogen gas and maintained at that temperature
for 24 hours. At the completion of the reaction, excess of naphthalene
was removed by distillation. The distillate was analysed for unreacted
phenyldimethylsilane using p-dichlorobenzene as an internal standard
using the g.l.c. conditions employed in section 2E.I(a).

The residue (15 g) was dissolved in 20 ml of hot benzene. The
solution was analysed by g.l.c. and the following products were identified
by comparison of retention time with authentic compounds: a- and B-
fphenyldimethylsilylhaphthalenes, diphenyltetramethyldisilane and at
least 2 other products. After the gualitative analysis, p-nitrobiphenyl
was added as an internal standard for guantitative determination of
o- and Bﬁphenyldimethylsilypnaphthalene, and pentamethylbenzene was alsc
added for the determination of the amount of diphenylitetramethyldisilane
formed. The experimental conditions for the analysis of a-, and B-
silylnaphthalene are given below. The results are shown in Table 27.

Column: OV1 Column itemperature: 175°

2 4
Nitrogen pressure: 1.5 Kp/cm~ Atternuation: 1 x 10

Compounds Relative retention time
p-Nitrobiphenyl 1.00
a-Phenyldimethylsilylnaphthalene 0.56
B-Phenyldimethylsilylnaphthalene 0.68
Unidentified peak 0.30

Unidentified peak 0.14



Table 27

135.

The reactions of silyl radicals with naphthalene at 130°

Experiment No. 173 174
Naphthalene (g) 50 g 50 g
t-Butyl peroxide (mole) 0.020 mole 0.021 mole
Phenyldimethylsilane (mole):

Initial amount 0.0183 mole 0.0184 mole

Amount remaining unreacted
Amount consumed

a~Phenyldimethylsilylnaphthalene
B-Phenyldimethylsilylnapthalene
Diphenyltetramethyldisilane

Isomer ratio
Phenyldimethylsilylnaphthalene
a—

B—

2.33 x 10> mole

0.016 mole
2.21 % 10—'i mole
(13.8%)

-4
7.37 x 10 mole
(4.6%)

Detected, yield
not determined

7.4 x 107" mole
0.011 mole

2.45 x 107> mole
(22.3%2)

1.00 x 107> mole
(9.1%)

Detected, yield
not determined

72%

28%
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IV. The reactions of phenyldimethylsilane with chlorobenzene in the

présence of t-butyl peroxide

t-Butyl peroxide (1.6 g) and phenyldimethylsilane (1.5 g) were
added to chlorobenzene (50 ml). The solution was allowed to react at
130° for 24 hours under a nitrogen atmosphere. At the completion of
the reaction, the reaction was analysed by g.l.c. The following major
products were identified o-, m-, and p-chlorobiphenyls, diphenyldimethylsilane
and diphenyltetramethyldisilane. Phenyldimethylchiorosilane was alsc
detected at lower column témperaturel There were at least 4 unidentified
peaks. The yields of o-, m- and p-chlorobiphenyls are determined
using SE 15C stationary phase and those of diphenyldimethylsilane and
diphenyltetramethyldisilane were determined with a OVl column. The
internal standard used in these determinations is pentamethylbenzene.
The yields of m—- and p-chlorobiphenvls were determined together as
they could not be separated on the RR15C column. With other_columns these
two isomers could be separated but their peaks cverlapped with peaks
from other reaction products. Durene was added to determine the amount
of phenyldimethylsilane unreacted. The yield of phenyldimethylchlorosilane
was not determined owing to the ready hydrolysis of this compound in
moist air. The exPerimental conditions are listed below. The results are

summarised in Table 28.

Column AP, 15C Column temperature: 200°
Pressure: 1.0 Kp/cm2 Attenuation: 20 x 102
Compounds Relative retention time
Pentamethylbenzene 1.00
Diphenyldimethylsilane 2.80
2-Chlorobiphenyl ’ 2.20
3-Chlorxobiphenyl 3.20
4-Chlorobiphenyl 3.20

Diphenyltetramethyldisilane 5.70
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The reaction of silyl radicals with chlorobenzene at 130O

Experiment No.

171

172

Chlorobenzene

t-Butyl peroxide

Phenyldimethylsilane:
Initial amount

Amount remaining
unreacted

Amount consumed

t-Butanol
Phenxldimethylchlorosilane
Diphenyldimethylsilane
Diphenyltetramethyldisilane
o—Chlorobiphenyl

m~ and p-Chlorobiphenyl

Isomer ratio: Chlorobiphenyl

O-

m- and p-

50 ml

0.011 mole (0.220 M)

0.11 mol (0.220 M)

1.01 x 10-3 mole

9.9 x 10°° mole

detected, yic<ld not

" determined

detected, yield not
determined

3

5.01 x 10 - mole

(50.6%)

1.05 x 107>
(10.6%)

mole

3

1.10 x 10~ mole

(11.1%)

mole

53.2%

46.8%

50 ml

0.012 mole (0.240 M)

0.011 mole (0.220 M)

-4
2,28 x 10 ~ mole
0.010 mole

N.D.

5.26 x 107>
(52.6%)

mole

0.97 x 10>
(9.7%)

mole

1.213 x 10732
(12.1%)

mole

1.107 x 10'3
(11.1%)

mole

52.3%

48.6%
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V. The reaction of phenyldimethylsilane with p—dichlorobenzehe

in the presence of t-butyl peroxide

t-Butyl peroxide (1.0 g) and phenyldimethylsilane (1.0 g) were
added to p-dichlorobenzene (34 g). The reacrion was allowed to proceed
for 24 hours at 130°. At the end of this period, Durene (1.1 g) was
added as an internal standard for the g.l.c. determination of unreacted
phenyldimethylsilane. After this determination, the reaction mixture
was concentrated by distillation. The residue was cissolved in benzene
and taken for g.l.c. analysis. The following major products were
identified: p-chlorophenylsilane, 2,4',5-trichlorobiphenyl and diphenyl-
tetramethyldisilane. Phenyldimethylchlorosilane was also detected at a
column temperatufe of 90°C. Pentarethylbenzene was added as an internal
standard for the determination of the yield of (phenyldimethvl)-p-chloro-
phenylsilane and diphényltetramethyldisilane, while 4~bromobiphenyl was
added for the determination of the amount of 2,4',5-trichlorobiphenyl formed.

The experimental conditions are shown below, the results are given

in Table 2°.

Column: OV1 Column temperature: 15¢°
2 2
Pressure: 1.0 Kp/cm Act.nuatior: 20 x 10
Compounds Relative retention time
4-Bromobiphenyl 1.00
p-Chloro- (phenyldimethylsilvl)benzane 1.39
Diphenyltetramethyldisilane . 1.74

.44

[

2,4' 5-Trichlorobiphenyl
. p



[
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Table 29

The reacticns of silyl radicals with p-dichlorobenzene at 130O

Experiment No. 175 176
p-Dichlorobenzene (g) 34 g 34 g
t-Butyl peroxide (mole) 7.53 x 10-‘3 mole 7.58 x 10_3 mole
Phenyldimethylsilane:
Initial amount 7.4 x 10—3 mole 7.3 x 10_3 mole
Amount remaining unreacted 4.9 x 10_3 mole 4.9 x 10_3 mole
Amount constmed 2.5 x 10—3 mole 2.70 x 10—3 mole
p-Chloro- (pheryldimethyl- _4 _a
silyl)benzene 2.4 x 10 mole 3.0 x 10 mole
(9.6%) (11.1%)
Diphenyltetramethyldi- —a -4
silane 1.10 x 10 = mole 1.04 x 10 mole
(4.4%2) (4%)
. . -4 -4
2,4',5-Trichlorobiphenyl 1.36 x 10 mole 1.41 x 10 = mole
(5.5%) (5.2%)

VI. The reaction of phenyldimethylsilane with bromobenzene in the

presence of t-butyl peroxide

A solution containing t-butyl peroxide (1.5 g) phenyldimethylsilane
(1.0 g) in bromobenzene (50 ml) was allowed to react for 24 hours at 130°.
At the completion of the reaction, pentamethylbenzene was added as an
internal standard. The major reaction products were the three isomeric
bromophenyls together with a little of the dimer of the silyl radical.
The bromo biphenyl peaks were calibrated with pentamethylbenzene as an

internal standard, m- and p-bromobiphenyls being only partially separated
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underrthe experimental conditions employed, so that correction factors
were determined for each isomer (1.0 and 0.88 for m- and p-bromobiphenyl
respectively). The amount of phenyldimethylsilane remaining unreacted
was not determined because the silane has the same retention time as
bromobenzene and could not be separated.

A set of control experiments containing cnly t-butyl peroxide
in bromobenzene was performed under similar experimental conditions.
Only a little bromobiphenyl was formed in this reaction. The g.l.c.

analytical conditions are given below, and the results are in Table 30.

Column: AP 20 Column temperature: 185°¢

Nitrogen pressure: 1.0 Kp/cm2

Attenuation: 50 x 102

Compounds Relative retention time
Pentamethylbenzene 1.00
2-Bromobiphenyl 4.14
3-Bromobiphenyl 7.20

4-Bromobiphenyl 7.80
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Table 30

The reactions of silyl radicals with bromocbenzene

at 130°
Experiment No. 177 178
Bromokbenzene 50 ml 50 ml
t-Butyl peroxide (mole) 9.39 x 10 ° mole 0.0.13 mole

Phenyldimethylsilane (mole)

Initial amount 7.354 x 107° mole 7.362 x 107> mole
o-Bromobiphenyl 2.19 x 10_3 mole 2.32 x 10_3 mole
m~Bromobiphenyl 9.16 x 10—4 mole 1.02 x 10-3 mole
p-Bromobiphenyl 4.88 x 10_4 mole 5.53 x 10—4 mole

Isomer Ratio

o-Bromobiphenyl 60.9% 59.6%
m-Bromobiphenyl 25.5% 26%2%
p-Bromobiphenyl 13.6% 14.2%

VII. The reaction of phenyldimethylsilane with anisole in the presence

of t-butyl peroxide

t-Butylperoxide (1.0 g) was allowed to decompose in anisole (50 ml)
containing phenyldimethylsilane (1.0 g) at 130° for 24 hours under a
nitrogen atmosphere. The following reaction products were detected using
an OV 1 column: t-butyl alcohol, o-methylanisole (trace) at lower
temperature (6OOC), diphenyltetramethyldisilane, o- m- and gjphenyldimethyl-
silyl)anisole and at least four unidentified peaks at 120 Co. Using
the OV 1 column the m-isomer overlapped with one unknown compound and
consequently, its peak heighf was boosted. However the Ef(phenyldimethyl—
silyl) anisole was separated completely using the AP 15C column, and with the

two columns it was possible to determine the yields of o-, m- and

p-phenyldimethylsilyl)anisole.



Cblumn: ov 1

Column temperature: 120°
Nitrogen pressure: 1.0 Kp/cm2
Attenuation: 20 x 102
Compounds

Pentamethylbenzene
Diphenyldimethylsilane
Diphenyltetramethyldisilane
o-{Phenyldimethylsilyl) anisole
m-Phenyldimethylsilyl) anisole

pPhenyldimethylsilyl)anisole

142

Relative retention time

1.00

1.75

3.88

4.21

5.50

6.58
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Table 31

The reaction of silyl radicals with anisole at 130°

Experiment No. 179 180
Anisole 50 ml 50 ml
t-Butyl peroxide (mole) 6.90 x 10—3 mole 7.3 x 10_3 mole

Phenyldimethylsilane (mole):

Initial amount 7.29 x 10_3 mole 7.36 x 10_3 mole
(0.1478 M) (0.1472 M)
Amount remaining unreacted 5.34 x 10_3 mole 5.87 x 10_3 mole
- -1
amount consumed 18.5 x 1074 15.2 x 10 ~ mole
Diphenyldimethylsilane 0.74 x 10-4 mole 1.22 % 1()"4 mole
(45) (8%)
: . f -4 -4
Diphenyltetramethyldisilane 1.1 % 10 mole 0.76 x 10 mole
(6%) (5%)
. . . -4 -4
gﬂ?henyldlmethy151lyl>anlsole 1.57 x 10 ~ mole 1.02 x 10 ~ mole
(8.5%) (6.73%)
-4 -4
Eﬂ?henyldimethylsilyl)anisole 1.21 x 19 mole 0.95 x 10 mole
" (€.6%) (6.3%)
. . - ~—4 Y
Ep@henyldimethylsllyl>anlsole 0.89 x 1G mole 0.46 x i0 = mole
(3.9%" (3.0%)
Isomer ratio:
o-Phenyldimethylsilyl) anisole 45 42%
m-{Phenyldimethylsilyl) anisole 35% 39%

p-Phenyldimethylsilyl)anisole 202 19%
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3 DISCUSSION

(A) Homolytic Aromatic Substitution with Benzoyl Peroxide

() The effects of additives on the decomposition of benzoyl

peroxide in toluene

(a) The decomposition of benzoyl peroxide in toluene
The reactions of benzoyl pero%ide with alkylbenzenes with
o-hydrogen in the side-chain are complicated by hydrogen abstraction
as well as substitution reactions. Thus the nuclear reactions of
“benzoyl peroxide with toluene, ethylbenzoate and isopropylbenzene
are always accompanied by the formation of bibenzyl or its analogues

in proportions varying from 13% in toluene to 60% in isopropylbenzene

in the "biaryl fraction"137.
T&ﬂe3%n7
Substrate % of side-chain attack % of nuclear attack
Toluene 13 87
Ethylbenzene 55 45
Isopropylbenzene © 60.5 39.5
t-Butylbenzene 0 100

Phenyl radicals in these substrates not only can effect phenylation
of the nucleus but can also abstract an hydrogen atom from the side chain
to give rise to a resonance stabilized benzyl radical which can dimerise
in solution to give bibenzyls. In concentrated solution of benzoyl
peroxide in toluene, phenyl radicals could also facilitate substitution
reaction in the side chain to produce diphenylmethane. Benzoyloxy radicals

" could also effect hydrogen abstraction from the side chain to give

benzyl radicals74i138.



The amount of side chain attack giving rise to bibenzyl formation
determined in the present work (24%) is higher than that reported by
. 138 . . . .
previous workers . It is likely that the different methods of analysis
employed are responsible. The gas chromatographic method,which is
more accurate than the infrared method, has been adopted for analysis
in this work, consequently the result is likely to be more reliable.

The formation of bibenzyl , and of diphenylmethane can be accounted

for by the following mechanism.

(Phco-o)2 ———— 2PhCO+*0-  iiiee. (88)
PhCO-0+ ——> Phe + 002 - . (89)
PhCH, + Ph+ —> PhCH,* + PhH BEEEREIEE (90)
PhCH3 + PhCO'O°—>PhCH2~ + PhCOZH _ ceeees  (91)
2PhCHé ——>PhCH2 - CH2Ph ...... (92)
PhCH; + Phe ——> PhCH,-Ph ceeea.  (93)

No attempt was made to determine the relative contribution of side-
chain hydrogen abstraction by phenyl and by benzoyloxy radicals.

In a detailed investigation of the kinetics of the decomposition of
benzoyl peroxide in alkylbenzenes, Foster and Williams16b showed that in
these reactions the decomposition of benzoyl peroxide has the following rate

equation:

-aP] _ % )
ac = Ky[P] + kg [P] N L

where P = benzoyl peroxide.

k rate constant of the unimolecular homolysis of benzoyl peroxide,

1

]{? rate constant of the induced decomposition of benzoyl peroxide.
2
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Though toluene was not included in the studies, the decomposition
of benzoyl peroxide is expected to follow a similar rate law. Consequently,
the major contribution to the formation of methylbiphenyls and benzoic

acid comes from reaction (S6),

H Ph
Ph* + PhCH3 —_— Ve b . (95)
Me <
H Ph Ph
N\
@ + (Phco-o)2 e @ + PhCO2H + PhCO+O« ...... (96)
Me Me
H ,Ph H Ph px
@ + 9 ...... (97)
A
H Me Me ‘
(and other isomers)
Ph H H
S e (98)
H H Ph
Me Me

with reactions (97) and (©8) as the termination reactions.
From table 33it was found that the isomer ratio is slightly different
85, 137

from those reported by previous workers . The different methods of

analysis could be responsible for the difference.

Table 33

The isomer ratios of methvlbiphenyls from the phenylation
of reactions of toluerne

2-Methylbiphenyl 3-Methylbiphenyl 4-Methylbiphenyl

65 19 16 Zaremnsky and
137
. Dannley
66.5 19.2 14.3 Hey, Pengilly an?38
Williams 5
54 25.8 20.2 Gadallah and Elofson

62 20 18 this work
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The larger discrepancy in the results of Gadallah and Elofson85
could be due to the fact that they used a different phenyl radical
source, namely electrochemical reduction of benzene diazonium

tetrafluoroborate in aprotic solvents.

(b) The effect of m-dinitrobenzene on the decomposition of

benzoyl peroxide in toluene

After the discovery of the "nitro-group effect“59 in the

decomposition of benzoyl peroxide in Lenzene, Perkins139 also reported

a reduction in the extent of bibenzyl and 2,3-dimethyl-2,3-diphenylbutane
formation in the decomposition of benzoylperoxide in toluene and
isopropylbenzene, respectively, containing m-dinitrobenzene. This
observation is further confirmed by the present results. However,

unlike the reaction in benzene the inclusion of m-dinitrobenzene did

not cause a great increase in the yiel.d of benzoic acid and methyl-
biphenyls. The results are shown in fable34 and figure 1. The

presence of m-dinitrobenzene caused only a slight increase in the yield
of methylbiphenyls whereas a larger increase in the amount of benzoic
acid was found. The increase in yield could be due to a similar

effect to that observed in the reaction in benzene though in a much
reduced way. The reduced effect of the nitro-group in these reactions
could be due to some side reactions which can direct the nitroxide

radicals from abstracting hydrogen atom from the ¢g-radicals togiVenmthylbiphemyB:
The increase in yield coula also partly result from the suppression of
bibenzyl férmation. If the benzyl radicals in solution are being

removed by interaction with m-dinitrobenzene, loss of o-radicals resulting

from their combination with benzyl radicals would be reduced.
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Table 34

The products of decomposition of benzoyl peroxide

in toluene in the presence of m-dinitrobenzene

Experiment Additive Methybiphenyls Bibenzyl Benzoic acid
g (m/m) (m/m (m/m) (m/m)
Mean of 142 Nil 0.383 0.119 0.409
" 3+4 0.0095 0,370 0.119 0.465
(0.014)
" 5+6 0.0248 0.383 0.085 0.526
(0.036)
" 7+8 0.2015 0.516 0.038 0.778
(0.290)

With hindsight it is now clear that the efficient oxidising agents
responsible for the conversion of phenylcyclohexadienyl radicals to biphenyl
are the nitroxide radicals formed from the nitroso-compound, which itself
arises from the reduction of the nitro-compound. In the decomposition
of benzoyl peroxide in toluene, the nitro-compound is reduced by the o-
radicals to form a nitroso-compound, which then, on intercepting a phenyl
or a benzoyloxy or a benzyl radical gives rise to stable nitroxide radicals.
These stable radicals could then oxidise g-intermediates to form methyl-
biphenyls, themselves being reduced to the hydroxylamine derivatives. The
nitroxide radicals are regenerated in the induced decomposition of benzoyl

peroxide by the hydroxylamine derivative, according to the following reaction.
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The decompcsition of Ienzoyl peroxide in toluene

_containing m-dinitrolkenzene

® Methylkipheryl

A Benzoic Acid

® Bibenzyl

& Total Biaryl (Methylhiphernyl and H lenzyl)
1.004
0. 80 Beinzoic Acid

—o—
0.60 Methylkirhenyl and H lrenzyl
- N ’

A\
/ Methy lhipheny 1

0.00 T T f T T T
0.05 0.100 0.200 0.300

Weight of m-dinitrobenzene (g)

FIGURE 1



AINOZ
AYrNO + Ph-
~-N-O- + PhC H CH_-
Ar 67553
Ph
Ar

Ph-N-OH + (PhCO-0) 5

PhCO,* + PhNOH

2

Axr
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> artio il 99 )
—> Ax-N-O- il (100)
|
|
Ph
———> PhNOH + PhC H CH. e
c6 4CH, (101)
Ar
—> PhNO* + PhCO_H + PhCOz- ...... (102)
Ar
——> PhNO- + PhCOzH ...... (103)
Ar

For the reaction in toluene, there are two possible ways by

which m-dinitrobenzene could be reduced to the corresponding nitroso-compound.

Firstly, the nitroso compound could result from the reaction of m-dinitrobenzene

with the arylcyclohexadienyl radicals as shown in reactions (104) and (105) .

Secondly, it may be formed by the interaction of m-dinitrobenzenewith benzyl

radicals in a similar way to that suggested by Jackson and Waters

reactions (107) and (108).

+

0

Ar-N.

x

0

H Ph

/
)
Me

HO H

H Ph

138a
in

o}
. T H
—— Ar-N-O ceeee- (104)
~ q Ph
Me
e
——> Ar-N=0 + Ph—<3£§ ; ...... (105)
HC H
+
Me
Ph H Pn
-H_O .
2 +HO e (106)
Me
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- o)

o T o*
Ar-N=O + PhCH;, ————> Ar-N-O-CH_Ph <—— Ar-N-OCH_Ph ...... 107)
N 2 — . 2 2
O- )
[\ S,
Ar—N—O:%CHPh ———> Ar-N=O + PnCHO + PhCH, ...... 108)
¥
YCH_P
HICH,Ph

No attempt was made to isolate the oxidation product, benzaldehyde,
in the present work. The increase in yield of methylbiphenyls observed in
the present work could be due to the nitro-group effect of m-dinitrobenzene,
in which the nitroxide radicals effectively intercept the c-radicals and

prevent them from dimerising.

i CH, H Ph
Phe  + —_ /@ ...... 109)
Me
H Ph Ph
) Ar
O i N\ N-o- > + Br-N-OH  suun.. @10)
e
Me Ph
Me Ph
CH
3 CH,
]
Ar-N-O- + [:::] ——> Ar-N-OH + = ()| = eceee.. (111)
I
Ph Ph
_-OH Ar\ 0
Ar-N + (PhCO0+0) ) —_ N + PhCO,H + PhCO-O-
Ph Ph e (112)

The absence of a sharp increase in the yield of methylbiphenyls is probably
due to the fact that there are active hydrogens in the side chain of toluene
and consequently many nitroxide radicals are diverted to side chain hydrogen

abstraction. The latter reaction would be a more favourable one than the
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hydrogen abstraction reaction from o-radicals in view of the large
concenfration of toluene molecules in solution.

The lower proportion of side-chain to nuclear attack observed
(table 35) in the presence of m-dinitrobenzere does not necessarily
mean that fewer benzyl radicals are generated in these reactions.
It is more probable that the benzyl radicals formed are diverted
to form products other than bibenzyl.

| Table 35

The ratio of side chain attack tec nucliear attack on toluene
(50 ml) in phenylation reaction by benzoyl peroxide (1.0 g)

at 800

Peroxide concentration = 0.083 M

Additive % of side chain % of nuclear
g (m/m) attack attack
Nil 23.8 76.2

m-Dinitrobenzene

0.0095 24.5 75.5
(0.014)
0.02489 18.2 81.8
{0.036)
0.2015 7.0 93.C
(0.290)

Ferric benzoate

0.0814 ’ 25.3 74.7
(¢.018)
0.2072 A 23.7 76.3
(0.046)
0.405o 22.7 77.3
(0.080)

Cupric benzoate

0.4007 21.2 78.8
(0.156)
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There are two possible explanations for the decrease in the
yield of bibenzyl. Firstly it may be due to the nitro-group effect
which facilitates the nuclear phenylation reaction, hence proportionately
reducing the extent of side-chain hydrogen abstraction. This ekplanation
seems unlikely because more than a catalytic amount of m-dinitrobenzene
had to be included to give an observatle suppression of bibenzyl formation.
If it is the nitro-group effect that is responsible a little m-dinitrobenzene
should be as efficient as a larger amcunt. Secondly, the benzyl radicals
may be oxidised by m-dinitrobenzene tc benzaldehyde according to reactions
. 140a
(107) and (108) as suggested by Jacksaon and Waters and by
140b '

Goble et al . This mechanism which requires a stoichiometric amount

of m-dinitrobenzene is probably a more likely explanation.

(c) 17The effect of ferric benzcoate and cupric benzoate on the

decomposition of benzoyl peroxide in toluene

There 1is extensive literature on transition metal modified free
radical reactionsg. The mechanisms through which these metal salts
influence the reactions depend markedly on the nature of the ligands of
the salts and are classified by Kochi63 into electron transfer and
ligand transfer mechanisms. The transition metal carboxylates are génerally
useful as electron transfer oxidants. The reactions proceed through cationic
intermediates or transition states.

The effect of ferric benzoate on the yields of the major products
of the phenylation of toluene found in this work is illustrated in figure 2
and table 36. The yields of the biaryl and benzoic acid are increased while
that of the residue is reduced by the presence of ferric benzoate. Almost

equimolar quantities of biaryl and benzoic acid are formed.
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The decomposition of kenzoyl peroxide in toluene containing

ferric renzoate

A Methylhivhernyl and Bike
® Benzoic Acid

® Methylbiphenyl

nzy 1l

Weight of Ferric kenzoate (g)

FIGURE 2

A Bibenzyl
1.0007
Methy l1khipheny 1
0. ! ’
800 ¥ and llbenzyl
Ox_~
0.600_
®
.
Meﬁmylb_;heryl
0.400
Bilkenzyl
’/
0.2004
| —— v,
© 0.000
; T 1 I T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60




Table 36

Products from the decomposition of benzoyl peroxide

in toluene in the presence of ferric benzoate and

o
cupric benzoate at 80

155,

Experiment Additive Methylbiphenyls Bibenzyl Benzoic acid
Number » g (m/m) (m/m) (m/m) (m/m)
Mean: 1+2 Nil 0.382 0.119 0.409
Ferric benzoate
9+10 0.0814 0.534 0.181 not determined
(0.018)
11+12 0.2072 0.580 0.180 0.731
(0.046)
13+14 '0.4020 0.576 0.170 0.704
(0.089)
Cupric benzoate
0.400,7 0.582 0.180 0.709
(0.156)

The following mechanism, by analogy with that suggested by

Dailly74 for the decomposition of benzoyl peroxide in benzene in the presence

of ferric benzoate,is proposed to account for the observation.

(Phco~o)2 ———> 2Ph*CO-0O-

PhCO-O- ———> Phe + CO2

H Ph
CH,
Phe + —_— 0
CH,

H Ph

Ph
| @ + PhCO-0> @
CH
3
cH,

o=y m-, p-

+ PhCOzH
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H Ph Ph
3+
e + Fe —_— + :—Z+ + Fe2+ ...... (117)
Sy
(I-I'J
2+ ' -
Fe + PhCO*0O- —_— Fe3+ + PhC02 ceeee (118)
- +
PhCO2 + H —_— PhCOZH ceee..  (119)

——> dimerisation and
disproporticnation products ceeea. (1209

Reaction (117) could be split into two steps

Ph H . H Ph
\

...... (121)

...... (122)

These two reactions could be a concerted process. In the above
oxidation process an initial co-ordination oi the o-intermediate to the
ferric ion could be a pre-requisite foliowed by the one electron transfer
from the c—intermediate to the ferric ion. Reactions (11€) and (117) are
the main steps for the formation of methylbighenyls and kenzoic acid;
so that this reaction scheme provides a satisfactorv explanation for the
formation of equal amounts of biaryl and kenzoic acid. The importance of
reaction (120) is very much reduced by ferric benzoate. A rate equation
with the following expression was observed in the analogous reaction in
benzene74, it is likely that a similar rate law is also obeyed in this
systen.

-a[p] =k, [P] +'k;[P] a ceeee. (123)
at



P, k1 and kl'have their usual meaning as given previously. The termination
reactions are between unlike radicals (reaction (116)) i.e. the direct
oxidation of o—complexes by benzoyloxy radicals. This reaction becomes
important if by some means, benzoyloxy radicals are stabilised, and hence
their concentration in solution is increased. Gill and Williamsl6a
observed a similar rate equation in the decomposition of benzoyl peroxide
in bromobenzene where reacti?ns analocous to (116) is the main product
formation step.

It is necessary to discuss the possible roles played by ferric
benzoate in thiz reaction. Ferric benzoate could have participated in
this reaction in the following ways.

(1) Ferric benzoate may have participated in the reaction at an
earlier stage by co-ordinating with the oxygen atom of the carbonyl group
of the peroxide molecule to form a weakly bonded m-~complex. There are
examples in the literature of m-complex formation between benzoyl peroxide
or benzoyloxy radicals with solvent moleculesl41. Gill and Williams16a
suggested that benzoyloxy radicals in bromobenzene are stabilised by the
formation of a charge transfer w-complex which stabilised the benzovloxy
radicals from decarboxylation, and allowed its concentration in solution
to build up. As a result there were efficient hydrogen abstractors present
in solution which enabled the oxidation of o~radicals to biaryls to
proceed readily. BAnalogous m-complex formation reaction has also been
suggested between benzoyl peroxide and tertiary amine molecules before by

14
Imoto and Takemoto142 and also by Horner ®. Horner suggested the

following structure for the complex (14).



158.

O
Dfe Cii ? e Me Ph{(l:-o—
N: PhC—O—O—A—Ph (e}
N “XN i
~ Me \l Me
PhC-0-

(14)

Complex formation between benzoyl peroxide molecules with ferrous
ions has also been reported by Hasegawa and Nishimura141, who also provided
evidence for ferrous-oxygen bond formation in rhe transition state. The
following structure15 was suggested for the activated complex which involved
a co-ordination of a peroxidic oxygen to the ferrous ions, probably

accompanied by an electron jump from the ion, giving rise to the observed

I
I“\‘
@-c—o—mc—@ 5
- 2+
Fe
. (15)

accelerated rate of decomposion of benzoyl peroxide in this system. Orr

and Williams144 also proposed such complex formation between hydroperoxide
molecules and ferrous ions. Dailly74 suggested that a m-complex could be
formed between the oxygen atom of the carbonyl grour of benzoyl percxide

and ferric benzoate. This can occur probabkly owing to the ionic character

of the ferric to carboxylate bond. Though many of these transition metal
carboxylates are essentially covalent compounds, electrical conductivity
measurements show that metal-carboxylate bonds exhibit some ionic character145.
Such a complexation reaction can result in an accelerated rate of decomposition
of the peroxide. However, the kinetic results74 revealed that the

complexation did not assist the homolysis of the peroxide.
(ii) In order for reaction (116) to be an important termination

step, the benzoyloxy radicals once generated should be saved from
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decarboxylation by some stabilisation mechanism probably involving a

charge transfer complex similar to that suggested by Gill and Williamsl6a.

Analogy with this mechanism of stabilisation of benzoyloxy radicals is

sought in this system. The metal carboxylates have intermediate activities
. . 63 64 .

as ligand or electron transfer oxidants ~. Taube pointed out that an

attached group in such a system is strongly polar. Probably this polar

character of the metal carboxylate provides an analogy of stabilisation

of kenzoyloxy radicals to that described by Gill and Williamsl6a. The

complex could have the following structures. (16) and (17).

et
@C\ i
', 0 / — —”
S 3+ o <\‘ /> €-0-
Fe
}
:;3+
(16) (17)

It is essential also to discuss how the catalyst (ferric ion) is
regenerated in this reaction. If there were no way by which the ferrous
ions formed could be oxidised to ferric ions again, a stoichiometric amount
of ferric benzoate would be required and would result in an accumulation of

ferrous ions in solution. There are two possible ways by which the catalyst
could be reformed:

(a) The ferrous ions could be oxidised toc the ferric state by the

141
well-documented induced decomposition of benzoyl peroxide by ferrous ions ,

reaction (124).

Fe2+ + (Ph'CO'O)2 —_— Fe3+ + PhCO2- + Ph-CO*0O- . (124)

75 . . .
Hey, Liang and Perkins in an investigation of the effect of
transition metal benzoates on the decomposition of benzoyl peroxide in
benzene, also suggested that reaction (124) (with cuprous instead of ferrous

ions) is the catalysed-regenerating step. The following mechanism was
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proposed, although without any supporting kinetic data.

+
(PhCO+0),, + Cu’ ———> PhCO-0.Cu * 4 phcoror . (125)
PhCO-0O- ~——> Ph* + co2 ...... (126)
Phe + PhH —_— o i (127)
+ +
g+ + PhCO+-0-Cu — Ph-Ph + PhCOH + Cu ..., (128)

Based on the results obtained in a detailed kinetic study Dailly74
argued that the above mechanism is inconsistent with the kinetic results.
No autocatalysis was observed in the decomposition of benzoyl peroxide in
benzene in the presence of ferric benzoate, nor is the unimolecular decomposition
of peroxide greatly influenced by the metal salt. The rate of reaction should
speed up, as ferrous ion is formed, to a maximum rate. As this did not
happen when it iswell known that ferrous ions will induce the decomposition
this could be due to the reasons that:

(a) the kinetics were not sensitive enough and/oxr

(b) they were not correctly interpreted.

Another likely path for the regeneration of ferric ions t¢ form
ferrous ions is by reaction (118) which invclves the direct oxidation of
ferrous ion by benzoyloxy radical resultirng in the formaticn of a benzoate
anion which ultimately forms a molecule of berzoin acid, reaction (11Yi.
Alternative (b) (reaction 118) would be ine nre important contributor as
this reactions would proceed at a rate faster than reaction (124). (c.f.
a rate constant, approaching the diffusion controlled process has been
determined for the following quite similar reaction by Walling146

- 8 — -
Fe2+ + OHe* ——E—>» Fe3+ + OH k =3 x 10" mol & sec 1

while a rate constant of 360.8 mol-1 1 secm1 was calculated for reaction (324)

at 80o in ethanol).
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It is noted that the proportion of o-methylbiphenyl formed in
the presence of fexxic benzoate is higher than that in an uncatalysed reaction.
The formation of o-isomer is accelerated more than the rate of formation
of m~ and p-isomers. Similar features were observed by Hey, Liang and
Perkins75. There are two possible explanations for the increase of the
o-isomer in the metal ion catalysed reactions.

(i) The first possibility is that the addition of phenyl radicals
to toluene is reversible, then it is expected that 2-methylphenylcyclo-
hexadienyl radicals will have a greater tendency to dissociate than its
isomers owing to the greater steric effect associated with a methyl

substituent in the ortho-position.

CH

H T3 o I3
Phe + 19§idantl < Ph
Ne— ; — I _ eee.. (129

Consequently in the presence of an efficient oxidising agent for o-complexes,
which would inhibit the occurrence of tha reverse reaction, a larger proportion
. ca s 1%a,b,c
of 2-methylbiphenyl would result. However, it is usually held that
the initial addition step of phenyl radicals to benzene 1is effectively an
irreversible process which is also the rate determining step in the actual
arylation process. This generalisaticn was inferred from a lack of hydrogen
isotope effect on the recovered substrate in this reaction. However, recently
Kobayashi et.-al 25 reported the presence of an isotope effect at the crowded
2-position of m-dinitrobenzene in a phenylation reaction. It was pointed
out that19 the isotope effect could arise from the solvent effect of

. 26a,b
dimethylsulphoxide. Nonhebel et.al have recently also postulated
reversible addition of phenyl radicals to p-xylene and o-dichlorobenzene.
The following mechanism was proposed by them to explain the slightly larger

increase in yield of 4,4'-dimethylbibenzyl than that of 2,5-dimethylbiphenyl

with increase in temperature.
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Me - Me
. (26)
Me Ph
- .
| / O PR li Jbie
4+ Phe \\/ 7 ”
\.CH Me Me \N
Me ’d .
N I 155‘ (27)
CH3 iQ\;D
7
Me

However, this observation could also be accounted for if the two

competing processes () and (27) have different activation energies. The
increase in importance of the two reactions with increase in temperature
would theR not be the same. Rondestredt and Blanchard43 have shown that
the extent of bibenzyl formation is temperature daspendent. They reported
that no detectable quantity of bibenzyl was formed below 25° but a
substantial amount of it was detected at 60-68° by infrared spectroscopy
in the phenylation of toluene with N-nitrosoacetanilide. Thus it appeared
that bibenzyl formation required a higher temperature. If this is so,

the larger increase of bibenzyl observed by Ncnhebel et al could be

due to the higher activation energy required fcr the formation of
4-methylbenzyl radicals, as suggested above.

In the reaction with o-dichlorobenzene, the decrease in the ratio
of the yield of 2,3-dichlorobiphenyl to that of 3,4-dichlorobiphenyl with
rise in the reaction temperature could arise from the greater tendency
of 2,3-dichlorobiphenyl than 3,4-dichlorobiphenyl to undergo side
reactions at elevated temperatures.

From the above considerations, it appears that there is no compelling
evidence that the increase in the yield of 2-methylbiphenyl in this reaction
is due to the reversibility of the addition of phenyl radicals to toluene.

(ii) As an alternative explanation, it is not unreasonable to suggest
that the three isomeric methylphenylcyclohexadienyl radicals dimerise at
different rates. If the rate of dimerisation of the 2-isomer is greater

than the other isomers, in reactions where dimerisation is important, the loss
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of the 2~isomer may be more significant than loss of the other isomers.
In the metal salt-catalysed reactions where the importance of dimerisation
is greatly diminished, a greater proporticn of 2-methylbiphenyl was
formed at the expense of o-radical dimers. This seems to be a more likely
explanation for the increased proportion of 2-methylbiphenyl formed in
the ferric benzoate catalysed reaction.

The above discussion of the effect of ferric benzoate on the

decomposition of benzoyl peroxide in toluene is equally applicable to

reactions catalysed by cupric benzoate. Cupric benzoate, like ferric benzoate,

is polymeric in structure. Both salts are expected to exert similar effects
in this reaction because a marked similarity in the product distribution is
observed.
The tolyl benzoates formed in this reaction were not investigated,
147 X : o
though there are reports on their formation under favourable conditions,
but as revealed by gas chromatography, they are only formed in small amounts

(less than 1%).

II The effect of additives in the competitive reaction of benzoyl peroxide

in benzene-toluene system.

(a) The decomposition of benzoyl peroxide in equimolar mixture of

benzene and toluene

The discovery that the inclusion of a small amount of m-dinitroberzene
in the decomposition of benzoyl peroxide in toluene and in isopropylbenzene
caused a reduction of bibenzyl and 2,3-dimethyl, 2,3-diphenylbutane formation
created uncertainty concerning the relative reactivities of alkylbenzenes as
estimated by—competitive reactions where nitrobenzene was used as a standard.
In these reactions the yieldsof bibenzyls are found to be greatly reduced,

In the estimations of rate factors frém the competitive reaction of toluene
and nitrobenzene138 the assumption was made that the amount of side chain

relative to nuclear attack was the same in the competitive reaction as in

139



164.

toluene.alone. In view of the effect nitro-compounds were subsequently
found to have on bibenzyl formation, this assumption must have been
invalid. As a result the rate factors determined for toluene would
be too low and require redetermination. In addition to this
observation, recently there was a repcrt148 that nitrobenzene is unsuitable
for use as a standard solvent in competition reactions where a hydrogen
donor is present. Under such conditions the nitrophenylcyclohexadienyl
radicals could abstract an hydrogen atom at their nitro-group, at the
expense of trarsferring their hydrogen atoms to give nitrobiphenyl. This
observation casts further doubt on the validity of rate factors of
alkylbenzenes.

The results now reported (Table 37) provide further evidence that
different proportions of bibenzyl are formed in competitive reaction from
those formed in the reaction with toluene alone. There is less side-chain

attack in the competitive reactions with benzene as standard solvent.

H H o ER B , O
NO e > —F"]. —_—> : NS
2 —_ \ - P _ -
Ph Ph o} o]
Scheme (45)

Table 37

Extent of side-chain attack

R ti Side chain Nuclear
eaction attack attack
Toluene alone 23.8% 76.3%

Competitive reaction
with benzene as 17.4 82.6%
standard solvent .
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‘'The lower proportion of side-chain to nuclear attack does not
necessarily mean that fewer benzyl radicals are generated in these
reactions. It is more likely that the benzyl radicals are diverted to

form products other than bibenzyl. There are two possible ways in which

this may occur. There are additional phenylcyclohexadienyl radicals available
for disproportionation and combination reactions with benzyl radicals in

the competitive reactions. The benzyl radicals are expected to undergo
cross disproportionation or combination reaction more easily with the
unsubstituted o— radicals than with methylphenylcyclohexadienyl radicals,
probably for steric reason. Consequently more benzyl radicals are
diverted from bibenzyl formation. Some of the rate factors which have been

reported for the phenylation of toluene are listed in Table 38.

Table 38
PhcCH Standard
3K olvent Fo Fm F Reference

PhH s e jo)

s a g (149)
1.23 PhNO2 2.50 0.71 1.00 Hey, Orman, Williams

. (55)
1.46 PhNO2 2.68 0.70 2.02 Davies, Hey, Summers
2.58 'E_CI2C6H4 4.70 1.24 3.55 Davies, Hey, Summers(SS)
1.77 PhH 2.87 1.37  2.14 Gadalla & Elofson o>
i . (57)

1.68 PhH 3.30 1.09 1.27 Simamura et al.
1.81 PhH 3.38 1.30 1.44 This work

The rate factors obtained in the present work are higher than those
e 174 149 f s
reported by Hey, Orman and Williams . This is probably due to the
reason given earlier in this section, (i.e. more accurate analytical method
was employed in the present studies). The present values agree well with

some of the more recent results of Gadallah and Elofson85 and Simamura and
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co—worker557, even though phenyl radicals were generated from different
sources. However the values reported by Davies, Hey and Simamura55

are much higher than those obtained in this work, probably due to the
fact that those workers used p-dichlorobenzene as a standard solvent
and the rate factors were not determined directly from competitive
reactions with benzene, instead by making use of conversion equations.
As it can be shown from results obtained from the present studies, the
use of conversion equations in the reactions in the absence of additives
can give rise to erroneous results (section 3.A VI page 212 ).

The major products biphenyl, methylbiphenyls, bibenzyl and benzoic
acid are probably formed by the same mechanism in the phenylation in
benzene or toluene alone; with the additional possibility of dimerisation
and disproportionation reactions between phenylcyclohexadienyl,
ﬁethylpheny1cyclohexadienyl and benzyl radicals. From kinetics, the
dimerisation and disproportionation reactions are prébably the main termination
reactions in this system.

Although the rate factors for toluene have been up-dated in the sense
that the values determined, with the help of the accurate gas chromatographic
analysis, are more reliable, they may not be more reliable indices of the
reactivity of toluene, because‘of the high proportion of resin formation in
this reaction. For the same reason the values obtained by Gadallah and
Elofson85 (50% yield) are also subject to the common criticism of the

4
validity of rate factors 7.

3.18
1.30
1.44

The partial rate factors of toluene
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The partial rate factors alsoc revealed some anomalies. A value of
1,30 for the relative attack of the m-position of toluene appears
unreasonable because the m-position is expected to be as reactive as
one of the six positions of benzene. To bring this value to one, the
relative rate has to be decreased to 1.39 which is beyond experimental
error. The apparent activations of the m-position could be accounted
for by the following suggestion. Phenyl radical is not the only
species involved in selecting between the competing solvent umolecules,
if it is so, a value of unity for Fm should be obtained. Therefore
different species must also involve in the selection process, e.g.
a precursor of phenyl radical such as benzoyloxy radical or even benzoyl
peroxide, both of which have longer life times than phenyl radicals.
These species involved in the formation of complexes with toluene molecule
through some weak attractions. Weak intermolecular attractive forces such
as Van der Waal's forces would be sufficient for the reagent to discriminate
between benzene and toluene. Since phenyl radical reacts with aromatic
substrates with a rate approaching diffusing-controlled process (a second

-1 s~1)150 which implies that if

order rate constant of 7 x 107 1 mol
complexation occursbetweenpheﬁyl radical or its precursor with toluene
molecules, phenyl radical subsequently generated could not show a random
attack on the competing benzene molecules and toluene molecules. The
phenyl radical formed would be in a closer vicinity of toluene molecules
hence their attack on toluene is favourable, therefore leading to a higher
reactivity of toluene molecules than benzene. This complication makes

the relative rate and partial rate factors determined in this reaction

invalid as reactivity indices of toluene molecules in the phenylation

reaction.
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(b) The effect of m-dinitrobenzene and nitrobenzene on the

decomposition of benzoyl peroxide in an equimolar mixture

of benzene and toluene

In a series of competitive reactions containing variable amounts
of nitrobenzene and m-dinitrobenzene as additives, the yields of biaryls and
benzoic acid were enhanced while that of bibenzyl is reduced. (Table 9,
Figures 3 and 4). Consequently the rate factors calculated from the results
obtained from these experiments should provide a truer picture of the reactivity
of toluene with respect to benzene.

The importance of dimerisation and disproportionation reaction
between the o- radicals is greatly reduced in these systems. The yields of
the biaryls and benzoic acid are prcbably increased by the nitro-group effect.

The effects of nitro-compounds on the relative rate and partial
rate factors of toluene are shown in Figures 5, 6 and 7 and Table 40.

The relative rates and the partial rate factors in these reactions
revealed some interesting features. In the presence of nitro-compounds,
there is a levelling effect of the relative rates and the partial rate
factors to a limiting value. The relative reactivity of the m-position of
toluene has been reduced to a value approaching unity which is expected if
the phenylation reaction involved the same species in the selecting process.
These observations could be accounted for if the complexation between
benzoyloxy radicals or benzoyl peroxide with toluene is no longer an
important process and that the same species is involved in selecting the
competing substrates. In this reaction the complexation between phenyl
radical or its precursor with the nitro-compound may be a more favourable
process than that between toluene and the precursor of phenyl radicals.

As a result, the phenyl radicals subsequently generated would show a

random attack on the competing solvent molecules. As phenyl radical is
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The decomposition of lenzoyl peroxide irn an equimclar
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a very reactive species in aromatic substrates (cf. pagel67) hence the
two molecules would approach the same reactivity in the absence of complexation
between toluene and the precursor of phenyl radical. So the random
attack of phenyl radicals on the two solvent molecules gives rise to
the formation of a larger proportion of phenylcyclohexadienyl radicals
which have a greater tendency to undergo dimerisation reaction in the
absence of an oxidation agent. This fact becomes evident when we consider
that the yield of biphenyl in the decomposition of benzoyl peroxide
in benzene is seldom more than 0.4 mole per mole of benzoyl peroxide
in the absence of additive while its yield is increased to more than
0.9 mole per mole in the presence of additives, e.g. aromatic nitro-
compounds. So in the presence of nitro~cdmpounds, the larger proportion
of unsubstituted o-radicals in the presert svstem would be efficiently
intercepted and converted to biphenyl by the nitroxi-de radicals. The
nitroxide radicals have a less marked effect on the methylphenylcyclo-
hexadienyl radicals.

The limiting value of relative rate in the presence of
nitrobenzene (>0.4 g) agrees moderatelvy well with the values reported
recently by Davies, Hey and Summer55 in the competitive reaction of

toluene with nitrobenzene as standard (Takle 39).

Table 39
PhCH Partial Rate factors
;K References
Phi Fo Fm Fp
‘ (55)
1.46 2.68 0.70 2.02 Davies, Hey, Summers

1.36 2.48 1.02 1.12 The present work.
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Table 40

The effect of nitrobenzene and m-dinitrobenzene on the

rate factors of toluene in the competitive reactions

. t‘
Experiment Additive gziz tve Partial Rate Factors
Number g (m/m) PhOH Fo Fm Fp
3K
PhH
17 & 18 Nil 1.81 3.38 1.30 1.44
Nitrobenzene
19 & 20 0.1598 g 1.34 2.54 0.87 1.19
(0.210)
Mean of 21 & 22 0.4512 1.36 2.40 1.01 1.31
(0.592)
23 0.8578 1.36 2.48 1.02 1.15
(1.125)
m-Dinitrobenzene
24 ) 0.007 g 1.69 2.80 1.21 2.12
: (0.007)
25 & 26 ! 0.0152 g 1.49 2,58 0.98 1.76
(0.015)
27 & 28 0.1035 g~ 1.42 2.61 1.02 1.26
(0.100)
29 0.2004 g 1.48 2.62 1.14 1.36
(0.192)
30 & 31 0.2999 g 1.45 2.59 1.08 1.39

- (0.288)
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The effect of additives on the relative rate factors IC;HBK in
the decompcsition of benzoyl peroxide in an equimolar

mixture of kenzene and toluene at 80o
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The variation of partial rate factors with concentration
of nitrobenzene in the decomposition of benzoyl peroxide

in equimolar mixture of toluene and benzene
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(c) The effect of ferric benzoate and cupric benzoate on

the decomposition of benzoyl peroxide in equimolar

mixture of benzene and toluene

The addition of ferric and cupric benzoates to thebcompetitive
phenylation of toluene and benzene producesa similar lowering of the
values of relativé rate with increase in catalyst concentration as
that observed in reactions with nitro-compounds as additives. The
partial rate factors follow the same trend. The metal salts probably
exert the same influence on these reactions as they have shown in
reaction in toluene alone. It is unreasonable that the effect of
metal salts in an equimolar éolution of benzene and toluene would be
different from the effects they have in reactions in benzene or toluene
alone, uﬂless solvent complexation is important. Consequently, a
similar mechanism to that proposed for the reaction in toluene alone
can account for the formation of biaryls and benzoic acid in the

competitive reactions.

(PRCO-0),, —> 2PhCO*O- —> 2Ph- + 200, .e.n..

R Ph H
Ph. + —_— g (R = H, or Me)

H ,Ph R pn
g + PhCO*0s —> @ + PhCOH ceeeen

R R .

R R
@ 3+ 2+ +
+ Fe —_—> + Fe + B ecese s
Ph Ph
- 3+

PhCOOr + FeoT  ——> PhCO, + Fe e
re?t 4 (PhCO-0) , —> PhCOz_ + PhCO-0- + Fe-F e
PhCO.” + H' ——>  PhCO.H

2 2

(130)

(131)

(132)

(133)

(134)

(135)

(136)
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Table 41

The effect of cupric benzoate and ferric benzoate on the

rate factors of toluene in the competitive reaction

Experiment Additive Relative Partial Rate Factors
Number g (m/m) Rate
. CH Fo Fm Fp
3
K
H
Mean of 17 & 18 Nil 1.81 3.38 1.30 1.44
Cupric benzoate
32 & 33 0.5000 g 1.36 2.66 0.92 1.00
(0.132)
34 & 35 0.9998 g 1.36 2.70 0.88 1.09
: (0.264)
36 1.5002 g 1.37 2.66 0.89 1.13
(0.396)
Ferric benzoate
37 0.2547 g 1.68 2.23 1.08 1.46
(0.038)
Mean 38 & 39 0.3497 g 1.64 3.18 1.10 1.27
(0.052)
Mean of 40 & 41 0.4459 g 1.58 3.06 .099%9 1.39
(0.067)
42 0.5504 g 1.56 2.92 1.04 1.43
(0.082)
43 0.8474 g 1.55 2.87 1.07 1.43
(0.126)
44 1.3032 g 1l.64 2.98 1.06 1.72

(0.194)
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The decomposition of benzoyl peroxide in an equimolar

mixture of benzene and toluene containing cupric benzoate

Yields in moles per mole peroxide
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The variation of partial rate factors with concentration of

cupric lenzoate in the decomposition of Yenzoy l peroxide in

equimolar mixture of toluene and kenzene
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The variation of the relative rates and partial rate factors with
catalyst concentration is illustrated in Figures 5, 10 and 11 and
Table 4 and that for the variation of the major products is illustrated
in Figures 8 and 9. The explanations suggested (page 168 ) to account
for the similar trend caused by nitrobenzene and m-dinitrobenzene probably
are also applicable in these metal ion catatlysed reactions. The initial
complexation of the peroxide molecule with the metal salts and the
subsequent stabilisation of benzoyloxy radicals could be more important
in these systems. The rate factors obtained in the presence of metal
salts, for reasons similar to those given for the nitro-group catalysed
reactions, are more reliable indices of the reactivity of toluene towards
phenylation reactions than those observed from urcatalysed reactions (Table 38).
The values of K obtained (Table 41) show that toluene is slightly more

. _ 7
reactive than benzene than reported before .

(@) The effect of additives on the decomposition of benzoyl peroxide

in a system containing various molar proportions of benzene and

toluene

The relative rate factors for the competitive phenylation reaction
containing varying molar ratios of benzene and toluene with and without
additives are summarised in Table 42. A relative rate factor of 1.7¢ for
the reaction containing toluene and benzene in a molar ratio of 2.95 agrees
well with the value from the competitive ri:action containing equimclar mixture
of benzene and toluene in the absence »f additive. However, a value of 1.32
is obtained for the reaction céntaining a molar ratio of 0.328 of toluene
to benzene. On the other hand, more consistent values are obtained in the
presence of additives. These values are also comparable to that obtained
from the reaction containing an equimolar mixture of benzene and toluene.
This observation suggests that the rate factor§ obtained in the absence

of an efficient oxidising agent could be erroneous.
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Table 42

The effect of varying substrate concentration on the

. o . - .
relative rate of toluene at 80 . Peroxide concentration = 0.083 M

(1.5 g/75 ml)

Additive 2§2i§rate Relative
g (mole/mole) [PhCHB]/ Rate

[PhE] K
Nil 1 i.81
Nil 2.947 1.79
Nil 0.328 1.32
m-Dinitrobenzene
0.2999 g (0.288) 1 1.45
0.2501 g (0.241) 2.947 1.50
0.2532 g (0.243) 0.328 1.39
Cupric benzoate
0.5000 g (0.132) 1 1.36
0.0998 g (0.026) 2.947 1.43
0.1010 g (0.027) 0.328 1.26
Ferric benzoate
0.8474 g (0.126) 1 1.55
0.8033 g (0.119) 2.947 1.44

0.8020 g (0.119) 0.328 1.54
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(e) Summary

From the above discussion it is clear that the rate factors
depend on the concentration of the additives and approach a limiting
value with the increase in additive concentration. The inclusion of
additives inhibits the complicating side reactions. Consequently,
the limiting results obtained in the presence of additives, which
are also independent of the benzene/toluene ratio, are relizble indices
of reactivity of toluene in the phenylation reaction. The values
obtained under the influence of different additives agreed well with
each other. The limiting value of the total rate factor is about 1.4.
The best sets of total and partial rate factors obtained in the present
studies are summarised in Table 43. The mean values are considered to

be the best definitive set now available.

ZEPIQ 43
Additive Total Rate Factors Partial Rate Factors
CH Fo Fm Fp
3K
H
Nitrobenzene 1.36 2.48 1.02 1.15
EjDinitrobenzene 1.44 2.57 1.05 1.41
Cupric benzoate 1.37 2.66 0.89 1.13
Ferric benzoate 1.58 2.92 1.06 1.53

Mean 1.4 2.7 1.0 1.3
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III. The effect of additives on the decomposition of benzoyl peroxide

(a) The decomposition of benzoyl peroxide in anisole

(i) Methoxybiphenyls

The results of the phenylation reaction of anisole with benzoyl
peroxide revealed several interesting features, (1) phenyl radicals
exhibit a high selectivity at the o-position of the anisole molecule,

(2) anisole is more reactive than benzene towards benzoyloxylation reaction,
(3) the reaction is always accompanied by the formation of usually large
amounts of benzoic acid, and (4) the reaction is characterised by high
material balance; the recovery of phenyl group of the peroxide is always
higher than 80%.

The high selectivity of the phenyl radicals at the o-position of
anisole is inconsistent with the high reactivity of phenyl radicals with
aromatic substratelso (cf. page 167). This fact could be explained if
different species are involved in the selecting and the actual phenylation
process. The contradicting observation of high selectivity and high reactivity
‘could be rationalised if some preiiminary association or complexation of a
precursor of phenyl radical with aniscle molecules occurs e.g. by a
charge transfer complex formation. Complexation allows the precursor of
phenyl radical to select the more reactive sites of the anisole molecules.
The higher reactivity of the o-position suggests that an electrophilic species
may be involved in the selecting process. Complexation is possible if there
is a considerable difference between the distribution of electron density
in the reagents and the substrate exists. The complexation in this reaction
could happen in the following ways. The eliectrophilic benzoyloxy radicals
may tend to associate themselves with the electron-rich site in the anisole

molecules which is invariably the oxygen atom of the methoxy group’structure(18).
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It is also possible that the benzoyloxy radicals form a loosely bound n-complex

with the electron rich m-system of anisole.

0 il
" i ot ) v C ~
—~0-Me °*0-C-Ph <——> —O;Me O Ph

(18)

The benzoyloxy‘radicals stabilised in this manner could add to the anisole
molecule to form the corresponding benzoyloxylated adduct or decarboxylate
to afford phenyl radicals.

In the absence of a good oxidising agent, the benzoyloxy adducts
are not efficiently intercepted and regenerate benzoyloxy radicals. On
decarboxylation they give rise to phenyl radicals which add to anisole
molecules to form the corresponding o-radicals. Owing to their closer
proximity to the o-position than other nucleus positions, the phenyl
radicals subsequently formed attack the o-position most readily. The odd
electron of the resulting o-radicals of the o- and p- isomer is in conjugation
with the oxygen atom of the methoxy group e.g. structures (19) and (20).

The ability of the odd electron of the o-radicals to delocalise to the oxygen

Me Me
'. -o{ +O‘/Me
3 lPh - -
and <>
\
(19) (20)

atom of the methoxy group has two consequences namely (i) it facilitates the
formation of the corresponding o-radicals, (ii) it also facilitates the

oxidation of the corresponding o-complexes which are stabilised by such
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conjugation effect. Therefore the rate of formation and the rate of
oxidation of the o- and p- o-radicals would be faster than those
corresponding to the m- o-radicals which are not stabilised by such
conjugation. As a result, the m- o-radicals are less readily formed
and also less readily oxidised and tend to undergo dimerisation just as
rapidly than o-radicals involved in the phenylation of unsubstituted benzene.
Jane-Marie Bonnier 53_32_52 have also reported the selective side reactions
of o-complexes in the phenylation of 4-methyl-3-phenylpyridine. Selective
side reaction of o~complexes was also observed in the phenylation of
chlorobenzene with phenylazotriphenylmethane151(a'bz

As a result of the complexation of benzoyloxy radicals with anisole
molecules, the resulting phenyl radicals are restricted from attacking the
three isomeric positions of anisole randomly. In addition to this
complication, the greater resistance of the o-radicals leading to the
m-isomers than the o- and E;isomers to oxidise to biaryl , the isomer ratio
determined in this reaction in the absence of an efficient oxidising agent
is therefore a poor measure of the reactivity of the nuclear positions of anisole
molecules towards the attack of phenyl radicals, It is more appropriate that
the isomer ratio reflects the selectivity cf benzoyloxy radicals on the
various sites of anisole molecules.

The following reactions lead to the formation of major products

in this reaction

(Phco-o)2 ————> 2Ph+C0.0¢ eee.. (137)
PhCO-« O+ ———> DPhe + co2 vee-.. (138)
—Me H_Ph
Phe + "/RW———> cece.. (139)
~
OMe

(o)
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o + PhCO*O* —> PhCO.H + ,/CJ\K ...... (140)
2 \) Ph
o-, m-

OMe
{,
o N
@ + PhCO¢:O> ——— v w ... (141)
" A
OMe
=
Ge+ (Phco-o)2 —_— _} Ph + PhCOzH + PhCO*0O* ...... (142)
>~
OMe
O
] ~d )
g + P *0r —> H + —rd—0O-
hCO-*0 PhCO2 Ei%j} o} c\Ph ...... (143)
o-, P

2 g+ ———> Dimerization and disproportionation products .... (144)

2 g+' ——> Dimerization and disproportionation products....(145)

Reaction (14d) is the main methoxybiphenyl formation reaction and
is also the main termination step. This is based on the observation that
high recovery of phenyl group is found in this reaction. The importance
of termination by dimerization and disproportionation of o-complex is

correspondingly reduced in this system.

(ii) Methoxyphenylbenzoate

It is held that benzoyloxy radicals add reversibly to aromatic nucleus

to form benzoyloxy-cyclohexadienyl intermediates, which are then oxidised to

33, 36(a,b)

afford aryl benzoates . Only o- and p-methoxyphenylbenzoates were
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detected in the present work. This observation agreed with the result of
35(a),50 . i

other workers . The yield of benzoate ester detected in the present

work is about 4% (on mole/mole basis) with a ratio of benzoyloxylated

product to phenylated product about 0.07. The yield obtained in this

reaction is much less than that reported in the presence of

an oxidising agent where the benzoyloxylation adduct was trapped and

oxidised to form the products, and prevented the reverse reaction from

occurring.

OMe

o}
e “
H.,0-C-Ph :
PhCO+0+ + —_ _Lo_]_} o-C-Ph .. (146)
—
OCMe

o=, P~
Although an efficient oxidising agent (the benzoyloxy radicals stabilised
by complexapion) is present in solution in this reaction, owing to its low
concentration, it cannot efficiently prevent the benzoyloxylated adduct from
fragmenting to regenerate benzoyloxy radicals which then decarboxylate to
give phenyl radicals, thereby resulting in low yields of ester in this
reaction.

The low yield of ester observed in the present work disagrees with
that reported by Lynch and Moore35a who detected a much higher yield of
ester (20%, on mole per mole basis, with a ratio of 0.5 for the benzoyloxylated
products to phenylated products). The isomer ratio reported by these workers
ranging from 65 -~ 82% for the o-isomer and 18% to 35% for the p-isomer.

However, the results obtained in the present work agreed well with the more

50
recent work of McClelland, Norman and Thomas .

(iii) Benzoic acid
The yield of benzoic acid in this reaction is always too high to -

be accounted for by the formation of methoxybiphenyl and methoxyphenylbenzoate.
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Table 44

Experiment Methoxybiphenyls Methoxyphenyl- Benzoic acid
Number (m/m) benzoates
(m/m)

Mean of 57,

58, 59 0.412 0.C

[}
w
~d

1.176

Other mechanisms must be responsible for the amount of benzoic acid formed.
It has been suggested by Augood and Williams5 that side chain hydrogen
abstraction occurs, and more recently McClelland, Norman and Thomas50

also reported the detection of the products of side chain hydrogen
abstraction. Traces of benzene were detected in the present studies.
Consequently, side chain hydrogen abstraction by benzoyloxy radicals must
account for, at least some of the benzoic acid formed. A minor contribution
could also come from the hydrogen abstraction by benzoyloxy radicals from
the hydro-aromatic products, a general reaction which becomes significant
when the benzoyloxy radicals are stabilisedlSQ. Another contribution could
come from the induced decomposition of benzoyl peroxide by phenol which

1!
contaminated the anisole sample, according to the following reaction 53.

PhOH + (Phco-o)2 ——> PhO- + PhCOZH + PhCO+*O* ...... (147)
Though the sample used for the present investigation has been shown gas
chromatographically to be free from éhenol (# 0.05%) it is possible that
some phenol is formed during the reaction. Free radicals can effect the
dealkylation of ethers: Cowley, Norman and Waters154 have found that methyl
radicals effect dealkylation of anisole, and Kharasch and Huan9155 have
shown that many phenol ethers can be dealkylated by free radicals, thus

lending some support to this possible'explanation of the formation of some

of the excessive benzoic acid.
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+ -
PhOCH3 + PhCO°0°* —> (PhOCH3) + PhC02 ...... (148)
+o +
(PhOCH3) + PhCO«Q¢ ——> PhO=CI-12 +. PhCOzH ...... (149)
+ +
Pho=CH2 + H20 ————> PhOH + CH20+ E ... (150)

In a duplicate set of experiments't—bvtylhydroperoxide was
deliberately added to the reaction mixture prior to the start of the reaction
to find out if it could also participate, as phencl is thought to, in an
induced decomposition of benzoyl peroxide hence giving high yields of benzoic
acid. However, there was no significant change in the benzoic acid
yvield, and the product distributions were alsc essentially unaltered. So
t-butylhydroperoxide cannot cause an induced decomposition of benzoyl

peroxide. The reaction was not investigated further.

(b) The effect of m-dinitrobenzene and pentafluoronitrosobenzene

on the decomposition of benzoyl peroxide in anisole

Table 45

Experiment Additive Methoxy- Methoxyphenyl- Benzoic acid
Number (m/m) biphenyls benzoates
Yield (m/m) Yield (m/m)
Mean of 57, Nil 0.412 0.373 -1.176
58, 59
Mean of 60 m-Dinitrobenzene 0.369 0.085 1.213
and 61 (0.5760)
Mean 62 Pentafluoro- 0.395 Not determined Not determined
and 63 nitrobenzene

(0.009)
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The inclusion of m-dinitrobenzene and pentafluoronitrosobenzene
in the reaction did not cause an increase in the yield of methoxybiphenyl
but a slight decrease. The lack of an increase in the yield of biaryl
is not unexpected as it has already been suggested in the preceding
section that an efficient oxidising agent (benzoyloxy radicals) for the
methoxyphenylcyclohexadienyl radicals exist. However, it is surprising
to note that nitro-compounds only increase the yield of methoxyphenyl-
benzoate slightly (to about 9% yield, on a mole per mole basis).‘ From
the isomer distribution of methoxybiphenyls it is evident that m-dinitrobenzene
must have participated in this reaction. The markedly different isomer
ratios of methoxybiphenyls in the reaction contairing m-dinitrocbenzene and
that containing pentafluoronitrosobenzene suggests that the

compounds have different effects in this reaction.

Table 46

Experiment Additive Methoxybiphenyls Methoxyphenylbenzoates
Number (m/m) Isomer Ratio Isomer Ratio

o= m~ b- o- p-
Mean of 57, Nil 73.7 11.8 14.5 71.5 28.5
58, 59 '
Mean of 60 m~Dinitrobenzene 67.4 20.7 11.9 57.8 42.2
and 61 0.576
Mean of 62 Pentafluoro- 73.8 15.2 11.0 Not determined
and 63 nitrosobenzene

0.009

In the reactions containing Efdinitrobenzene, a more nearly statistical
distribution of isomers is obtaihed showing that the phenyl radical is less
selective towards the various positions of the anisole molecule in the
presence of m-dinitrobenzene. This shift of the isomer ratio could be due

to the following reason: m-dinitrobenzene may have participated in the
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formation of a m-complex with the benzoyloxy radicals, reducing the tendency
of these radicals to complex with the anisole molecule. As a result, on
decarboxylation of the benzoyloxy radicals, the phenyl radicals subsequently
generated could attack the various position on anisole molecules more
randomly to form the o-intermediates. Therefore the isomer ratio

represents the selectivity of phenyl radicals. These o-intermediates are
quantitatively oxidised to provide biaryl by the action of the arylnitroxide
radical according to the mechanism proposed in nage 150, to account for

the effect of m-dinitrobenzene in the phenylation reaction in toluene.

In the presence of arylnitroxide radicals, an efficient oxidising agent, the
oxidation of the three isomeric o-intermediates would be indiscriminate,

and consequently the o-intermediates were qunatitatively transformed to
biaryl, the dimerization reaction of the o-intermediates of the m-isomers
being prevented. Thus the isomer ratios provide a better index of the
reactivity of the various sites towards phenyl radicals than those obtained
in the absence of m-dinitrobenzene and is therefore vaiid for the
calculation of partial rate factors.

In contrast to the effect of m-dinitrobenzene, npentafluoronitroso-
benzene showed little effect on the isomer ratio of methoxybiphenyls. The
presence of five strongly electron withdrawing fluorine atoms renders the
m-system somewhat electron deficient, it also causes the nitroso-group
to be relatively less electron-rich. This effect may cause the
complexation of the benzoyloxy radicals, with the pentafluoronitrosobenzene
an unfavourable process. As a result, the complexation between the
benzoyloxy radicals and anisole still exists, therefore giving rise to the

same isomer ratio observed in the absence of additives.
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(c) The effect of oxygen and wir on the decomposition of benzoyl

peroxide in anisole

Table 47
Methoxybivhenyls Methoxyphenylbenzoates Benzoic
Additive Experiment vield Isomer Ratio Yield Isomer Ratio Acid
Number (m/m) o ®E- p- (m/m o- p-
Nil Mean of 57 0.412 73.7 11.8 14.5 0.037 71.5 28.5 1.176

58 and 59

Under oxygen Mean of 64, 0.168 65.7 22.2 12.1 0.286 36.1 63.7 1.289

65, 66, 67 (Mean of

and 68 67 and 68)
Under air Mean of 79 0.341 67.2 19.8 13.0 0.186 38.9 61.2 Not

and 70 determined

Oxygen and air both affected the yield and the isomer ratios of the
phenylated and benzoyloxylated products. The yield of methoxyphenylbenzoate
was increased by about 8 times, but on the other hand, the yield of methoxy-
biphenyl was lowered to about 25% of that observed in the absence of oxygen.
The shift of isomer ratio of methoxybiphenyls is in the same direction as that
observed from the reactions in the presence of an oxidising agent, e.qg.
m-dinitrobenzene, cupric and ferric benzoates. However, the isomer ratio
of methoxyphenylbenzoate is reversed with the p-isomer formed in a greater
proportion (60-66%). The effect of oxygen in this reaction is in contradiction
to the results of Cazes, Howe, Morrison and Samkoff48, who reported an
increase in the yield of methoxybiphenyl from 0.5 to 1.35 mol/mole under
the influence of oxygen with the isomer ratio unaffected. We also noted
greatly different results for experiments repeated under their identical
cbnditionslsg. With such oﬁservations,their results could not be accepted

without reservation. Since the yield of methoxybiphenyl found in the present

work reduced so drastically, it would hardly expect all isomers to be
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equally affected,so change in isomer ratio is not surprising.
The isomer ratio with oxygen is not significant.
The decrease in yield of methoxybiphenyls in this reaction is
considered to be due to the fact that phenyl radicals are trapped by oxygen

molecules by the following mechanism resulting in the formation of phenol.

Phe + O, —— PhO, - ... (151)
PhO,*+ RH ———> PhO-OH +R: ieee.. (152)
PhO«OH — > PhOe + -0H .. (153)

The greater effect of oxygen than air on the decrease in methoxybiphenyls'
formation also provides further support for this mechanism of diverting
phenyl radicals from phenylation. The wider spread of the yield obtained
in these reactions probably reflects the differences in flow rate of the
gas in these reactions. It is difficult to reproduce the same flow rate
in a different set of experiments. However, the benzoyloxy radicals are

‘" not trapped, this is probably due to the resultant formation of the

unfavourable weak peroxidic bond.

o .
{ 20, _
Ph-C=0 + 0, —> Ph-C=0 eeeo. (154)

The increase in yield of the benzoate is consistent with the reversible
addition of benzoyloxy radicals to anisole. Tn the presence of an efficient

oxidising agent the reverse reaction is prevented.

0 0
1l ~ .
OMe _ OMe | OMe
H_0-C— Ph o O_C\\P
2 bh .
PhCO.0.+ — — + + H02
-~
OMe
?}C-Ph
O/

R & 119
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The reason for the shift in isomer ratio of the benzoate is not
clear, possibly the effect of the methoxy substituent in the oxidation
step could be responsible.

(d) The effects of ferric benzoate and cupric benzoate on the

decomposition of benzoyl peroxide in anisole.

Table 48
Experiment  Additive Methoxybiphenyls Methoxyphenylbenzoates Benzoic
Number (m/m) Yield Isomer Ratio Yield Isomer Ratio Acid
(m/m) o- m- p- (m/m) o- p- (m/m)

Mean of 57 .
58 and 59 Nil 0.412 73.7 11.8 14.5 71.5 28.5 1.176
Mean of 71 Cupric 0.453 70.2 19.3 10.5 0.365 69.0 31.0 1.043
and 72 benzoate

(0.100)
Mean of 73 Ferric 0.518 70.3 18.1 11.6 0.126 60.7 39.3 0.949
and 74 benzoate

(0.102)

The inclusion of transition metal selts in the reaction affected the
isomer distribution pattern of methoxybiphenyls and the yields of methoxyphenyl-
:benzoates. However, the salts have little effect on the total yield of
methoxybiphenyls whereas they exert a great effect on the benzoyloxylation
reaction. The yield of the benzoate ester was increased by 1300% by cupric benzoate
and about 400% by ferric benzoate. Very similar isomer ratios are obtained
for the methoxybiphenyls produced with both catalysts, suggesting a similarity
of the effect of the two transitioﬂ metal salts on these reactions. Side
reactions of the o-radicals are therefore minimal and the isomer ratio obtained
approached a true measure of the reactivity of the various positions on the
ring for phenylation provided that complexétion of the radicals or its
precursors with anisocle does not favogr the attack of any particular site.

From the more nearly statistical distributions of isomer ratio than in the
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absence of additives it is eviaent that the latter complication is
unimportant; it is more likely that the benzoyloxy radicals or benzoyl
peroxide would complex with the more polar transition metal salts as
described in the reaction in toluene (page 158 ). The larger proportion
of m-methoxybiphenyl in this metal salt catalysed reaction than in the
uncatalysed reaction is resulted from a more random attack on anisole

by phenyl radicals to give o-intermediates which are quantitatively
oxidised to give biaryl under the influence of metal ions, as discussed
in the preceding sections for the reactions under the influence of
m-dinitrobenzene. Presumably the transition metal szlt played the same
role in this system as suggested for reaction in toluene (p. 158 ), and
the methoxybiphenyls were formed by a similar mechanism to that suggested
for the formation of methylbiphenyls in the presence of transition metal
salts.

The fact that a 13-fold increase in the yield of benzoyloxylated
products could be explained if the formation cf the ¢-complexes for
benzoyloxylation were much less easily reversiblie in the presence of metal
benzoates because (a) rate of their formation increased or (b) rate of
their fragmentation decreased or (c) rate of their oxidation to este.
increased, or a combination of two or all three of these reasons. 2&s a
result less benzoyloxy radicals are available for hydrogen abstraction

leading to a slight decrease in the yield of benzoic acid in this reaction.

IV. The Effects of Additives in the Competitive Reaction of Benzoyl Peroxide

in Benzene and Anisole Systems

(a) The decomposition of benzoyl peroxide in an equimolar mixture of

benzene and anisole

The relative rate and partial rate factors cbtained in the present work

and those reported by previous workers are summarised in Table 49.
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Table 49

Relative Partial Rate Factors

Rate Fo Frm Fp Reference

3.18 7.24 1.C5 2.51 Experiment
77 and 78

2.01 4.2 0.87 1.9 48

2.71 5.6 1.23 2.31 55

1.96 3.9 1.0 1.92 85

The relative rate obtained in the present work is higher than that
, 48,137 . . . . .
previously reported . The isomer ratio obtained is similar to that for
the reaction in anisole alone. The high reactivity of anisole towards phenyl
radicals could also be related to the complexation reaction and to the
greater tendency of the phenylcyclohexadienyl radicals than the substituted

o-radicals to undergo side reactions. The complex formation "ties up"

benzoyloxy radicals with anisole molecules.

(b) The effects of m-dinitrobenzene and nitrobenzene on the

decomposition of benzoyl peroxide in an equimolar mixture of

benzene and anisole

Table 50
Experiment  Additive Relative Rate Partial Rate Factors
Number g (mole/mole X
peroxide) Fo Fm Fp
Mean of 77
and 78 Nil 3.18 7.24 1.05 2.51

Mean of 79,
80 and 81 m-Dinitrobenzene 1.87 3.78 1.18 1.32
0.2022 g (0.1941)

Mean of 82 m-Dinitrobenzene 1.76 ) 3.50 1.13 1.28
and 83 Q.4546 g (0.4304)

Mean of 84 Nitrobenzene 2.19 ’ 4.41 1.38 1.52
and 85 0.2168 g (0.2842) :

Mean of 86 Nitrobenzene 1.69 3.43 1.04 1.20

and 87 0.4940 g (0.6476)
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The isomer distribution of both methoxybiphenyl and methoxy-
phenylbenzoates shows a close similarity to that observed in the reaction
in anisole alone containing m-dinitrobenzene as additive (Table 50). The
effect of the nitro-compounds are demonstrated in figures (12), (13) and
(14) . From the similarity in isomer ratio in the products, it is likely
that the same effect of m-dinitrobenzene operating in the reaction in aniscle
alone is also operating in this reaction. In the presence of m-dinitrobenzene
the effect which was observed in the relative rates K for toluene is also
observed here, though the effect is greater here: the relative rate has
decreased from 3.18 to about 1.8.

The more drastic effect on the relative rate K in this reaction than
for reactions with toluene could be accounted for by the following consideration.
In the presence of m-dinitrobenzene, the complexation of benzoyloxy radicals
with anisole is no longer an important phenomenon. On the contrary, the
benzoyloxy radicals show a greater tendency to complex with the nitro-compound.
Thus, a complicating factor in the uncatalysed reaction i; removed by the
presence of the catalyst. As a result, phenyl radicals could be freely formed
from benzoyloxy radicals and could exhikbit a random selection of the two
competing solvent molecules. This would give rise to the formation of more
phenylcyclohexadienyl radicals. As already suggested (page171), in the
absence of additives the phenylcyclohexadienyl radicals are more prone to
dimerisation reaction than the substituted phenylcyclohexadienyl radicals.
However, this difference becomes much less important in the presence of
m-dinitrobenzene since both types of radicals are then oxidised readily to
give biaryls. Thus the biphenyl yield is increased, whereas the yield
of methoxybiphenyls which was high even in the absence of additives, since
the corresponding o-complexes are almost quahtitatively oxidised to biaryls,

shows little scope for increase. The value of K as measured in the presence
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The effect of additives on the relative rate factor MSOK

in the decomposition of benzoyl peroxide in an equimolar

mixture of anisole and benzene at 80C>
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of m-dinitrobenzene is therefore lower than in its absence, and should
be a better measure of the true relative reactivity of anisole.

A similar trend of reactivity was also observed in reactions with
added nitrobenzene. Since the relative rate and the partial rate factors
obtained in both nitrobenzene and m~dinitrobenzene are similar, the
explanations suggested for the m-dinitrobenzene catalysed reactions are
also applicable here.

The nitro-arenes also exert a great effect on the partial rate
factors of the o- and p-positions of anisole while the m- is practically
unaffected (c.f. Table 50). This fact providss further support of the idea
that in the absence of additive benzoyloxy radicals zlso involved in selecting
the two competing substrates ie. benzene and anisole molecules. In the
presence of nitro-compounds the reactivity of o- and p-positions decreased
drastically. The decrease in reactivity is caused by the removal of the
preliminary selection by the electrophilic benzcoyloxy radicals on the
o- and p-positions which are relatively electron-rich. This arises from
the elimination of the complexation reaction between benzoyloxy radicals and
anisole molecules. The benzoyloxy radicals tend to form complex with the
nitro-compounds. On subsequent decarboxylation of benzoyloxy radicals, the
phenyl radicals generated would have no polar preference and would be
non-selective both intra-molecularly and inter—moleculafly, therefore causes
a reduction in the partial rate factors of the o- and ijositions. Since
the m-position is the least sensitive to polar effect, so the removal of the

above complication has little effect on its reactivity.
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The effect of ferric benzoate,

201.

cupric benzoate and cupric

p-toluate on the decomposition of benzoyl peroxide in an

equimolar mixture of benzene and anisole

Table 51

Experiment  Additive g Relative Rate
Number (mole/mole
peroxide) K Fo Fm Fp
Mean of 77 Nil 3.18 7.24 1.05 2.51
and 78
Ferric benzoate
Mean of 88
and 89 0.3053 g (0.045) 1.79 3.84 0.87 1.34
Mean of 90
and 91 0.5979 g (0.089) 1.81 3.83 0.90 1.36
Experiment
92 1.1857 g (0.176). 1.72 3.66 0.89 1.25
Cupric benzoate
Mean of 93
and 94 0.0206 g (0.006) 1.99 4,08 1.19 1.39
Experiment
95 0.0400 g (0.011) 1.94 3.98 1.15 1.36
Experiment
96 0.0800 g (0.021) 2.08 4.30 1.26 1.38
Mean of 97
and 98 0.2000 g (0.053) 1.62 3.31 0.98 1.12
Cupric toluate
Mean of 99
and 100 0.0404 g (0.010) 1.56 3.19 0.95 1.05

‘These catalysts also lead to lower apparent relative reactivities of

anisole.

reactions catalysed by nitro-arenes.

is good so the extent of the side reaction is minimal in this catalysed

reaction.

The isomer ratio in these reactions is similar to that observed in

As usual the recovery of phenyl groups
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Partial rate factors, Fx
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The variation of partial rate factors with concentration of
ferric benzoate in the decompcsition of benzoyl peroxide in

equimolar mixture of anisole and benzene
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The rate factors are summarised in Table (51) and the effects
of the metallic benzoates on relative rates is demonstrated in figures (12),
(15) and (16). The explanation of the variation of K values and the partial
rate factors obtained in these experiments could have the same origin as
suggested for reaction containing nitro-compounds; i.e. the benzoyloxy
radicals or benzoyl peroxide molecgles tend to form complexes with the
metal salts rather than with anisole molecules eliminates complications,
and leads to a truer picture of the relative reactivities. The phenyl
radical again turns out to be less selective than it appears to be in the
uncatalysed reactions. Again as with the other catalysts selective
dimerisation of unsubstituted phenylcyclochexadienyl radical is prevented
by catalysis by their oxidation to biphenyl &nd this also results in a
reduced value of K for anisole,

The above explanation for the effect of ferric benzoate on the
rate factors is also applicable in the cupric benzoate and cupric p-toluate
catalysed reactions. It is noted that the yield of benzoic acid in the
transition metal salts catalysed reaction is always less than that

observed in the uncatalysed reactions,

(d) 'The decomposition of benzoyl peroxide in a solution

containing various molar ratios of anisole and benzene

The changing of the molar ratio of the competing substrates also has
some . effect on the value of relative rate compared to the value obtained
from the corresponding reactions containing equimolar mixture of the two
competing solvents. The lower ing of the relative rates in the presence of
additives is also observed here. The result obtained shows a close
similarity to the values found in reaction containing an equimolar mixture

of anisole and benzene in reaction with the appropriate additives.
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Table 52
zprivent it
g (m/m) and benzene
Mean of 77 & 78 Nil 1.0 3.18
Mean of 101 & 102 Nil 2.817 2.41
Mean of 103 & 104 Nil 0.308 2.92
m-Dinitrobenzene
Mean of 82 & 83 0.4546 (0.436) 1.0 1.76
Mean of 105 & 106 0.2569 (0.251) 2.817 1.66
Mean of 197 & 198 0.3131 (0.301) 0.308 1.22
Cupric benzoate
Mean of 97 & 98 0.2000 (0.053) 1.0 1.62
Mean of 109 & 110 0.1757 (0.047) 2.817 1.69
Mean of 111 & 112 0.1742 (0.046) 0.311 1.72
Ferric benzoate
Mean of 90 & 91 0.6004 (0.089) 1.0 1.81
113 0.5882 (0.087) 2.819 1.78
114 0.5778 (0.086) 0.311 1.67
Mean of 115 & 116 0.7953 (0.118) 0.2047 1.70

preceding section are also applicable here.

Consequently, the explanations which have been advanced in the

The close similarity of the

results also provide a further check for the reliability of the rate values

obtained in reactions containing equimolar mixture of anisole and benzene.

Therefore the relative rate obtained from reaction in the absence of additive

did not provide a true measure of the intra-molecular and inter-molecular
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reactlvity of anisole. As it has been discussed in the preceding section
the results in the presence of-additives provide reliable inaices of
the reactivity of anisole molecules.

(e) Summary

The results of phenylation reactions in anisole suggest two
conclusions: (1) benzoyloxy radicals form complexes with anisole and
(2) in the absence of additive side reactions of og-radicals can be selective.
The inclusion of additives such as nitrcec-arenes, metal benzoates serves two
functions (1) they suppress the complexation reaction of benzoyloxy radicals
with anisole molecules (2) they prevent the side reactions of various
o-radicals. Therefore the results obtained under these conditions reflect
the true intra-molecular and inter-molecular reactivity of anisole and
benzene towards phenyl radicals.

The best set of relative rate and partial rate factors is given in
the following table. These values are obtained by taking the mean value
of the limiting values obtained from graphs (12) - (16)in the presence of
additives e.g. nitrobenzene, m-dinitrobenzene, ferric benzoate , cupric

benzoate and cupric p-toluate.

Table 53

Relative Rate ‘ Partial Rate Factors

K Fo Fm Fp

1.7 3.4 1.0 1.2
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V. The Effect of Some Additives on the Decomposition of Benzoyl

Peroxide in t-Butylbenzene

Table 54
Experiment Additive g t-Butylbiphenyls Isomer Ratio Benzoic Acid
Numb 1 - - -
er {mo e(mole (m/m) o m- P (m/m)
peroxide)
Mean of 117 Nil 0.585 19.6 56.9 23.5 0.402
and 118
Mean of 119 m-Dinitrobenzene
and 120 0.2636 g (0.379) 0.433 23.4 55.2 21.4 0.445
Mean of 121 Cupric benzoate
and 122 0.1039 g (0.041) 0.484 24.7 51.8 23.5 0.635
Mean of 123 Ferric benzoate
and 124 0.6049 (0.134)  0.495 20.7 52.6 26.8 0.4405

'The reaction products in thisvreaction were not fully investigated in the
present work. The major products detected are t-butylbiphenyls and benzoic
acid. Little biphenyl (< 1%), which is probably formed by the unioﬁ of two phenyl
radicals, was also detected in the present studies.

The phenylation of t-butylbenzene is complicated by a steric effect
arising from the bulky t-butyl group, and which greatly suppresses the
reactivity of the o-position. From the results listed in Table 54 oxidising
agents in the reaction did not increase the yield of t-buﬁylbiphenyls. The
presence of oxidising agents in the reaction did not increase the yield of
t-butylbiphenyls and the isomer ratio changes are not great. It seems
that the additives did not participate in the reaction. m-Dinitrobenzene
did not cause an increase on the yield of the biaryl probably because
there is difficulty in reducing it to the corresponding nitroso-compound.

The reducing agent in this reaction would be the various o-intermediates

resulting from the sttack of t-butylbenzene by phenyl radicals. Presumably
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due to steric hindrance, the reduction of m-dinitrobenzene by o-radicals
is expected to proceed with difficulty. Consequently the m-dinitrobenzene,
added as a catalyst, competes with t-butylbenzene for the phenylation
reaction. The absence of a catalyticeffect could also be partly due to
steric hindrance to any oxidation of these bulky o-complexes.

The absence of any effect of the metal salts in increasing yields
of biaryl is largely due to the very low (almost zero) solubility of
the metal salts in t-butylbenzene.

The t-butylbiphenyls and benzoic acid are formed according to the
following mechanism; with the termination reaction occurring between

o-radicals.

(PhCO-O)2 —> 2PhCO°*Oc ceecns (158)

PhCO® O* ——————> Ph* + CO, i ie... (157)

Bu
Phe + —
: ag

H Ph

tBu

tBu //k Ph
™~
/+ (PhCO- 0) . ————> K/x«/ + PhCO.H + PhCO+O* een. (159
2 /) 2

NS

o-, m-, and p-

20° ————> Dimerisation and disproportionation products

R ¢ 10

(a) The effect of additives in the decomposition of benzoyl peroxide

in benzene-t-butylbenzene system

The results of the yields of biaryls and benzoic acid are given in
Table (17). The relative rate and the partial rate factors for phenylation
obtained in the present work from reactions in the absence of additive,

together with some literature values were shown in the followirg Teble (55).
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Table 55
Relative Rate Partial Rate Factors Reference

K Fo Fm Fp

1.06 0.59 1.74 1.72 Mean of
Experiment 125
and 126

0.64 0.46 0.94 1.0 149

1.09 0.70 1.64 1.81 55

The rate values obtained in the pressnt studies are higher than
that reported by Cadogen, Hey and Williamslssé and those of Cazes et.al.48
but are more in line with the values published recently by Davies, Hey
and Summer555. The relative rate (106) indicates that t-butylbenzene
is about as reactive as benzene towards phenylation. However, the lower
total yield of biaryls in the present reaction (0.50 mole/mcle) casts
doubt on the significance of the relative rate, since the side reactions
of the o-radicals may be important therefore the apparent rate factors

could be misleading.

(b) The effect of m-dinitrobenzene and nitrobenzene on the

deconposition of benzoyl peroxide in an eqguimolar mixture of

benzene and t-butylbenzene

Unlike the reaction in t-butylbenzene alone, the yield of t-butylbiphenyls
is increased by about 10% in the competitive reéction containing
m-dinitrobenzene (Table 18), but the yield of biphenyl is increased to a
much greater extent (over 40%). The enhanced yield of the biaryl is
accompanied by a similar increase in the yield of benzoic acid. These
observations indicate that the nitro-group effect is operating in this
system. Now the m~dinitrobenzene could be reduced easily by the unsubstituted

phenylcyclohexadienyl radicals to the corresponding nitroso-compounds which
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ultimately forms the nitroxide radicals, (pagel50), the species responsible
for the oxidation reaction. The increase in yield of t-butylbiphenyls could

be due to the nitro-group effect.

H Ph H Ph
Bu
+ ———> Dimerisation and
disproportionation products

...... (i61)

H Ph
\/

2 O —————> Dimerisation and
disproportionation products

ceees. (162
H Ph

tBu
2 — > Dimerisation and
disproportionation products

evese. (163)

In the absence of nitro-compound the contribution of reactions (161)
and (162) toresidue formation would be more important than that of
reaction (157) because of steric hindrance of the t-butyl group. In the
presence of nitroxide radicals, the following reaction is very favourakle
and proceeds readily where the phenylcyclohexadienyl radicals are

efficiently oxidised to biphenyl.

H Ph

P
{
Ar
+ Ar'-N-0» ——> +  ON-OH
1 A’
Ar
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Consequently the extent of reactions {161) and (162)is greatly reduced
so that more t-butylbiphenyl is formed. Similar enhancement of yield of
biaryls and benzoic acid is also observed with nitrobenzene added as an
oxidising agent. This observation could be accounted for by the similar
explanation.

The lowering of the relative ratés in the presence of m-dinitrobenzene
and nitrobenzene is also observed here. The partial rate factors also show
some interesting feature: the reactivity of m- and p-positions is preferentially
lowered while that of the o-position is practically unaffected. The low
reactivity of o-position is not unexpected because the o-position is
deactivated by the steric effect from the bulky t-butyl group. The high
value of Fm in the uncatalysed reaction is anomalous for reasons as
described before (page 167). This position is expected to have a value
of unity if the selecting process between the two competing solvents
involved the same species. Therefore the large partial rate factors of the
m- and p-positions (both of which are reduced to a value closer to unity
in the presence of nitro-compounds) indicates that initial complexation
also occurs between the precursor of phenyl radicals and t-butylbenzene
molecules thereby increases the reactivity of the m- and p-positions.

In this system, the complexation is likely to occur between benzoyloxy
radicals and t-butylbenzene through some weak Van der Waal's forces.

Since the benzoyloxy radicals have a longer lifetime than phenyl radicals
hence intra-molecular selection within t-butylbenzene molecule is likely.
As a result the attack of the sterically unfavourable o-position is
avoided. This complexation is lifted in the presence of nitro-compounds
(page 16 8) . Therefore the phenyl radicals generated were free within the
solution to show a selection between the competing substrate molecules;
hence leading to a decrease in the reactivity of the sites which otherwise

would be favourable for the attack of phenyl radicals.
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(c) The effect of ferric benzoate and cupric benzoate on the

decomposition of benzoyl peroxide in an equimolar mixture of

benzene and t-butylbenzene

Table 56
Experiment Catalyst Relative Rate Partial Rate Factors
(m/m of K Fo Fm Fp
Peroxide)
Mean of 125 and
126 Nil 1.06 0.59 1.74 1.72
Mean of 133 and
134 Ferricbenzoate
(0.089) 1.02 0.61 1.56 1.77
Mean of 131 and Cupric benzoate 0.73 0.51 1.09 1.16
132 (0.011)

The presence of ferric benzoate in tne reaction mixture has little
effect on the yield of biaryl. The relative rate and partial rate
factors in this reaction are also practically unaffected, they show a
close similarity to the values obtained from the uncatalysed reaction. This
lack of effect of ferric benzoate could be due to some structured features
of the catalyst. This is possibly due to the reason that ferric benzocate
has a greater tendency to coagulate in this system (prcbably arises from
its low solubility in the present system) to form polymeric complex which
further lowers its solubility and efficiency for complexation with the
reagent, Hence it could not remove the complexation of benzoyloxy radicals
with t-butylbenzene.

The relative rate and partial rate factors obtained with cupric benzoate
as catalyst fall in the same range as that observed in the reaction
containing nitro-compounds. The yield of biaryls was also increased in
this reaction. These observations show that cupric benzoate, unlike ferric

benzoate, has a catalytic effect in this system. Though the solubility
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of cupric benzoate is also low in this system. However, unlike ferric
benzoate which requires a fairly large quantity to exhibit a catalytic
effect, cupric benzoate being a stronger oxidising agent, a little of it
dissolved in solution is sufficient to show its effect. Cupric benzoate
might have influenced the reaction by the same mechanism as suggested
for nitro-compounds.

(@) Summary

As it has been shown that nitro-compounds and cupric benzoate
could prevent the complexat%on between a érecursor of phenyl radicals
and t-butylbenzene, the raté factors obtained from reactions under the
influence of thése additives should provide a reliable measure of the
reactivity of t-butylbenzene towards the phenylaticn reaction by benzoyl
peroxide. The best set of reactivity index for t-butylbenzene in the
phenylation reaction with benzoyl peroxide is given below. These are
obtained by taking the mean values of the rate factors from the reactions

catalysed by m-dinitrobenzene, nitrobenzene and cupric benzoate.

t_guK Fo Fm Fp

0.8 0.5 1.2 1.2

VI. The Competitive Reactions of Equimolar Mixtures of Two Mono-Substituted

Benzenes

(a) Anisole and toluene system

The yields of methoxybiphenyls and methylbiphenyls and the relative
rates determined in this reaction are listed in Table (19). By making
use of the following conversion equations (169) and (170), these relative
rates can be converted into the relative rate with respect to benzene as

the standard solvent156.
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PhX PhX Phy

pha® T pny® 7 pna®
PhY
K = PhX
p
hH PhEY PhX,
PhH

where PhX and PhY represent the substituted benzenes.
The results are summarised in Table (20). The same striking feature
of lowering relative rate in the presence of additives observed in the

previous section is also cobserved here (Table 57). This observation supports

Table 57
Catalyst Nil m-Dinitrobenzene Cupric benzoate Ferric benzoate
MOy 1.62 1.33 1.25 1.35
<3

the explanation advanced in the previous diécussion, i.e. under the
influence of the additive chosen the complication arises from the complexation
between the substrates and the precursor of phenyl radical is eliminated
and enables phenyl radicals to exhibit a more random attack on the competing
substrates.

The results obtained by using the conversion equation in the absence
of additive showed slight disagreement with that determined from the
competitive reactions between the substrates and benzene. This might be
ascribed to the formation of complexes of different stabilities between the
substrates (toluene and anisole) with the reagent. However, good agreement
is obtained in the presence of additives. This finding supports the
conclusion that the rate factors determined in the absence of additives
are not reliable indices of reactivity. The present results also
confirmed that anisole is more reactive than toluene in the phenylation
reaction by benzoyl peroxide. The best values of MeOK, CI-]3 and MeoK are

CH3 H K H

listed below, these values are calculated from the conversion equations



by using the best values of MeOK, CH3 and MeOK.
CH K H
3 H
Table 58
CH
reo, 3 "%
Ve H
Best values obtained from 1.3 1.4 1.7
the direct competitive
reactions .
Best values obtained by 1.2 1.4 2.0
using the conversion
equation

(b} Anisole and t-butylbenzene system

The yield of biaryls and the total rate factors with respect to
benzene are summarised in Tables 32 and 33. The K values calculated are
comparable with the values determined in direct competitive reactions
with benzene as solvent, except for reactions containing no catalyst.
The similar trend of lcwering of K values observed in the competitive reactions
with benzene in the presence of additive is also observed in this reaction.
This observation could also be accounted for by the explanation given in

the anisocle/toluene system.

Table 59
Catalyst Nil m-Dinitrcobenzene Cupric benzoate Ferric benz.ate
MeQ 2.41 2.05 2.05 2.18
tBu
MeQ, MeO t3
e 5 K H“K
Best values obtained from 2.1 1.7 0.€0
direct competitive
reactions
Best values obtained by 2.1 1.8 0.84

using the conversion e juation
eguation
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(c) Toluene and t-butylbenzene system

The results are summarised in Tables (24) and (25). 'The total
rate factors obtained by using the conversion equations for the reactions
containing m-dinitrobenzene and cupric benzoate differ considerably from
the values determined from the direct competitive reactions between toluene

. . 5 tBu.
and benzene. It is only fortuitous that the use of the value H K = 1.00
(i.e. the value determined from the competitive reactions between
t-butylbenzene and benzene containing no additive or in the presence of
. : CH . -
ferric benzoate) for the calculations of 3K in the m-dinitrobenzene and
H

cupric benzoate reactions provides values (1.24 and 1.40 respectively)
which give better agreement with the experimental results. This discrepancy

might arise from the greater uncertainty on the reliability of the

experimental results in this system.

Table 60
Catalyst Nil m-Dinitrobenzene Cupric benzoate Ferric benzoate
“3, 1.55 1.33 1.40 1.56
tBu
CH3Y CH3 tBu
tBu u K H
Best values obtained from direct 1.4 1.4 0.8
competiiive reactiors ’
Best values obtained by using 18 1.2 1.0

the conversion ejuation

(d) Summary

The results obtained from the direct competition reactions between
anisole, toluene and t-butylbenzere confirmed the following order of

reactivity in the phenylation reaction with benzoyl peroxide.
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PhOMe > PhCH3 > PhH - > t-BuPh
The lowering of relative rates in the presence of additives
also support the conclusion that complexation occurs between the

substrates and the reagent.

VII. Conclusion

The best set of reactivity indices for toluene, anisole and

t-butylbenzene obtained in this work is summarised below.

Table 61

Summary of the rate factors for the systems studied

in the presence of additives

Solvent Relative Rate Partial Rate Factors

K Fo Fm Fp
Toluene 1.4 2.7 1.0 1.3
Anisole 1.7 3.4 1.0 1.2

t-Butylbenzene 0.8 . 0.5 1.2 1.2
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B. Homolytic Aromatic Silylation

I. The Reaction of Phenyldimethylsilyl Radicals with Aromatic

Hydrocarbons

(a) The reaction of phenyldimethylsilyl radicals with benzene

(i} The decomposition of azo-bis-isobutyronitrile or

benzoyl peroxide in a benzene solution containing

phenyldimethylsilane

The results are summarised in Table 62.

Table 62

Yields of products for the phenyldimethylsilane/benzene

system
Experiment Radical Initiator Molar Diphenyldi- Diphenyl-
Number (Molar Concentrat- Concentration methylsilane tetramethyl-
ion) of Phenyldi- (thsﬂnez) disilane
methylsilane (PhMezsi)2
(PhMezsiH)
Mean of 160  AIBN (80°) 0.100 M 1.9% Detected, yield
and 161 (0.104 M) not determined
Mean of 162  AIBN (80°) 0.230 M 10.8% 15.5%
and 163 (0.560 M)
Mean of 164 Bengoyl peroxide 0.046 M 32.5% <2%
and 165 (807, 0.040 M)
166 t-Butyl peroxide 0.087 M 33.6% 23.4%
(u.v.light, 0.068 M)
167 t-Butyl peroxide 0.059 M 7.5% . 145%
(u.v. light, 0.084 M)
168 + u.v. light 0.070 M 23% trace
169 u.v. light G.744 M 6% 12%

AIBN = Bis(azo-iscbutyronitrile )

The reaction products in this reaction are not fully investigated
only the major products are studied. The thermal decomposition of benzoyl
peroxide in a benzene solution of phenyldimethylsilane gave aromatic

substitution product (diphenyldimethylsilane) (21), up to 35% yield, and
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and substitution occurred to a less extent with azo-bis-isobutyronitrile
as radical initiator (7-14%). The dimerisation product, tetramethyl-
diphenyldisilane (PhMeZSi)2 (22), of the silyl radicals was also detected
in these reactions therefore providing evidence for the homolytic nature
of the reéction.

The formations of diphenyldimethylsilane (PhZSiMez) (21) and
tetramethyldiphenyldisilane (PhMe2Si)2 (22) are consistent with a
homolytic aromatic substitution reaction which involves silyl radical

intermediates and could be accounted for by the following mechanism

A

P ——— 2R iide .. (164)
oo
i
where P = CH_-C-N=N-C-CH or (PhCO-0)
3 | | 3 2
CHy
]
Re = CH3—C' ' PhCO*0O* or Ph-
)
3
Re + PhMezsiH ——3> RH + PhMezsi' ...... (165)
iMe2Ph
. (a) \ :
PhMe281- + {1 —— v e e (166)
Y-a)
(o)
SlMezPh
e + Re ——mm » RH + |V  iiee.. (167)
(21)
PhMe,Si —— H JH
26 =+ — \ ceeeees (168)
H \— H SiMe2Ph

and other isomers
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H\;iMe2Ph SiMe2Ph ,
26e —————> m + @ cesees (169)
X
H H
2 PhMeZSi' EER—— PhMezsi - SiMezPh eeeea-  (170)
(22)

Diphenyldimethylsilane was formed by the addition-displacement
mechanism, the silyl radicals add to the benzene nucleus to form
the cyclohexadienyl adduct. In the presence of an radical initiator,
these O-intermediates could be arcmatised by radicals derived from the
initiator or by phenyldimethylsilyl radicals. In the latter, the starting
phenyldimethylsilane is regenerated. The contribution from the
disproportionation and dimerisation routes in this reaction would be
important, as shown by the poor material balance in these reactions. The
formation of the polymeric residue accounted for the rest of the silyl
radicals.

The formation of the dimer (22) of the silyl radicals indicated
that these radicals are not very reactive towards benzene. This observation
is also consistent with the postulated reversible addition reaction of

21,115(b),216. In

silyl radicals to benzene to form the o-intermediates
the absence of an efficient oxidising agent, the combination reaction of two

silyl radicals to form dimers could compete more favourably with the
oxidation of o-radicals.

There are a number of unidentified peaks (trace gquantities) in the
gas chromatograms of the products of these reactions, when the temperature
of the gas liguid chromatographic column (Apiezon grease column) was raised
to 23OOC. A larger portion of polymeric compounds might be too involatile

to be eluted at this temperature. The dimerisation and disproportionation

products of the o-intermediates might account for some of the unidentified
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peaks. However, where no radicals initiator was included to catalyse

the reaction (e.g. direct photolysis of phenyldimethylsilane in benzene),
there was a trace peak in the chromatogram after the one due to
diphenyldimethylsilane. This trace peak was possibly due to the
dihydroaromatic product resulting from the disproportionation reaction of
o-radicals. Besides the dimerisation of the silyl radicals to give high
boiling residue; other processes such as that given below could also
divert the aromatic silylated products diphenyldimethylsilane and the

dimer tetramethyldiphenyldisilane (22) to form other involatile compounds.

Me Me

Lo
PhMe28i° + @-Si—Si—@ —_—>
b

Me Me

SiMePh

...... (1771)
Me Me
P
Ph-Si-?i'
1
Me Me
Me Me Me Me Me
|| [ '
Ph-Si-Si.- + PhMeZSi. —_— Ph-?i~Si—?i—Ph ceeee. (172)
|

Le &e Me Me Me

Diphenyldimethylsilane could also be formed from the following

redistribution reaction as a minor contributor.

Me PhMeZS 1Me2H

|
PhMezSi' + Ph—’Si—H —_— O ...... (173)

Me
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PhMe281 SlMQZH PhMe251

O — + MezHSi' ...... (1742)

The reactions(168)and(171) for the formation of diphenyldimethyl-
silane are further supported by the fact that even in reaction in
toluene or anisole there is always formed Z - 3% of diphenyldimethylsilane.

Relatively more dimer of the silyl radiceals (PhMe.Si-) was obtained

2
when bis (azo-isobutyronitrile) was employved as a radical initiator than
when benzoyl peroxide was used. This observation may be due to the fact
that 2-cyanoisopropyl radicals are less efficient as a hydrogen abstractor

than benzoyloxy or phenyl radicals so that the reverse reaction of (163)

is more prevalent in the former reaction.

(ii) The photolysis of t-butyl peroxide in a benzene solution

containing phenyldimethylsilane

The results are summarised in Table (62), experiment numbers (153)
and (154). Substitution product occurred up to 33% under favourable
conditions, however, lower yield (7.5%) was obtained when large amounts of
t-butylperoxide was included in the photolytic reactions, (experiment number
(151)). Dimer of phenyldiméthylsilyl radicals was also detected in varying
quantities (14.5 to 23.4%).

The products could also be accounted for by the mechanism suggested
in the preceding section. In reactions where t-butylperoxide was employed
as radical initiator.the silyl radicals were formed in the following

manner.

(CH3)3C-O-O—C((H3)3 hv 2(CH3)3C-O- ceae-. (177)

(CII3) 3C'O° + PhMe SiH ——> (CHB) 3COH + PhMezsi' casese  (176)

2
From the similarity of the products formed, phenyldimethylsilyl

radicals are also believed to have been formed from the direct photolysis



222.

of a solution containing phenyldimethylsilane in benzene. In this

reaction diphenyldimethylsilane was obtained in yield varying from 6%

PhMe S iH ——Pl—>PhMe2Si- + H-

to 33% depending on the experimental conditions. No attempt in this work
has been made to detect hydrogen or any organic reduction products formed
(if any). In this reaction the transformation of the o-radicals to
binuclear aromatic product is probably cauvsed by phenyldimethylsilyl

radicals or by disproportionation.

H SlMezPh §1Me2Ph
@ + PhMeZSi- _— +PhMeZSiH ...... (177)
H SiPhMe SiMe, Ph H SiMe2Ph
\

2 2
s
2 S + l i and other
A isomers ....... (178)
H

The ratio of the yields of dipnenyldimethvlsilane and dimer varied
with the concentration of phenyldimethylsilane, being lowered with higher
concentration of hydrosilane. This is probably due to the fact that at
higher concentration the stationary concentration of silyl radicals is

higher and so more favourable for the dimerisation reaction.

In both the thermolytic and photolytic reactions a compound with
the same retention time of biphenyl is obtained (with yields varied from
0.01 to 0.06 mole per mole of phenyldimethylsilane consumed). The photolysis
of benzene under the same conditions also forms trace amounts of a compound
with the same retention time as biphenyl.

From the above considerations, the best methods of silylating

benzene with phenyldimethylsilyl radicals are (i) by the thermal decomposition
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of an equimolar mixture of benzoyl peroxide and phenyldimethylsilane

in benzene at 80° for 72 hours, and (ii) by the photolysis of an equimolar
mixture of t-butylperoxide and phenyldimethylsilane in large excess of
benzene at room temperature for 100 hours or longer. However, the

choice of benzoyl peroxide as the radical initiator has one disadvantage
when the reactions of silyl radicals with substituted benzenes are
investigated. The competing phenylation reaction will complicate the

analysis of the reaction products.

(b) The photolysis of phenyldimethylsilane in toluene

Photolysis of toluene solution containing t-butylperoxide and
phenyldimethylsilane gave bibenzyl as the major product, together with
some nuclear substituted products. The analysis of the reaction products
by gas chromatography was difficult as the latter products are only formed
in minor amounts whereas the predominant g.l.c. peak due to bibenzvl masked

the peaks of other products. Therefore the reaction was not investigated

further.
hv
(t—BuO)2 ——> 2t-BuCe ... (179)
t-BuO- + PhCH3 —>t-BuCH + PhCHz- ....... (180)
2PhCl'12- —_— (PhCH2)2 ceee.. (181)

Some of the bibenzyl could also be contributed by the following
reaction, as some bibenzyl is formed in the photolysis of toluene alone.
Consequently direct photolysis of a solution containing phenyldimethylsilane

PhCHB——ﬁ-——é- PRCH, + + H- ... (182)

2PhCH2-————-———>- (PhCH2)2 ..... . (183)
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in toluene was performed. It was found that the bibenzyl yield is
greatly reduced. The aromatic substitution products were probably formed
by the homolytic aromatic substitution reaction. These products were

obtained in low yield (e~ 12%). The results are summarised in Table (26).

v
PhMezsiH —h—>PhMeZSi' + ®5 ... (184)
3 H giMe Ph
i —_— Vel . 3
PhMe281 + - \*; :,_CHB (185)
(o3
SiMezPh .
o + PhMeZSi’ —_— [:j:] + PhMezsiH cesene (186)
20" ——————> Dimerisation and disproportionation
products  ...... (187)
3 Sy
+ PhMeZSi° —_— + PhMe2SiH cesss.  (188)
CHZ'
2 —_ (PhCHZ)q ...... (189

Diphenyldimethylsilane detected in this reaction is probably formed

by the redistribution reaction as described before (page 221). The reaction

was carried out once.
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(c) The reaction of phenyldimethylsilyl radicals with

naphthalene

Table 63

The reactions of silyl radicals with naphthalene at 130°

a-Phenyldimethylsily)- B—-Phenyldimethyl- Isomer Ratio

E i t N
xperiment Number naphthalene silylhaphthalene  o- 8-

Mean of 173 and 174 18.1% 6.9% 74% 26%

The thermal decomposition of t-butylperoxide in naphthalene containing
the hydrosilane at 130° afforded a- and B-silylated naphthalenes, (yields
varied from 18 to 31%), diphenyltetramethyldisilane (21) and at least two
unidentified peaks, some of which could be due to binaphthyls, because
peaks with similar retention times are observed from the reaction mixture
cbtained by the thermal decomposition of benzoyl peroxide in naphthalene.

The a- and B-silylated naphthalenes are probably formed according

to the general reaction scheme of homolytic aromatic silylation (page 218).

ITI. The Reaction of Phenyldimethylsilyl Radicals with Halobenzenes.

(a) The reaction of phenyldimethylsilyl radicals with chlorobenzene
Table 64

The products of the reaction of silyl radicals with chlorobenzene

1 .
Experiment Number Diphenyldimethyl- Diphenyltetra- Chlorcbiphenyls .
: . s . Isomer Ratio
silane methyldisilane Yield 5 3g 4
(Ph, SiMe,) (PhMe,Si)

Mean of 171 and 51.6% 10.2% 22,1 52.8% 47.2%
172 '

The thermal decomposition of t-butylperoxide in a solution of
phenyldimethylsilane in chlorobenzene at 130° for 24 hours gave the following
products: diphenyldimethylsilane (in ~/ 50% yield) phenyldimethylchlorobenzene

(23), o-, m- and p- chlorophenyl, tetramethyldiphenyldisilane (21) and

a number of unidentified peaks.
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There are two ways by which the silyl radicals appear to react
with chlorobenzene: (a) an addition-displacement reaction or (b) a
direct abstraction of the chlorine atom from chlorobenzene to produce
phenyl radicals. Attack by silyl radicals other than at the l-position
apparently does not occur. This is possibly due to the nucleophilic
nature of the silyl radicals which predominantly attack the relatively
electron deficient l-position and avoid the relatively electron rich

T-system of the benzene ring.

Cl Cl SiMe Ph
(a) PhMe Sic + Y A B (190)
Cl SiMe,Ph SiMe Ph
O + PhMeZSio _— @ + PhMezsiCl .o (191)
(23)
Cl .
(b) PhMeZSi- +

_—’_'}PhMe,)SiCl +© ceeees  (192)
(23)

H Ph

Cl
-

©-, m- and p-

...... (193)

The yield of phenyldimethylchlorosilane was not determined due to
the readily hydrolysis of this compound in air. Diphenyldimethylsilane may
be formed by radical recombination of phenyl radicals with phenyldimethylsilyl

radicals (eqg. 191) or by an addition displacement mechanism (a).

€

@ + PhMeZSiO —_—> PhMeZSi—@



227.
The latter is more likely, particularly in view of the detection of
chlorodimethylphenylsilane. This allows an approximate estimation of
the ratio of the addition displacement reaction to the halogen abstraction
reaction by comparison of the yields of diphenyldimethylsilane and
chlorobiphenyls. An indication of the relative importance of addition to
halogen abstraction processes is given by the ratio of the yields of
chlorcbiphenyls to diphenyldimethylsilane (0.61).

Table 65

Heat change of abstraction of halogen atoms from halobenzenes

by trimethylsilyl radicals

- -1 -
X D (Ph-X)kcal mol 1 (158) D(Mezsi-x)kcal mol AH (kcal mol 1)
D (Me,Si-X)kcal mo1”1 (3
cl 85 104 -19
Br 71 87 -16
I 61 78 -17

(a) values taken from Table (3)

The above table shows that all these halogen abstraction reactions
would be exothermic and therefore feasible. The presence of chlorobiphenyls
among the products is consistent with this. Theisomer.ratioc of the chlorobiphenyls
is comparable with thai oﬁtained from the phenyl radicals generated from

‘

7 . . c .
known sources6a . This provides further evidence of the participation of

phenyl radicals in this reaction.

(b) The reactions of phenyldimethylsilyl radicals with

p-dichlorobenzene

The results are summarised in the following table.
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Table 66

The products of the reactions of silyl radicals with

p-dichlorobenzene

Experiment p~-chloro- (phenyl- Diphenyltetramethyl 2,4',5-trichloro-
Number dimethylsilyl)» disilane biphenyl (25)
benzene (24)

Mean of 195 & 10.4% 4.2% 5.4%
196

The reactions of silyl radicals with p-dichlorobenzene gave the
following products: o-chlorophenyldimethylphenylsilane (24), 2,4',5-tri-
chlorobiphenyl (35) and tetramethyldiphenyldisilane (22). These products
were probably formed by the competition of the addition-displacement

and halogen abstraction mechanism. The predominantly attack of l-position

by the silyl radicals provides further evidence of the nucleophilic nature

of silyl radicals.

cl Cl $iMe Ph
SN PhMe25i°
+ PhMe Sir ——> !Q /{ ~T——"—> PhmMe sicCl
<l
cl cl + ... (195)
1Me2Ph
e
gr,t
c1l cl
(24)

+ PhMeZSiCl

.Cl
(25)
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(c) The reactions of phenyldimethylsilyl radicals with bromobenzene

The major products detected in this reaction are o-, m- and p-
bromobiphenyls together with a little biphenyl. &2 little benzene was
also detected. Tetramethyldiphenyldisilane was not detected in this
reaction and also no diphenyldimethylsilane was formed.

The major products obtained in this reaction suggest that the
direct bromine abstraction from bromobenzene by silyl radicals is a
favourable reaction in this system, possibly because of the relatively
weaker carbon-halogen bond in bromobenzene compared to that in chloro-
benzene. The isomer ratio of bromobiphenyls formed is similar to that
formed from other homolytic phenylation reactions. A trace of biphenyl
was detected possibly formed by union of phenyl radicals or by their
attack on the l-position of bromobenzene. The absence of diphenyl-
dimethylsilane in the reaction products ruled out the importance of the
addition-displacement process in this reaction. The absence of any
detectable amount of the dimer of the original silyl radicals in this
reaction indicated that these silyl radicals are very reactive towards
bromobenzene. In one reaction while t-butylperoxide alone was allowed
to decompose in bromobenzene at 1300, only a trace of bromobiphenyls
was detected at the end of the reaction. No attempts were made to
determine the yield of bromosilanes for the reason given for

chlorosilanes. The main reaction is therefore as follows:-

Br
]
+ PhMeZSi~ —_— [:::] + PhMeZSiBr ...... (197)
Bx . H Ph
[
v [ — [ie)
N -
: Br



230.

The reaction in iodobenzene was qualitatively shown to produce
mainly iodo-biphenyls, and is therefore similar to that in bromo-

benzene.

IITI. The Reactions of Phenyldimethylsilyl Radicals with Anisole.

Table 67

The products of the reactions of silyl radicals with

anisole
Experiment  Diphenyldimethyl- Diphenyltetra- Phenyldimethylsilyl-
Number silane methyldisilane anisole
Yield Isomer Ratio
o- o= p-
Mean of 179 | 6% 5.5% 17.5% 42% 39% 19%

and 180

The reaction of silyl radicals with anisole is complicated. Amongst
the products, o-, m- and E;(Phenyldimethylsilyvanisoles (26) , diphenyldimethyl-
silane and tetramethyldiphenyldisilane were identified (Table 67). These
products are consistent with the homolytic nature of the reaction. The
silyl radicals are formed by the now well-established homolytic aromatic
substitution reaction. The isomer ratic of the silylanisoles is 45%.
35% and 20% for the o-, m- and p- isomers respectively. The higher
m/p ratio observed in this reaction than in phenylation reaction is
consistent with the nucleophilic nature of silyl radicals as being shown

in the previous discussion (page 226).
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