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ABSTRACT

The thermal decomposition of benzoyl peroxide in 

anisole at 80° gave 10.8 mol% methoxyphenyl benzoate, with 

an o r t h o :para ratio of 3:2. The inclusion of copper(II) 

benzoate in acetonitril'e increased the yield to about 

20 mol%. The yield and isomer distribution of methoxy- 

phenyl benzoate varied significantly with the temperature, 

and depended also upon the a n i s o l e : benzoyl peroxide : c o p p e r (I I ) 

benzoate ratio, and were influenced by deuterium at the ortho-
Ior para- position, i

Kinetic analysis, using galvinoxyl, showed that 

copper(II) benzoate slightly increased the rate of the 

primary homolysis of benzoyl peroxide at 60-75°, but the 

rate was slower than in the uncatalysed decomposition at 

80-82°.

Visible spectroscopic analysis showed that benzoyl 

peroxide reacted with copper(II) benzoate in acetonitrile 

to form a new species with a maximum absorption at 388 nm 

( 2 ~ 2 56 000 M  ̂cm  ̂) . The rate of its formation was

proportional to the concentration of benzoyl peroxide, 

and increased with temperature. The preformed species 

could not oxygenate anisole effectively.
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The investigation was extended to halogenated anisoles, 

which gave high yields of methoxyphenyl benzoate, and to 

the polynuclear systems, naphthalene and m e t h y I n a p h t h a l e n e s .

The thermal decomposition of benzoyl peroxide in 

anisole was investigated in the presence of other additives, 

such as copper(II) chloride, copper(II) bromide, iodine,

N - b r o m o s u c c i n i m i d e , bromine, and tin(IV) chloride, in 

a c e t o n i t r i l e .

As another method of oxygenation, the benzoyl peroxide 

initiated reaction of halogenated aromatic compounds with 

acetate ions gave results which agreed with previous 

literature reports. This reaction could not be extended to 

anisole and highly fluorinated aromatic compounds.

Perbenzoic acid was found to be an ineffective reagent 

for oxygenation of aromatic compounds, even in the presence 

of a d d i t i v e s .



Ill

CONTENTS. Page

1. INTRODUCTION.

1.1. Oxygenation of organic compounds. 1

1.1.1. Homolytic versus heterolytic 3

method of oxygenation.

1.2. Isomer distribution in homolytic 5

aromatic substitution.

1.3. Aroyloxylation of aromatic compounds. 9

1.3.1. Kinetic studies. 12

1.3.2. Isotope effect. 17

1.3.3. Promoting aroyloxylation 18

reaction in aromatic compounds.

1.3.3.1. Stabilisation of aroyloxy 18 

r a d i c a l .

1.3.3.2. Presence of oxygen. 24

1.3.3.3. Presence of metal salts. 25

1.3.3.4. Presence of Lewis acid. 32

1.4. Reaction of benzoyl peroxide with 34

aromatic compounds.

1.4.1. A n i s o l e . 35

1.4.2. Aromatic amines. 36

1.4.3. Polynuclear aromatic hydrocarbons. 39

1.4.4. Fluoroaromatic compounds. 42

1.5. Other methods of aroyloxylation. 43

1.5.1. The Sg^2 reaction. 43

1.5.2. Lead(IV) salts. 47

1.5.3. Perbenzoic acid. 49



IV
Page

2. EXPERIMENTAL.

2.1. Instruments. 52

2.2. Methods of analysis. 53

2.2.1. Gas-liquid chromatography. 53

2.2.2. High-performance liquid 55

chromatography.
1 92.2.3. F-N.m.r spectroscopy. 55

2.2.4. ^H-N.m.r spectroscopy. 57

2.2.5. Molecular weight. 53

2.3. Purification of organic reagents. 53

2.4. Preparation of organic reagents. 59

2.5. Preparation of authentic compounds. 67

2.6. The decomposition of benzoyl peroxide 32

in aromatic compounds.

2.6.1. Procedure. 32

2.6.2. W o r k - u p . 33

2.6.2.1. The uncatalysed decomposition. 33

2.6 .2.2. The catalysed decomposition. 33

2.6.3.. Results. 34

2.6.4. The stability of 2- and 4- 92

methoxyphenyl benzoates under the 

experimental and analytical 

conditions.

2.6.5. The relative reactivity of 92

anisole to naphthalene in the 

copper(II) benzoate catalysed 

decomposition of benzoyl peroxide

at 80°.



Page .

2.6.6. The effect of copper(II) 93

catalysts in the decomposition 

of benzoyl peroxide in anisole.

2.7. Kinetic investigations. 94

2.7.1. The decomposition of benzoyl 94

peroxide in anisole-acetonitrile

in the presence of galvinoxyl.

2.7.2. The reaction of benzoyl peroxide 96

with copper(II) benzoate in 

a c e t o n i t r i l e .

2.8. The chemistry of copper complex. 99

2.8.1. The molar extinction coefficient, 99

^max *
2.8.2. The infra-red spectrum and loO

molecular weight.

2.8.3. The reaction of copper complex loi

with aromatic compounds.

2.8.3.1. The benzoyl peroxide content in ^q I

the reaction of benzoyl peroxide 

with copper(II) benzoate at 60° 

after 24 hours.

2.9. Copper(II) benzoate as a benzoyloxylating 103

agent in an is o l e -2- n apht ho y1 peroxide- 

iodine-acetonitrile systems.

2.10. Copper(II) chloride as a chlorinating agent 103 

in phenol -b enzoy1 peroxide-acetonitrile 

s y s t e m s .



Page

2.11. The benzoyl peroxide initiated reaction 104 

of aromatic compounds with acetate ions

(The S qj^2 reaction).

2.11.1 Procedure. 104

2.11.2. Work-up. 105

2.11.3. Results. 105

2.12. The decomposition of perbenzoic acid in 108

anisole and 4-fluoroanisole in the

presence of additives at 0-5°.

2.13. Direct synthesis of 4-methoxyphenyl- 109

benzoate from 4 - f l u o r o a n i s o l e .

2.13.1. From the copper(II) benzoate 109

catalysed decomposition of

benzoyl peroxide.

2.13.2. From the benzoyl peroxide 111

initiated reaction with

potassium acetate (Sq^^2 ).

3. DISCUSSION.

3.1. Decomposition of benzoyl peroxide 112

in anisole.

3.2. The chemistry of copper(II) benzoate. 119

3.2.1. Interaction of copper(II) 121

benzoate with benzoyl peroxide.

3.2.2. Reaction of "copper(III)" 127

complex mixture with aromatic 

compounds.



vil nPage

3.2.3. Copper(II) benzoate as a 130

benzoyloxylating agent.

3.3. C o p p e r (II) benzoate catalysed decompo- 131 

sition of benzoyl peroxide in aromatic 

c o m p o u n d s .

3.3.1. Anisole. 131

3.3.2. Haloaromatic compounds. 138

3.3.3. Naphthalene and its derivatives. 144

3.4. Decomposition of benzoyl peroxide in 146

anisole in the presence of additives.

3.5. The benzoyl peroxide initiated reactions of 155 

aromatic compounds with nucleophiles

(The S qj^2 reaction).

3.6. Decomposition of perbenzoic acid in 162

anisole and 4 - f l u o r o a n i s o l e .

APPENDIX.

1. The isomer ratio of tetrafluoromethoxy- 165
19phenols from F-n.m.r spectrum.

2. Methoxyphenyl benzoates from copper(II) 167

benzoate catalysed benzoyloxylation of

anisole .

3. Computer program for kinetic analysis 169

of product yields, and the application

of the derived rate constants.

R E F E R E N C E S . I 79



Vlll

LIST OF TABLES. Page

1. The rate constant, k ^ , for the thermal 15

decomposition of benzoyl peroxide in

b e n z e n e .

2. The yield (mol%) of 4-methoxyphenyl acetate 45

and 4-methoxyphenyl benzoate from 4-fluo ro­

anisole in S^^2 reactions.

3. Relative retention times data for g.l.c 54

analysis .

4. Relative retention times data for h.p.l.c 56

a n a l y s i s .

5. ^^F-N.m.r data for C^F^X. 57

6 . The decomposition of benzoyl peroxide in 84

a n i s o l e .

7. The copper(II) benzoate catalysed decompo- 85

sition of benzoyl peroxide in anisole under 

different experimental conditions for 72

h o u r s .

8 . The copper(II) benzoate catalysed decom- 87

position of benzoyl peroxide in deutero- 

anisole at 60°.

9. The copper(II) benzoate catalysed decom- 88

position of benzoyl peroxide in halo- 

aromatic compounds.

10. The copper(II) benzoate catalysed decom- 89

position of benzoyl peroxide in naphthalene

for 72 h o u r s .



IX

Page

11. The copper(II) benzoate catalysed decompo- 90

sition of benzoyl peroxide in naphthalene 

d e r i v a t i v e s .

12. The decomposition of benzoyl peroxide in 91

anisole in the presence of additives at 60°.

13. The decomposition of benzoyl peroxide in 93

anisole in the presence of copper(II)

c a t a l y s t s .

14. The rate constant, k ^ , and activation energy, 96

, for the decomposition of benzoyl peroxide 

in anisole-acetonitrile in the presence of 

g a l v i n o x y l .

15. The molar extinction coefficient, E , of the 100’ max*
copper complex.

16. The reaction of copper complex with anisole 102

and 4-fluoroanisole at 60°.

17. The benzoyl peroxide initiated reaction of 105

aromatic compounds with potassium acetate-

acetic acid at 78°.

18. The benzoyl peroxide initiated reaction of 107

aromatic compounds with potassium acetate-

perfluorobenzoic acid at 78°.

19. The decomposition of perbenzoic acid in 109

anisole and 4-fluoroanisole in the presence

of additives .

20. The yields and isomer distributions of 112

methoxyphenyl benzoate at 80° for 72 hours.



Page

21. The yields of methoxyphenyl benzoate in 136

the copper(II) benzoate catalysed decomp o­

sition of benzoyl peroxide at 60°.

22. The decomposition of benzoyl peroxide in 153

anisole in the presence of additives at 60°.

23. Reaction between benzoyl peroxide and 173

copper(II) benzoate at 60°.

24. Reaction between benzoyl peroxide and 175

copper(II) benzoate at 70°.

25. Reaction between benzoyl peroxide and 175

copper(II) benzoate at 80°.

26. Reaction between benzoyl peroxide and 176

copper(II) benzoate at 21°.

27. Reaction between copper(II) chloride and 176

benzoyl peroxide at 60°.

28. Reaction between copper(II) benzoate - 177

and benzoyl peroxide at 60°.



1. INTRODUCTION.

1.1. Oxygenation of organic compounds

The direct production of phenols from aromatic 

hydrocarbons has long been a desirable synthetic goal, 

both in the laboratory and commercially, but there was 

no useful general method available.

Presently, the technique of microbial hydroxylation 

[1 ] is extensively applied in the production of steroids 

on a commercial scale. The technique uses micro-organisms 

(either bacteria or fungi) to introduce an -OH group into 

an organic molecule by performing a direct conversion of 

C-H to C-OH with defined regio- and stereo- specificity. 

For example, in 1950, Murray and Peterson discovered that 

fungus Rhizopus arrhizus was able to convert progesterone 

(1 ) to 11 06-hydroxyprogesterone (1 1 ) in high isolable 

yield at 27° [2] (Scheme 1).

(I)
0

(II)

Scheme 1

@, The term "oxygenation" refers to the reaction,
R H   R O H , in general, regardless of the mechanism or
the number of steps involved.



The use of isolated enzymes or enzyme preparations for 

hydroxylation on a synthetic scale is not widespread because 

of their instability and the difficulty involved in separa­

tion.

R. Breslow et [3] have carried out an extensive 

program of research aimed at mimicking the selectivity of 

enzyme reactions with some degree of success. The target 

of the program called "Biomimetic control of chemical sel ec­

tivity" was the development of "remote oxidation" or "remote
I

fu n e tionalisation" reactions. The aim was to achieve selec ­

tive reactions at arbitrarily large distances from any 

functional group of the substrate, the distance being deter­

mined by the geometry of a complexed reagent, catalyst, or 

template. Their research was mainly centred on steroid 

systems, and generally involved free-radical processes.

In medicinal chemistry, organic compounds of the gene­

ral formulas (a) [3,5,4- R 2 (O H ) ] 2^* and 1,2,3 - R (O H )(C O O H )-

C 10H 5 , where R represents dialkylaminoalkyl groups introduced 

by the Mannich reaction, and R ’ is CO, 0, or SO^;

(b) [2 ,3 ,4 ,5- R ’(R")(0H ) ( R "')C^ H] 2R, where R may be S or CHg,

R ' may be COOH or a derivative, R" may be CH^, and R " ’ may 

be a d i a l k y l a m i n o a l k y l ; and (c) 1 , 2,3 - R ( R ’0 ) (R"OC)C^ q H ^ , 

where R may be a di alkyla m i n o a l k y l , R ’ may be an acetoxy, 

and R" may be a dialkylaminoalkyl or another substituted 

amino group; have been synthesized as possible anti-cancer 

agents [4]. These compounds have shown relatively low acute 

and chronic toxicities and have been effective against



Rous chicken sarcoma and other animal neoplasms. The a p pl i­

cation of direct hydroxylation methods to the syntheses of 

such compounds has not yet been made.

1.1.1. Homolytic versus heterolytic method of oxygenation.

A heterolytic oxygenation of an unactivated aromatic 

hydrocarbon would normally proceed through several tedious 

and lengthy steps. The oxygenation of substituted aromatic 

compounds by this method is greatly governed by the polarity 

of the substituent and oxygenating agent. On the other hand, 

a homolytic oxygenating method involving a suitable highly 

reactive oxy-radical under ideal conditions can be made 

synthetically useful. In general, it has been shown that 

all substituents, regardless of their polarity, activate 

the aromatic nucleus towards free radical attack at the 

or th o- and par a- positions [5]. A homolytic oxygenation 

method was found helpful as a probe for understanding the 

complex processes of biological oxidation [6 ] and ca rcino­

genesis of polynuclear aromatic compounds [7].

One of the intriguing features of the biological 

oxidation of aromatic compounds [6 ] was the observation 

that they can be attacked at positions which are different 

from those affected by the majority of the oxidising or 

substituting agents in regular laboratory use. It was tenta­

tively suggested that the biological oxidation, which is 

essentially a hydroxylation, was due to hydroxy, or similar.



free radicals. For example, the metabolic oxidation of 

anthracene produced 1 , 2-d i h y d r o - 1 ,2-dihydroxyanthracene [8 ] 

which was ascribed to an initial process of free radical 

a d d i t i o n .

The homolytic method of oxygenation was found generally 

useful for predicting carcinogenicity of polynuclear 

aromatic compounds [7], It is known that there are certain 

points of correspondence between the chemical reactivity of 

the hydrocarbons in substitution and their carcinogenic 

activity. It was suggested that the administered carcinogen 

may undergo some form of substitution reaction, possibly 

akin to a hydroxylation, and that this contributes an 

important step in a complicated chain of events leading 

eventually to carcinogenesis. It is now thought that the 

chemical transformations leading to the induction of 

tumorigenesis are enzyme-assisted [9] (Scheme 2).

OH

Benzo[a]pyrene an epoxide a dihydrodiol

Reacts with 
DNA or RNA

"proximate carcinogen"
OH

OH
-OH

•OH
•OH

an unstable triol- a dihydrodiolepoxide
carbocation inter- "ultimate carcinogen" 
mediate

Scheme 2



The elucidation of the chemical events caused by 

chemical carcinogens in the body is essential for the 

effective prevention and treatment of cancer.

The problems normally encountered in homolytic aromatic 

substitution reactions are (a) low yield of the desired 

product; (b) low selectivity between the available sites 

of attack; and (c) high yield of tarry residue. These 

problems arise because the attacking entity is a highly

reactive free radical. Its reaction normally involves
1

complicating side-reactions such as dimérisation and 

disproportionation.

1.2. Isomer distribution in homolytic aromatic substitution.

Homolytic aromatic substitution reactions are generally 

very fast with low energies of activation. The highly reac­

tive neutral free radical is less selective in its attack 

at the various possible positions in the aromatic nucleus, 

and a more statistical distribution of the products is to 

be expected, compared with attack by charged species.

Free-radicals may be made to be more selective by

(a) stabilisation through resonance, hyperconjugation, or 

complexation with certain additives. A stabilised radical 

is less reactive, and reacts with an aromatic compound at 

its most active positions only; and (b) introduction of a 

suitable substituent to increase its polarity. For example, 

4 - nitr op he ny1 radical is more electrophilic than phenyl



radical [10]. In this case, the isomer distribution is 

greatly influenced by the substituent on the aromatic ring. 

The position of attack is where the odd electron may be 

delocalised by the substituent to lead to a more stable 

intermediate ^-complex.

In general, a high o.:^ ratio is obtained in all free- 

radical aromatic substitution reactions. Several explanations 

were given :-

(a) Waters [11] claimed that all free-radicals are 

essentially e l e c t r o p h i l i c . The attack occurs at the position 

of highest electron density, which is normally at the 

substituent. An ortho- attack subsequently happens due to 

close proximity.

(b) Rondestvedt and Blanchard [12] offered an explan a­

tion based on the inductive effect of the substituent. They 

suggested that in the formation of a TT-complex as a prec ur­

sor of <5-complex, the radical tends to become associated

at the site of highest electron density. For a substituent 

with a negative inductive effect such as a nitro group, the 

site of highest electron density is at the substituent. The 

n-complex thus formed rearranged to the ortho- <5-complex.

For a substituent with a positive inductive effect such as 

a methyl group, the site of highest electron density is at 

the ort ho- position.



(c) Lynch and Moore [13] suggested that a charge- 

transfer complexation between the radical and substituent, 

followed by a cyclic rearrangement to the ortho- position, 

was to account for the extensive or th o- benzoyloxylation 

in anisole (Scheme 3).

OCH
+ PhCOO

OCH
+ PhCOO.

OCH
+ PhCOO"

+ / 0 . ^ P h  
H q G O ^  C3 os  , 112

HgC-O^

OOCPh

OCH-

V H^

Scheme 3

The reduced incidence of ortho- attack in anisole in 

the presence of copper(II) benzoate (o : p. ratio, 2.2 ; 

compared to 2.5 in its absence) [14] seemed to support the 

above postulate. It was assumed that the additive prevents 

the formation of complex between the radical and the aromatic 

compound, perhaps by associating itself with the radical.

(d) Bolton, Sandall, and Williams [15] suggested that 

= ■<5- intermediates are better stabilised by ortho- substitu­

ents than by para- substituents. This was deduced from the



observation that the o :p ratios of phénylation products in 

benzene derivatives, C^H^X, were commonly greater than two 

and directly opposite in pentaf luorobenzene (_o_:_p_ r a t i o , 1.4);

in reactions with benzoyl peroxide. It was argued that this 

arose because the C-4 position in pentafluorobenzene is 

flanked by two ortho- fluorine atoms, whereas the C-2 

position is flanked by only one.

(e) J.G. Traynham [16] suggested that free-radical 

reactions may initially involve ipso- attack to form the 

intermediate ipso - d-complex, which may either (i) revert 

to the original substrates, (ii) eliminate the substituent, 

or (iii) undergo the 1 ,2-rearrangement to the ortho- 

position. In support for the latter, C.R. Everly and J.G. 

Traynham [17] found 2-bromo-4-nitrochlorobenzene (III) 

amongst the products from the light-catalysed chlorination 

of 4r-bromonitrobenzene which is consistent only with the 

1 ,2-rearrangement of the initially formed ipso- cyclohexa- 

dienyl radical (I) (Scheme 4).

h V
B r ^ C l
(l . M

N O r

(I)

( I ) ________   (II)

(II) --------   f r  (III) + [H]

Scheme 4



1.3 Aroyloxylation of aromatic compounds.

Aroyl peroxide decomposes either photochemically 

or thermally in aromatic compounds to effect mainly aryla­

tion, with aroyloxylation as a minor s i d e - r e a c t i o n . The 

amount of ester produced depends on the aromatic compound 

and experimental conditions. For example, Gill and Williams 

reported 2 mol% phenyl benzoate from benzene at 78° [18] 

and 6 mol% chlorophenyl benzoate from chlorobenzene at 

80.2° [19] in the reactions with benzoyl peroxide. Higher 

yields of esters were reported from (a) reactive aromatic 

compounds such as polynuclears [20] and aromatic ethers [13]I

(b) reactions in the presence of additives [14,21]; and

(c) reactions at low temperatures.

M c B r i d e ’s recent investigation of the structure of 

benzoyloxy radical by EPR spectroscopy in a crystalline 

matrix at low temperature [2 2 ] showed that the unpaired 

electron is in an orbital of sigma- sy mmetry . Kurz and 

Pellegrini [23] deduced that benzoyloxy radical is 

elec trophilic ( /^ = -1.61) from the yield's and isomer 

distributions of the esters obtained in a series of experi­

ments involving benzoyl-, 4 , 4 '-dimethyl- and 4,4'-dinitro- 

benzoyl-peroxides with anisole, toluene, and chlorobenzene, 

in the presence of copper(II) chloride in acetonitrile.

Aroyloxylation of aromatic compounds is postulated 

to proceed through the initial, rate-determining, reversible
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addition [24] of free, resonance-stabilised [25] aroyloxy 

radical to the aromatic nucleus to form the intermediate 

aroyloxycyclohexadienyl radical, c5. • This is either oxidised 

to aryl aroate, or undergoes side-reactions such as frag­

mentation, dimérisation, or disproportionation. C o mpetit i­

vely, the aroyloxy radical decar boxylates to aryl radical, 

which undergoes a similar, but irreversible, addition- 

élimination sequence through the intermediate arylcyclohe- 

xadienyl radical,c^, which is oxidised to biaryl. The by­

products formed in significant amounts are carbon dioxide, 

aroic acid, and high boiling residues consisting mainly of 

isomeric te tr ah ydroqua rt erary I s . The mechanism of the re ac­

tion is well documented [10] (Scheme 5).

(ArC O O )2
ArCOO-

ArCOO- + Ar'H

Ar • + Ar 'H -

(ArC00)2 + c5-

(ArCO0)2 + -

2 c5- , 2 <5* ,

2 ArCOO,

A r • + CO 2 

ArCOOAr'H" ( )

ArAr ’ H* ( *̂ * )

ArCOOAr'f ArCOOH + ArCOO- 

ArAr' + ArCOOH + ArCOO- 

dimérisation or dispro po r­

tionation .

Scheme 5

The physical evidence for the reversibility of 

aroyloxylation reaction has been obtained by carbon-13 

CIDNP studies which indicates that the addition of per
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fluorobenzoyloxy radical in the photolysis of pe rfluoroben- 

zoyl peroxide in chlorobenzene is reversible [26],

Walling and Zhao [27] have suggested an electron- 

transfer mechanism (ET) to account for the high yield of 

ester (about 50%) and acid (>100%) in the decomposition of 

aroyl peroxides in electron-rich aromatic compounds, such 

as 1 ,4-dimethoxybenzene (Scheme 6 ).

OCH,

OCH

OOCAr
OOCAr

OCH
'OOCAr
'OOCAr

OCH

(I)

(I) ^^^-^'OOCAr
OCH.

+ ArCOOH

Scheme 6

An alternative to the ET mechanism suggested was the 

S^t2 mechanism, the bimolecular nucleophilic substitution 

on peroxidic oxygen. The ET mechanism was favoured by the 

above workers since the decomposition of benzoyl peroxide

at 80° was faster (a) in polar solvents ( k, acetonitrile,
— 5 — 1 — 5 — 15.1x10 s ; benzene, 2.7x10 s ); (b) in the presence

of electron-withdrawing group on the peroxide ( k, 4,4'-di-
-5 -1methoxybenzoyl peroxide, 8.4x10 s ; benzoyl peroxide.
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2.7x10 ^ ); and (c) with increased electron-density of

aromatic compounds ( k, 1,4 - d i m e t h o x y b e n z e n e , 3.9x10 ^s ^ ; 

2,5 - d i m e t h y l - l ,4- d i m e t h o x y b e n z e n e , 700x10 ^s ^ , in aceto- 

nitrile). The above reaction serves as an example of m o l e ­

c u l e - i n d u c e d  decomposition of benzoyl peroxide

There are several reports in the literature on the 

reaction of benzoyl peroxide with nucleophiles which was 

postulated to involve either ET or 2 mechanism [28,29]. 

It is difficult to determine which one predominates since 

the products and kinetics of the reactions can be ra tiona­

lised by both mechanisms

1.3.1 Kinetic studies.

There are two modes of decomposition of a r o y 1 .peroxi­

de in aromatic compounds [30]:-

(a ) The chain-initiating, u n i m o l e c u l a r , homolytic 

scission of the peroxy-bond to produce aroyloxy radicals 

(Reaction 1).

(ArC00)2 ---------- 2 ArCOQ. (1)

(b) The chain-propagating, induced decomposition 

effected by the intermediate cr-complex (Reaction 2).

X
   j | ^  + ArCOOH + ArCOO- (2)(ArCOO), +
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The introduction of an electron-attracting substituent 

in the peroxide was shown to result in its increased suscep­

tibility to induced decomposition [31].

The overall decomposition kinetics are the sum of the 

spontaneous homolysis (Reaction 1) and radical-induced 

decomposition (Reaction 2) (Equation 1), where k^ and k^ 

are the specific rate constants of the primary homolysis 

and radical-induced decomposition, respectively.

- d[Pl = k,[P] + k.[P]X (1)
dt ^

The value of x is determined by the mode of the chain- 

termination reaction. It is 1.0 if the chain is terminated 

by the reaction between two unlike radicals, such as a 

sigma and an aroyloxy radical. This is significant in a 

system where the stationary concentration of aroyloxy 

radicals is high, for example in the decomposition of 

benzoyl peroxide in bromobenzene [19]. The value of x is 

3/2 in the reaction terminated by the reaction between two 

similar radicals, and in very rare cases, x is 1/2 when the 

initially formed aroyloxy radicals recombined [32].

The numerical values of k^ have been determined by 

the following methods : -

(a) Using a highly coloured inhibitor (In) to prevent
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the induced decomposition (Reaction 3)

(ArC00)2 ----- ----- 2 ArCOO- (1)

ArCOO- + In -------- - ArCOO-In (3)

The rate of the disappearance of the inhibitor is 

followed s p e c t r o m e t r i c a l l y , and is given by Equation 2.

- drin1 = 2k.[(ArCOO),] (2)
dt ^

= constant, at high initial concentration

of peroxide.

The general first-order rate constant is (Equation 3) :-

k^t = In [ a/(a-x)] (3)

The stoichiometry of the inhibited decomposition of 

the peroxide indicates that the concentration of the inhi­

bitor reacted at time t is equal to 2x. If the optical

density of the solution is A at time t , and A^ at time 
■' o  o t

t, then the fraction of the inhibitor reacted is [(A^-A^)/A^] 

and the fraction of the peroxide which had decomposed is 

given by Equation 4; where j is a constant and equal to 

the initial molar ratio of peroxide to inhibitor.

l/2j [(Ag-A^)/AQ] = x/a (4 )
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The first-order rate constant for the inhibited decom­

position is given by Equation 5.

kit In 2 jA (5)

Janzen, Evans, and Nishi [33] have listed values of 

k 2 for benzoyl peroxide at different temperatures obtained 

by them and other workers, using inhibitors such as galvi- 

noxyl and N-(t-butyl)-QC-phenyInitrone (PEN), in benzene 

(Table 1).

Table 1 The rate constant, k ^̂ , for the thermal decom­

position of benzoyl peroxide in benzene.

T/°C k^/lO-^s-l

44.0 0.01
54.9 0.09

60.0 0.19

65.6 0.32

71.0 0.60

75.8 1.19

78.0 1.67

80.0 3.28

The activation energy, E ^ , for the primary homolysis 

of benzoyl peroxide in benzene calculated from Table 1 is
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32.8 kcalmol  ̂ (137 kJmol S -

Nozaki and Bartlett [30] obtained a value of 33.3 

kcalmol  ̂ (139 kJmol ^), and Janzen et a_l. [33] obtained 

a value of 30.4 kcalmol  ̂ (127 kJmol ^ ) by using the elec- 

tron-spin resonance spin trapping method, for the primary 

homolysis of benzoyl peroxide.

Suehiro et aĴ . [34] discovered that stable free-radicals, 

such as tri ph en ylmethy 1 (Ph^C* ), were able to cause induced 

decomposition of benzoyl peroxide (Scheme 7).

Ph^C-CPh^ _ 2 PhgC.

(PhC00)2 + PhgC-    Ph^C-OOCPh + PhCOO'

Scheme 7

Janzen e_t [33] suggested that an induced decompo­

sition of benzoyl peroxide by galvinoxyl which produces 

additional benzoyloxy radicals was a likely possibility; 

to account for the faster production of benzoyloxy radical 

than expected in its presence.

(b) From rate equation (Equation 1).

-d[P] = k;[P] + k.[P]X (1)
d t
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or ,

k̂ . = + k.[P](* O  (6 )

where (Equation 6 ) is the observed first-order rate 

constant. A plot of k^ against [P]^^  ̂̂ gives k ̂ at the 

point of intersection of zero peroxide concentration.

Using this method, Gill and Williams [18] obtained a 
-5 -1k^ value of 1.88x10 s for benzoyl peroxide at 78° in

benzene; and Vidal, Court, and Bonnier [28] obtained a

value of 4.0x10 ^s  ̂ at 80° in benzene, which agreed with
-5 -1their value of 3.9x10 s obtained in the presence of PBN 

as an inhibitor .

1.3.2 Isotope effect.

Saltiel and Curtis [24] showed that the formation 

of phenyl benzoate in the photolysis of benzoyl peroxide 

in benzene-benzene-d^ mixture in oxygen at 30° showed a 

large apparent deuterium effect, in contrast to the smaller 

effect for biphenyl formation, under the same condition.
3At 1.5x10 M oxygen concentration, the isotopic composition 

of phenyl benzoate was 84.2%, and pentadeutero- 

phenyl benzoate, 14.6%, as determined by mass spectrometry. 

The apparent isotope effect for benzoyloxylation reaction 

was attributed to the reversible formation of d*, and prefe­

rential extrusion of H over D.
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Eliel, Meyerson, Welvart, and Wilen [35] showed that 

the isotopic composition of the recovered substrates from 

the thermal decomposition of a variety of peroxides in a 

mixture of benzene-benzene-d^ at 78° was unchanged, sig ni­

fying that there was no selective consumption of undeutera- 

ted compound.

Kurz and Pellegrini [23] suggested that the lack of 

kinetic isotope effect in benzoyloxylation reaction in the 

presence of certain additives, such as copper(II) chloride 

was due to the efficient oxidation of d», thus suppressing 

its reversal and other s i d e - r e a c t i o n s .

1.3.3. Promoting aroyloxylation reaction in aromatic 

c o m p o u n d s .

1.3.3.1. Stabilisation of aroyloxy radical.

Aroyloxy radical is thermally unstable. It decarboxy- 

lates spontaneously at high temperatures to form the highly 

reactive aryl radical. Barnett and Vaughan [36] showed that 

at 0.08M benzoyl peroxide in benzene, the amount of carbon 

dioxide increased from 72 to 156 mol% as the temperature 

was increased from 55° to 80°. More direct evidence was 

found by Kurz and Kovacic [37] who obtained 75 and 56 mol% 

m ethox yp heny1 benzoate from the copper(II) chloride cata­

lysed decomposition of benzoyl peroxide in anisole at 60° 

and 80°, respectively.
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Certain aromatic compounds are able to promote aroyl­

oxylation reactions by stabilising the aroyloxy radical 

through the formation of a charge-transfer complex. The 

complex formation is more pronounced in the case of a 

highly electrophilic oxy-radical and an easily oxidised 

aromatic compound. M.W. Coleman [32] obtained high yields 

of phenyl pentafluorobenzoate (88 and 77 mol%) from the 

decomposition of perfluorobenzoyl peroxide in bromo- and 

chloro- benzenes, respectively, at 80°. It was suggested 

that the initially formed perfluorobenzoyloxy radical was 

stabilised tiy one-electron transfer from the aromatic 

compound (Scheme 8 ).

CgFjCOO- + - CgF^COO: -X-^^

* + - AC^FgCOO; X = ( ^ X ---------- CgF^COO:

Scheme 8

The higher yield of ester in bromo- than chloro- 

benzene was due to the more extensive charge-transfer from 

the more electropositive and polarisable bromine substituent 

In comparison, the above reaction in fluorobenzene gave 

65 mol% phenyl pentafluorobenzoate [32]. It was argued 

that the lower yield of the ester was because the highly 

electronegative fluorine substituent could not stabilise
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perfluorobenzoyloxy radical by a charge-transfer process.

It is noteworthy that the resultant complex between 

perfluorobenzoyloxy radical and the halobenzene mainly 

collapsed to form the intermediate d"-complex at C-1, and 

subsequently eliminated the halogen to give the un su bstit u­

ted ester. It was supposed that the highly electrophilic 

perfluorobenzoyloxy radical attacked the position of great­

est electron density at C-1.

Kaptein, Freeman, and Hill [26] found from carbon-13 

CIDNP study that perfluorobenzoyloxy radical formed in the 

photolysis of perfluorobenzoyl peroxide predominantly add 

to the ort ho - and para- positions of c h l o r o b e n z e n e .

The intrinsic stabilisation of aroyloxy radical 

through the presence of an electron-donating group in its 

aromatic ring was shown not to have a great influence on 

the yields of esters in certain aromatic compounds. Kurz 

and Pellegrini [23] showed that the copper(II) chloride 

catalysed decomposition of 4 , 4 ’-dinitrobenzoyl-, benzoyl-> 

and 4,4'-dimethylbenzoyl- peroxides in toluene at 60° gave 

47, 41, and 38 mol% tolyl aroates, respectively.

The thermal decomposition of benzoyl peroxide in 

aromatic compound in the presence of iodine was found to 

give an almost quantitative yield of aryl benzoate
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and benzoic acid. The only other product detected in signi­

ficant amount was iodoarene. For example, Kovacic, Reid, 

and Brittain [38] obtained 60 mol% tolyl benzoate by decom­

posing benzoyl peroxide in toluene in the presence of a 

small amount of iodine. In a similar experiment, Hashimoto, 

Koike, and Yamamoto [39] obtained between 72-9 mol% tolyl 

benzoate, compared to only 3 mol% when iodine was excluded. 

Hammond [40] also reported aryl benzoate and benzoic acid 

as the main products in this type of reaction. Several 

different mechanisms were suggested by these workers :-

(a) Iodine-catalysed, non-radical reaction.

Hammond [40] observed that the relative amounts of 

ester and acid formed were considerably influenced by the 

iodine concentration. While the yield of acid increased 

steadily with increasing iodine concentration, the yield 

of ester passed through a maximum. The following mechanism 

was proposed (Scheme 9).

(PhC00)2 

PhCOO- + I 

PhCOO' + I

PhCOOI

2 I* 

PhCOOI

ArH, 12
ArH, 21

HI

2 PhCOO* 

PhCOOI + I'

Phi + C O 2 +

Phi CO

PhCOOAr + HI 
PhCOOH + Arl

I 2
PhCOOH +

Scheme 9
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At high concentration of iodine, the benzoyloxy radical 

formed in the primary process was converted to the unstable 

benzoyl hypoiodite which reacted rapidly with the aromatic 

compound in an iodine-catalysed, non-radical reaction.

(b) Scavenging of O'by iodine, followed by loss of 

hydrogen iodide.

Hashimoto, Koike, and Yamamoto [39] deduced that the 

oxidising agent was not a polar intermediate, but a benzoy l­

oxy radical, from the observation that (i) the rate of 

benzoyloxylation of a number of monosubstituted benzenoid 

compounds (relative to benzene) in the reaction was of the 

same order as in the absence of iodine; (ii) the similar 

isomer distribution obtained with and without iodine; and 

(iii) the yield of phenyl 4-substituted benzoate from the 

decomposition of 4 , 4 ’-disubstituted benzoyl peroxides in 

benzene at 80° in the presence of iodine was O C H ^ :C H ^ :H : Cl : 

Br = 86.5:84.0:75.3:94.6:95.0%. The mechanism suggested is 

shown in Scheme 10.

PhCOO" + ArH : ; = z r  PhCOOArH- (cf. )

cr. + %2 ----- - PhCOOAr(^ + I

PhCOOArC^ ------ - PhCOOAr + HI

PhCOO' + HI ------ PhCOOH + I«

Scheme 10
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(c) Stabilisation of benzoyloxy radical and oxidation 

ofg$« by iodine.

Kovacic, Reid, and Brittain [38] suggested a mechanism 

very similar to the copper(II) chloride catalysed de co m p o ­

sition of benzoyl peroxide in aromatic compound [37] from 

the similar isomer distribution observed with and without 

iodine in the reactions with toluene (Scheme 11).

(PhC00)2 

PhCOO- + I 2 

PhCOO' + ArH 

c5. + 1.

PhCOOI + HI

2 PhCOO- 

PhCOOI + I- 

PhCOOArH- (c5- ) 

PhCOOAr + HI 

PhCOOH + I.

Scheme 11

(d) Formation of a bulky radical moiety.

Kovacic, Reid, and Brittain [38] also suggested an 

involvement of a bulky attacking species, such as in Figure 1, 

as another possibility to account for the reduced occurence 

of o r t h o - attack in the decomposition of benzoyl peroxide 

in anisole in the presence of iodine (o:p ratio, 47:53).

P h — C
0

^ 0 — I 6. 6.

or PhCOO-

Figure 1
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It was argued that the less reactive radical moiety 

was able to effect the oxygenation of anisole because of 

the high reactivity of the compound towards substitution.

1.3.3.2. Presence of oxygen.

Nakata, Tokumaru, and Simamura [41] found that the 

thermal decomposition  of benzoyl peroxide at 79° in the 

presence of oxygen gave different amounts of ester, depend­

ing on the aromatic compound. For example, anisole gave 

33 mol%; toluene, 19 mol%; and nitrobenzene, none. The order 

of reactivity, anisole > toluene > b e n z e n e > c h l o r o b e n z e n e > 

nitrobenzene, reflects the e l e c t r o p h i l i c i t y of benzoyloxy 

radical, and the importance of polar effect in the formation 

ofc5* ; or that, the presence of ele ct ron-donating  substituent 

in^*felicitated its oxidation by oxygen (Reaction 4).

PhCOOv / H  OOCPh
+ O2 --------------------+ HO2' (4)

It was also shown that the yield of ester in the 

presence of oxygen depended on the temperature. Benzene 

gave 6 and 18 mol% phenyl benzoate at 80° and 6 2°,r espec ti ­

vely. The explanations given were the increased concentration 

of dissolved oxygen at the lower temperature and the reduced 

rate of decarboxylation of benzoyloxy radical.
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In a similar experiment, Morrison, Gazes, Samkoff, 

and Howe [42] showed that bubbling of oxygen at a rate of 

15-20 mlmin  ̂ at 80° gave high yields of biaryls instead. 

For example, anisole gave 73 mol% methoxybip henyl  in the 

presence of oxygen compared to 50 mol% in its absence.

Eberhardt and Eliel [43] suggested that the higher 

yield of biaryl in the presence of oxygen was due to (a) 

oxidation of the dispro por tiona tion product, a r y Icyclohexa-

1,4-diene, and its isomers; and (b) oxidation of d*, thus 

suppressing its dimérisation reaction.

The effect of oxygen was more pronounced in dilute 

solution. Benzene gave 38 mol% biphenyl in 2M solution, 

and between 126-151 mol% (depending on the rate of bubbling 

in oxygen) in 0.2M solution. The explanation offered was 

the reduced interference by benzoyloxy radical at the lower 

concentration [43].

1.3.3.3. Presence of metal salts.

It is well established that copper salts drastically 

alter the pathways of peroxide reactions. Kurz and Kovacic 

[37] obtained 56 mol% methoxyphenyl benzoate from the 

copper(II) chloride catalysed decomposition of benzoyl 

peroxide in anisole at 80° in acetonitrile solvent, compared 

to none when the catalyst was omitted.
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Kochi [44] formulated the role of copper salts in the 

peroxide decompo sitio n reactions as involving a series of 

redox steps :-(a) reduction of the peroxide by copper(I) 

to oxy-radical and copper(II); (b) chain-transfer between 

oxy-radical and aromatic compounds; and (c) copper(II) o x i ­

dation of the intermediate radical formed in (b). The m o d i ­

fied mechanism  for the decomposition of aroyl peroxide is 

given in Scheme 12.

(ArC00)2 + Cu^X ---- - ArCOOCu^^X + ArCOO-

ArCOO- + Ar'H —  ArCOOAr'H-(d . )

d  - + Cu^^X, ----- - ArCOOAr' + Cu^X + HX2

ArCOOCu^^X + HX -----  ArCOOH + Cu^^X
2

Scheme 12

In a kinetic study of copper(II) chloride catalysed 

decomposition of diisopropyl peroxydicarbonate (peroxide: 

catalyst mol ratio, 6.7:1) in toluene (40 ml) with a c e t o ­

nitrile (300 ml) as the solvent at 50°, Kurz and Kovacic

[45] found that the peroxide decomposed at a rate of
— 3 — 1 — 2 — 16.45x10 min in the uncatalysed reaction, and 6.6x10 min

in the catalysed, calculated on a pseudo-first order basis. 

The rate was fastest when copper(I) chloride was used ins­

tead, but tapered off after about 30% of the peroxide had 

decomposed. It was suggested that this was because the 

mixed copper(II) salt, ArCOOCu^^X, could not oxidise the
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'^-complex. The experiment with the peroxide and copper(II) 

chloride (no toluene) was more complex in its kinetic; the 

initial rate was slightly faster than the uncatalysed d e c o m ­

position, but not as rapid as the catalysed in the presence 

of toluene. The observation indicates the importance of the 

aromatic compound in the propagation step.

Bolton, Dailly, Hirakubo, Lee, and Williams [14] showed 

that the rate constant for the unimolecular decomposition 

of benzoyl peroxide in neat benzene in the presence of 

iron(III) benzoate at 80°, using galvinoxyl, was 2.1x10 ^s  ̂

which was comparable to 1.67x10 ^s  ̂ at 78° in the absence 

of the additive.

The mechanisms for the oxidation of the intermediate 

radical were proposed by Kochi [44], and by Kochi and 

Subrama nia n [46] as ligand transfer (LT) or electron 

transfer (ET).

In the LT mechanism, the redox process is accomplished 

through a transition state involving a bridged ligand 

(Scheme 13).

R- + Cu^^X - - [ R ' X - C u ^ - — - R - X C u ^ ] —  RX + Cu^

Scheme 13

The process is sensitive to the nature of the bridging 

ligand, but not to the substituent in the radical fragment.
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The halide, especially the bromide and chloride, of the 

metal ions are effective bridging ligands.

The ET mechanism involves a transfer of an electron 

from the radical to the copper(II) salt. It results in a 

transition state with a high degree of car bonium ion c h a r a c ­

ter (Scheme 14).

R» + C u ^ ^ Y — »[R^YCu^"— — R .YCu^^] — » products + Cu^

Scheme 14

This process is hindered by the presence of an electron 

withdrawing substituent in the radical fragment.

Both LT and ET processes are extremely rapid. They 

represent extreme situations in redox processes. In most 

cases, the transition state of the redox reactions can be 

suitably represented as a resonance hybrid between LT and 

ET contributions; the importance of each depends on the 

nature of the radical, ligand, and metal ion.

From a study of the copper(II) chloride catalysed 

decomposition of benzoyl peroxide labelled with oxygen-18 

in the carbonyl oxygens, in 1,4 - d i m e t h y l b e n z e n e , Reid and 

Kovacic [25] obtained 2,5-dimethyIphenyl benzoate containing 

oxygen-18 equally partitioned between the carbonyl and ether 

oxygen of the ester group. From this, and the similarity of 

orientation observed in a similar experiment without the 

catalyst, they suggested that the attacking entity was
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either a free, re sonance-sta bilised benzoyloxy radical, or 

the benzoy loxy radical was present complexed with copper(II) 

chloride, such that the oxygen parity was maintained 

(Figure 2).

18 (50%)

;cuc(2
°18 (50%)

Figure 2

From the copper(II) salts catalysed decompositon of 

diisopropyl per oxydicarbonate in toluene, Kurz and Kovacic 

[21] showed that the copper(II) salts which are good ligand 

transfer agents, such as the halides, serve best as oxidation 

catalysts; while copper(II) acetate and benzoate were 

vir tually ineffective.

Kurz and Kovacic [45] found that the optimum mol ratio 

for high yield of ester in the copper(II) chloride catalysed 

de compo si tion of diisopropyl peroxydicarbonate in toluene 

was ar om atic:per oxide:cat alyst, 17.3:1:0.3. It was found 

that (i) there was a marked steady decline in the extent of 

aromatic oxygena tion as the mol ratio of aromatic compound 

to peroxide was reduced from the 17.3 level; and (ii) the 

amount of oxygenation product decreased substantially as the 

c a t a ly st :perox id e ratio was reduced below the 0.3 level, 

while only small increases were noted above this level.
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Hey, Liang, and Perkins [47], and Bolton, Dailly, 

Hirakubo, Lee, and Williams [14] obtained improved yields 

of biaryls from benzene and chl orobenzene in the presence 

of iron(III) benzoate, copper(II) benzoate, and other a d d i ­

tives, in the absence of acetonitrile. It was suggested 

that since the metal salts were not very soluble in the 

aromatic compounds, they were inadequate to intercept a 

high proport ion of benzoyloxy or c5' , which therefore decar- 

boxy la ted [47].

The use of metal halides as good oxidising catalysts 

are c om plica te d by their ability to act as good haloge nating 

agents. Nonhebe l [48a] found that anthracene was converted 

to 9-ch lo ro a n t h r a c e n e  in 79-98% yield, by refluxing it with 

copper(II) chloride for one minute under het erogeneous 

condition; in a non-polar solvent, such as chlorobenze ne 

or carbon tetrachloride. The reaction was postulated as 

procee din g by the homolytic decomposition of a TT-complex 

between copper(II) halide and aromatic hydrocarbon, based 

on two ar gum ents (i) the reaction appeared to take place 

with aromatic compounds which might be expected to form a 

TT-complex fairly readily; and (ii) the reaction with toluene 

produced bibenzyl. The mechanism suggested is given in 

Scheme 15 [4 8 b ].

Kovacic and Brace [49], and Ware and Borchert [50] 

found similar halogenating abilities of iron(III) chloride 

and copper(II) chloride. They suggested a polar mechani sm 

from (i) the order of reactivity of aromatic compound.
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toluene > 2-chlor otoluene > c h l o r o b e n z e n e  > I, 2- dichloro benzene>

1 ,4 - d i c h l o r o b e n z e n e , which is the same for a typical elec- 

trophilic aromatic substitution; (ii) the selectively p a r a - 

orientation; (iii) the solvent effect. Solvents such as 

d i m e t h y I f o r m a m i d e , in which the catalyst is soluble, gave 

lower yield of halogenated product because of its i n t e r a c ­

tion with the solvent ; and (iv) the catalytic effect. It 

was found that when aluminium chloride was added to the 

warm reaction mixture of anthracene and copper(II) chloride 

in nitrobenzene, a vigorous reaction ensued and 9 ,10-dichlo- 

roanthr ac ene was formed more rapidly and in good yield [50].

+ CuCl

Anthracene

H Cl

(I)

(I) + CuClg

or

Cl

Cl

+ CuCl + HCl 

9-Ch lor oanthra cene

Scheme 15
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1.3.3.4. Presenc e of Lewis acid.

The use of a Lewis acid catalyst such as aluminium 

chloride was shown by Edward, Chang, and Samad [51] to 

result in the heterolysis of the peroxide linkage. The 

products formed depended on the aromatic compounds. Benzoyl 

peroxide decomposed in benzene in the presence of aluminium 

chloride at 0-50° to give about 28 mol% phenyl benzoate, 

and between 29-74 mol% carbon dioxide. Since phenyl benzoate 

was also isolated from reactions in solvents such as dichlo- 

romethane, toluene, and nitrobenzene, the mec ha nism proposed 

[51] for its formation was that given in Scheme 16.

Ph-zv Ph + Ph Ph_
0 = C - 0 -0-C =0 ---AlCl .    0=C-0 +--- 0 = C - 0--- AlCl-

^  ^  3 (I) (II) 3

(I) + (II) ---- ---PhCOO.C O.O.Ph + A I C I 3

P h C OO.CO.O .P h --------- - PhCOOPh + CO^

Scheme 16

In Scheme 16, the electron deficiency of the developing 

oxygen cation was relieved by synchronous phenyl migration.

In reactive aromatic compounds such as anisole, and a 

peroxide which was deactivated towards aryl mig ration such 

as 4 ,4 ’-din itrobenzo yl peroxide, 28 mol% methoxy phenyl 

4 — nitrob enz oate with an 2.'2. ratio of 0.33, and 57 mol%

4— ni t robenzoic acid were obtained by Edward e_t a_l. [51].

The orientation of the substitution product was in
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accord with an elec trophilic  attack on the aromatic nucleus, 

and resem bled the Friedel-Crafts substitution (Reaction 5 ).

Ar Ar
I

0=C — 0 —0 — C = 0 ---- AlClg ̂̂  3

OOCAr
+ ArCOOH 

X + AlCl.

(5)

The syn chronous el ectron-donat ion from an external 

nucleus was only possible with highly reactive aromatic 

compounds.

Denney, Valega, and Denney [52] studied the above 

react ion  using me sitylene and 4,4 *-d in itrob enzoyl peroxide 

labelled with oxygen- 18 in the carbonyl oxygens; and found 

some scr ambli ng of the label in the 2 ,4,6- t r i m e t h y I p h e n y 1-

4 -n it rob e n z o a t e  obtained. The partial equilibrati on was 

shown not to be due to some sort of reversible dissocia tion 

of the peroxide. The result suggested the pos sibility of 

two co mpeting  reaction paths, such as follows :-

(a) Attack by 4-nitrobenzoy loxy radical, possibly 

formed as in Reaction 6 , resulting in scrambling of the 

label in the product.

+ AlClAlCl

(6)

, ( f  V
(50%)'® '®(50%)
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(b) Induced decomposition of the peroxide by mesityl 

radical cation, resulting in specifically labelled ester 

(Reaction 7) .

(7)
NO

H CH3

(50%I18 18(50%)

The use of this reaction as a method for direct in tro­

duction of an oxy-group onto aromatic nucleus was seriously 

limited by the absence of a suitable solvent. For example, 

Edward e_t gj,. [51] found that naphthalene dissolved in n i t r o ­

benzene or nitromethane gave only gummy and intractable 

tars in the reaction with 4 , 4 ’-dinitrobenzoyl peroxide in 

the presence of aluminium chloride at 8-10°. Similarly,

1 ,3- dimethoxy benzene gave only intractable product when 

dichloromethane was used as the solvent.

1.4. Reaction of benzoyl peroxide with aromatic c o m p o u n d s .

Benzoyl peroxide has been chosen as an ideal o xy gena­

ting agent because (i) it is a relatively stable, non- 

hazardous compound, which can be obtained in a crystalline 

form of high purity (>99%); (ii) it reacts at a reasonable 

rate at convenient temperatures (60-80°); and (iii) the 

benzoates formed from its interaction with aromatic c o mp o­

unds are stable towards further attack by radicals in the
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reaction medium, and easily isolated from other by-products 

by simple hydrolysis.

1.4.1. Anisole.

Lynch and Moore [13] obtained 20 mol% methoxyphenol 

by hydrolysing mixtures from reactions at 80° after 30-50 

hours. The isomer distributions were between 65-82% o rtho- 

and 18-35% para- . It was suggested that the large variations 

in the isomer distributions obtained were probably due to 

the occurence of some preferential oxidation of 4-methoxy- 

phenol during hydrolysis.

McClelland, Norman, and Thomas [53] obtained 4 mol% 

me thoxy phenyl benzoate ( o.: jp ratio, 52:48) from a reaction 

at 80° for 60 hours under a nitrogen atmosphere. Methoxy- 

biphenyl (45 mol%), phe noxymethylanisole (11 mol%), and 

p h e n o x y m e t h y 1 benzoate (3 mol%), were also obtained. The 

addition of benzoic acid increased the yield of methoxy- 

phenyl benzoate to 8 mol%.

Kovacic, Reid, and Brittain [38] obtained 87 mol% 

methoxyphenyl benzoate (aijl ratio, 47:53) from a reaction 

at 90±2° for 20 hours in the presence of iodine. It was 

suggested that iodine effectively reduced the extent of 

dec arboxylation of benzoyloxy radical, even at the high 

t e m p e r a t u r e .
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Nakata, Tokumaru, and Simamura [41] obtained 33 mol% 

m e t h o x y p h e n y 1 benzoate (ü:& ratio, 33:67) in the presence 

of oxygen at 79°, which is in agreement with 28.6 mol% 

obtained at 80° by Bolton et ajL. [14].

Good yields of m e t h o x y p h e n y 1 benzoate were also 

obtained in the presence of metal salts. Bolton et aj.. [14]

obtained 36.5 mol% (a r a t i o ,  69:31) in the presence of 

copper(ll) benzoate at 80°; but the yield was only 12.6 mol% 

in the presence of iron(lll) benzoate (11:41 ratio, 61:39). 

Kurz and Kovacic [37] obtained 75 mol% ( a :41 ratio, 68:32) 

at 60°, and 56 mol% (at# ratio, 67:33) at 80°, in the 

presence of copper(ll) chloride dissolved in acetonitrile. 

They also reported that the ester was not formed in the 

absence of the catalyst at 80°.

1.4.2. Aromatic amines.

The decomposition of benzoyl peroxide in dimethyl- 

aniline at 0 ° gave mainly benzoic acid in an almost qu an t i ­

tative yield, m e t h y l a n i l i n e , and formaldehyde, plus smaller 

amounts of 4-dimethylaminophenyl benzoate and 4,4'-di- 

(d i m e t h y l a m i n o )diphenyImethane [95]. Walling and Indictor 

[5 4 ] suggested a mechanism involving a rate-controlling 

nucleophilic attack of the peroxide by dimethylaniline to 

form an unstable intermediate (1 ) which decomposed by 

competing radical (path a) and non-radical (path b) 

forming processes (Scheme 17).
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HgC-N-CHg
+ (PhC00)2

OOCPh

+ PhCOO"

+ PhCOO

(b)

H 2C= N - C H 2
+ PhCOOH

Scheme 17

Denney and Denney [55] supported the S^2 mechanism 

from a study of a reaction between benzoyl peroxide labelled 

with oxygen-18 in the carbonyl positions, and d i p h e n y l a m i n e , 

N - P h e n y l - N - 2 - h y d r o x y p h e n y Ibenzamide (IV) which was obtained 

contained oxygen-18 partially scrambled as shown in Scheme 18

19
Ph-N-Ph + (PhC^Q_)2

(1) + PhCOO'

(II)
j ]  18

0)C-fh 
6-

Ph
N-H

(III) — OOCPh

H 
+ 1Ph-N-Ph

(I)
Ph-N-Ph

(II)

+ Ph-C
10^0

+ PhCOOH

H 18 
OOCPh

(III)

Ph 01*(55<%)
■f— C-Ph

18 (45%) (IV)

Scheme 18
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Pryor and Hendrickson [29b] used the [3-bydrogen 

kinetic isotope test in the above reaction, and from the 

observed inverse isotope effect of 0.93 suggested the 

dominance of the 8^2 mechanism. The yield of the scavenga- 

ble radicals was approximately 20% as deduced by measuring 

the disappe are nce of galvinoxyl at 750 nm (£  ,760 M~^cm~^).

Graham and Mesrobian [56] suggested an initial 

formation of the quarternary h y d r o x y lamine derivative 

which subsequently decomposed to give radical products, 

from (i) spe ctr ophotometric evidence which indicated that the 

primary step occured through the reversible formation of 

a molecular complex between the amine and benzoyl peroxide, 

and (ii) the reaction could initiate polymerisation. It was 

observed that carbon dioxide was not evolved in the reaction.

Church and Pryor [29a] ruled out a mechanism that 

was solely Sj^2, and preferred the ET mechanism. This was 

deduced from the finding that the quarternary hydroxyl- 

amine derivative, independently synthesized from Reaction 8 

gave signifi can tly fewer radicals.

>  * 0 - ! - °   -
C H 3 C H 3

+ PhCOO"
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1.4.3. Polynucl ear  aromatic hydrocarbons.

Davies, Hey, and Williams [20a] decomposed benzoyl 

peroxide in naphthalene at 85° for 72 hours, and 100° for 

24 hours, and obtained 32 and 24 mol% naphthols, r es pe cti­

vely,after hydrolysing the reaction mixtures. The isomer 

distribution was 72.9% 1- and 27.1% 2-. The other reaction 

products were 20.3 mol% p h e n y I n a p h t h a l e n e , 28.9 mol% binap- 

hthyl, and 119 mol% benzoic acid, obtained from a reaction 

at 85°.

The formation of binaphthyl meant that another path 

by which benzoyloxy radicals might have reacted was h yd ro ­

gen abstraction from naphthalene to form naphthyl radical 

and benzoic acid. The possibility that phenyl radical was 

involved in this reaction was discounted on two reasons : -

(i) benzene was not formed in a detectable amount; and

(ii) binaphthyl was not formed from radical sources such 

as p h e n y l a z o t r i p h e n y l m e t h a n e . From this, naphthyl benzoate 

might be formed in the induced decomposition of benzoyl 

peroxide by naphthyl radical (Reaction 9).

OOCPh

and + (PhC00)2 and + PhCOO* (9)

—  W
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The lower yield of naphthyl benzoate at the higher 

temperature was possibly due to (i) increased deca rb oxyla­

tion of benzoyloxy radical; and/or (ii) reduced incidence 

of induced decomposition.

Lynch and Pausacker [20b] obtained between 18-28 mol% 

naphthol (l-:2- ratio, 8 8 :12) from a similar reaction at 

100° for 4-19 hours.

Boyland and Sims [57] could not isolate any naphthyl 

benzoate from a reaction of benzoyl peroxide with naph t h a ­

lene in chlorobenzene at 80° for 30 hours, but found that 

the free naphthol could be isolated by (i) chromatographic 

separation of the reaction products; and (ii) hydrolysis 

of the resinous fraction from the chromatography column.

It was discovered that authentic 1- and 2- naphthyl ben zo­

ates, when chromatographed under their experimental c ondi­

tions, were partially hydrolysed to the free naphthol.

Dannley and Gippin [58] decomposed benzoyl peroxide 

in 1-substituted naphthalenes (chloro-, bromo-, and nitro-) 

at 70+2° for 72 hours, and obtained benzoates resulting 

from the attacks at the 2-, 4-, and 5-positions. For e xa m­

ple, 1-bromonaphthalene gave 0.7 mol% l-bromo-2-naphthyl 

benzoate, 41 mol% 4- b r o m o - 1- n a p h t h y 1 benzoate, and 20 mol%

5 - b r o m o - 1 - n a p h t h y 1 benzoate. The esters were identified 

as the naphthols after purification on alumina column.
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Roitt and Waters [6 ] showed that benzoyloxy radicals 

attacked the exposed m e s o - positions of anthracene, 1 ,2- 

benzanthracene , and 3 , 4 - b e n z o p y r e n e , in reactions at 80° 

in c h l o r o b e n z e n e . Anthracene gave 15 mol% 9-benzoyloxyanth- 

racene; and 3 , 4-benzopyrene gave 33 mol% 5 - b e n z o y l o x y - 3 ,4- 

benzopyrene. Phenan threne and chrysene were inert in this 

reaction. 9-MethyI anthracen e was very reactive towards 

benzoyloxy radicals, giving mainly the products shown in 

Figure 3.

CH

OOCPh

9- b e n z o y l o x y - 10- 

methylanthracene

OOCPh

CH 2

1 ,2- b i s ( 9-a nthracenyl)ethane

10- [ 2- ( 9 ’-anthracenyl)ethyl] 

9-anthracenyl benzoate

Figure 3

The relative order of reactivities indicated in this 

reaction, 9-me thy Ianthra cene > 3 ,4 - b e n z o p y r e n e »  a n t h r a c e n e ,

1 ,2- b e n z a n t h r a c e n e > 1 , 2 : 5 ,6- d i b e n z a n t h r a c e n e > phenanthrene, 

chrysene, follows their order of carcinogenic potency [7].
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1.4.4. F l u o r o a r ornatic compounds.

The decomposition  of benzoyl peroxide in fluoroaromatic 

compounds gave mainly phénylation products arising from 

displacement of hydrogen and fluorine. In most cases, the 

process of a r y Idehydrogenation predominates over aryldefluo- 

rination. For example, Bolton, Sandall, and Williams [59] 

obtained 9.1 mol% 2-f 1 u o r o biphen y1 , and 42.5 mol% 2,3-di- 

f l u o r o b i p h e n y l , from 1 , 2-difluorobenzene at 80°.

The mec hanism by which fluorine was removed from the 

corresponding 6 p -intermediate involves the formation of 

hydrogen bond with benzoic acid, formed from the oxidation 

of by benzoyl peroxide [59].

In hexaf luor o b e n z e n e , the intermediate 6 ’̂  was formed 

through the 1,2-rearrangement of <5̂* (Reaction 10) [60].

(f.Fl) ________ ^ H . 1/ F ( 10)
H

F C6?5
(d-p)

Oldham, Williams, and Wilson [61] obtained between 

65-92 mol% pentafluorobiphenyl from hexafluorobenzene in 

a reaction at 80° for 72 hours; and Bolton, Coleman, and 

Williams [60] identified 5-10 mol% 2 ,2 ',3,4,5,6- h e x a f l u o r o ­

biphenyl as one of the reaction products in the above 

reaction at 78.2° for 72 hours. The benzoyloxylation products
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were not obtained.

Allen, Bolton, and Williams [62] obtained low yields 

of aryl benzoates from polyfluoroaromatic compounds at 

80°. 1 , 2,4,5 -Tetraflu orobenzen e gave 7.0 mol% 2,4,5-tri- 

fluorophenyl benzoate. The presence of trichloroacetic 

acid increased the yield to 21.0 mol%. It was found that 

iron(III) benzoate increased the yield of dehydrogenation 

products; while trichloroacetic acid, defluorination pro­

ducts of the corresponding (5-complexes.

Coleman [32] argued that metal salts such as iron(III) 

benzoate could not oxidise dp because (i) the strength of 

C-F bond, and (ii) the improbability of fluorine to leave 

as fluorinium cation, F^.

1.5. Other methods of aroyloxylation.

1.5.1. The Sg ^ 2 reaction.

The oxi datively- initiated  bimolecular nucleophilic 

substitution reaction ($Q ^2 ) is a member of the family of 

electron-transfer chain (ETC) promoted processes, which 

includes the well- est ablished reductively initiated unimo 

lecular nucleophilic substitution reaction (^p^l) [73],
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The general form of the reaction is given in

Scheme 19.

RX - e ----- - [RX]+" (1)

[RX]+" + N u ”    [RXNu]' (2)

[RXNu]---------- ----- - [RNu]+'+ X" (3)

[RNu]+'+ RX ----- “ RNu + [RX]+" (A)

Scheme 19

The initiation step is a one-electron oxidation of 

an aromatic compound to form a radical cation (Step 1).

This may be achieved anodically or by using oxidising agents 

such as Cu(III) [63]. The radical cation undergoes an i p s o - 

additi on of a nucleophile to form an intermediate ^ - c o m p l e x  

(Step 2), which eliminates X (Step 3) to form a new r a d i ­

cal cation. The cha in-transfer reaction (Step 4) involves 

the transfer of an electron from the aromatic compound to 

the new radical cation.

Since the mechanism involves three intermediate r a d i ­

cals, namely, [RX]"’” , [RXNu]', and [RNu]'*’*, the generation 

of any one of these will provide an entry into the p r o p a ­

gation cycle. For example, Eberson and Jonsson [64] d e c o m ­

posed benzoyl peroxide in 4-fluoroanisole in a mixture of 

acetic acid and potassium acetate at 78° for 20 hours, and 

obtained 4- m e t h o x y p h e n y 1 acetate and the corresponding 

benzoate as shown in Table 2.
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Table 2 The yield (mol%) of 4 - m e t h o x y p h e n y 1 acetate 

and 4-methoxyphenvl benzoate from 4 - f l u o r o ­

anisole in S g ^2 reactions

( P h C O O )2 /mmol acetate benzoate

0.25 41 16

0.5 65 20

1.0 88 12

2.0 54 10

[4 - F l u o r o a n i s o l e ]= IM, glacial acetic acid, 
[KOAc]= 0.5M.

The me chanism proposed is given in Scheme 20

OCH OCH
+ PhCOO- -F

F OOCPh

OCH 3 

OOCPh

OCH 3
'«I +

OCH ICH ICH

OOCPh OOCPh
CH

-F"

OOCCH

OCHOCHOCH
+

OOCCHOOCCH F

F
0 ^ 3
S
• J

lOCCH

OCH.

|! +• 

F

Scheme 20
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5 - F l u o r o - 2 - m e th o x y b i p h e n y1 and the corresponding 

benzoate were also formed in 9-14 mol% yields. The total 

yield in excess of 100 mol% (based on the peroxide) 

demonstrates the catalytic nature of the reaction. It was 

found that the yield of 4 - m e t h o x y p h e n y 1 acetate reduced to 

10 mol% when pot assium acetate was omitted, but the yield 

of the benzoate was not affected.

Eberson, Jonsson, and Wistrand [65] deduced from a 

thermodynamic treatment that the formation of (I) is 

exothermic, and the loss of fluoride from (I) is 

favoured over loss of acetate (Figure 4).

0

- 10
1—1 1 - 20
I—1oE
rH - 30
CO
U

- 40
o
C3

- 50

ArOAc + F

A r F + AcO

(Ar = 4-CH^OC^H^-)

Figure 4

A r (O A c )F • 
(I) ArF+' + AcO"

ArOAc*' + F

The synthetic usefulness of the reaction is limited 

to (i) easily oxidised substrates, and (ii) the presence 

of a good leaving group, such as the halides, in the 

aromatic compound.
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1.5.2. Lead(IV) salts.

McClelland, Norman, and Thomas [53,66] obtained 12 

mol% methox ypheny  1 acetate (o.:_g. ratio, 41:59), and 73 mol% 

met ho xyph en yl benzoate (o_:p. ratio, 31:69) from reactions 

of anisole with lead tetraacetate and lead te trabenzoate 

at 80° for 10-20 minutes, under a nitrogen atmosphere, and 

in the presence of a catalytic amount of diisopropyl per- 

oxydicarbo na te as a r_adical source. The yield was based on 

the assump tion that one mol of the product was equivalent 

to one mol of lead salt. From the rate of benzoyloxylatio n 

of anisole with lead t e t r a b e n z o a t e , which exceeds 1000 

times that of benzene, when compared with only about 8 

times with benzoyl peroxide, it was proposed that the r e a c ­

tion involves one-electron transfer from anisole to the 

lead salt to form a radical cation. It was assumed that 

lead benzoate could not benzoyloxylate benzene because of 

the high energy of formation of benzenyl radical cation.

In its simplified form, the mechanism suggested is outlined 

in Scheme 21.

OCH3 OCH^
+ .Pb(00CPh)3  ^ + “:Pb(00CPh)3

M H 3
+ ":Pb(00 C P h )3 ---  | f ^  + PbCOOCPh)^

H OOCPh

+ Pb(OOCPh), —  + 'Pb(OOCPh)
? h c o c n ^

H ^ O O C P h  + PhCOOH

Scheme 21
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Fieser and Hershberg [7] reported greater than 90% 

m on oacetox y product from a reaction between lead t et ra ­

acetate and 3,4-benzopyrene in a mixture of acetic acid 

and benzene at room temperature. Fieser and Putnam [67] 

obtained 9-acetox yanthrace ne and anthraquinone from a c o m ­

plex mixture of products from a reaction of anthracene 

at 50-55° with the above reagent. From the isolation of 

ci s - and t rans - 9. l O - d i a c e t o x v - 9 .10-dihvdroanthracene (I) 

from the above reaction mixture, Fieser and Putnam [67] 

suggested a mechanism  involving an initial addition of two 

acetoxy groups without the elimination of hydrogens 

(Scheme 2 2 ).

H. ,OOCCH
_Pb(OOCCH^)_^_ ^ (I)

H" OOCCH

H. ,OOCCH OOCCH
+ CHgCOOH

H^ "OOCCH

CHoCOO OOCCHOOCCH 3

H OOCCH 
OOCCH^CH^COO /OOCCH

OOCCHH^'OOCCH

or

OOCCH 3Scheme 22

+ CH3COOH

+(CH3C0)20

The disadvantages of using lead salts are (i) the 

compounds are unstable. Lead tetraacetate rapidly turned
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brown due to the formation of lead dioxide on exposure to 

the atmosphere; and (ii) they are cumulative poisons. They 

can be absorbed through the skin from solutions.

1.5.3. Perbenzoic acid.

Cohen and Edwards [6 8 ] found that a solution of 

perbenzoic acid in benzene produced free radicals. In a 

study using free radical scavenger, oc,oc-diphenyl-^-picryl- 

hydrazyl (DPPH), it was found that the rate of the
I

decomposition of perbenzoic acid followed a first-order 

kinetic form (Equation 7).

Rate = k[Perbenzoic acid] (7)

The activation energy for the homolytic rupture of 

the oxy ge n-oxygen bond was approximately 30 kcalmol  ̂ [ 

which is about the same as for benzoyl peroxide [30].

Davison [69] deduced from infra-red spectroscopy 

that perbenzoic acid in carbon tetrachloride exists as 

the intramole cularly chelated monomer containing a five- 

membered ring (Figure 5).

/ - - H

Figure 5
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Cohen and Edwards [6 8 ] suggested that this structure 

prevails in non-polar solvents, such as benzene. It was 

found that the free-radical cleavage does not occur to 

any significant extent in 1-butanol. It was suggested that 

in this solvent, perbenzoic acid formed hydrogen-bonds 

with the solvent molecules, such that the electrons are 

displaced towards the oxygen attached to carbon (Figure 6 )

R
I

J d  H — 0

0 — R I
H

Figure 6

Eckhardt [70] decomposed perbenzoic acid in various 

polynuclear aromatic compounds in chloroform at 4°, and 

found that only the carcinogenic hydrocarbons such as 

m e t h y I c h o l a n t h r e n e , 3, 4 - b e n z o p y r e n e , and 1 , 2-benzanthrace

ne reacted. Naphthalene and phenanthrene were inert in 

this r e a c t i o n ..

Roitt and Waters [71] decomposed perbenzoic acid in 

the presence of similar carcinogenic hydrocarbons as 

Eckhardt, in chloroform at 0°, and found that oxidation 

occured at the m e s o - positions to give complex mixtures 

of products. Anthracene gave anthraquinone, and possibly, 

a n t h r a q u i n o l . It was suggested that perbenzoic acid is an 

electro phi lic reagent which tend to provide electropositi 

vely polarised hydroxyl fragments, rather than the
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"neutral" hydroxyl radical (Reaction 11)

PhCOO-OH + H - A r  -PhCOO H + ArOH (11)

Swern [72] suggested that the peroxide oxygen in 

peracids is electrophilic, and readily released in the

presence of a nucleophilic group, such as a double bond.

It was found that the reaction rate was increased when 

e le ct ron-releasi ng group was attached to, or in close 

proximity, to the double bond. This is because of the 

increased electron density of the ethylenic system, which

resulted in an increase in the nucleophilic properties of

the double bond. Similarly, the rate was decreased when 

electr on -attra ct ing group was present because of a 

decrease in the nucleophilic properties of the double bond.

Kurz and Kovacic [37] reacted perbenzoic acid in 

toluene in the presence of copper(II) chloride in 

acetonitrile at 60° for 3 hours, and obtained 109 mol% 

benzoic acid, 13 mol% benzyl chloride, and 3 mol% benzal- 

dehyde. The nuclear substitution products were not detected 

The yield of benzoic acid increased to 114 mol% when the 

catalyst was omitted.

These results suggest that perbenzoic acid cannot be 

used as an oxygenation reagent in aromatic compounds.
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2. EXPERIMENTAL

2.1. Instruments .

2.1.1. Gas-liquid chromatography was done on a Pye-Unicam 

series 104 or 204 machine, with a flame ionisation 

detector; and connected to a 308 LDC computing 

integrator .

2.1.2. Hig h- performance liquid chromatography was done on 

a VA Varian 5000 liquid chromatograph.

2.1.3. Visible spectroscopy was done on a Perkin-Elmer 551S 

UV-Vis double-bea m spectrophotometer.

2.1.4. ^H-N.m.r spectroscopy was recorded on a Hitachi 

Perkin-Elmer, R-24B, 60 MHz machine.

192.1.5. F-N.m.r spectroscopy was recorded on a Jeol FX-90Q 

mu ltinuclear Fourier transform instrument, operating 

at 84.26 M H z .

2.1.6. Infra-red spectroscopy was recorded on a Perkin- 

Elmer 197 spectrometer.

2.1.7. Molecular weight was determined on a vapour pressure 

Mechrolab osmometer, model 301.
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2.2. Methods of analysis.

Unless otherwise stated, the analytical procedures 

were as follows : -

2.2.1. Gas-li quid chromatography.

Gas-liquid chromatography was done using a 5ft.x 1/8 in

o.d. glass column packed with 10% Apiezon L on 80-100 mesh
_ 2

celite, at 200°, and nitrogen at a pressure of 2.75 kgcm 

as the carrier gas.

2.2.1.1. Qualitative analysis.

The reaction products were identified by comparing 

their relative retention times with those of authentic c o m ­

pounds (R^= 1.0 for internal standard) under identical con­

ditions (Table 3).

2.2.1.2. Quantitative analysis.

After the identification of the reaction products, the 

detector was calibrated for quantitative analysis by the 

method of internal standardisation. Standard solutions were 

made up containing each reaction product in turn with a 

chosen internal standard. A number of such solutions c o v e r ­

ing a wide range of relative concentrations was prepared
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Table 3 Relative retention times data for g .1.c analysis

Compound Rel. R^
1

Pentame th yIbenze ne  (internal standard) 1.0

2- Me tho xyb iphenyl 2.3

4-Met ho xybiphe ny l 4.0

2 , 3 , 4 , 5 , 6-Pentafluorobiphenyl 0.7

2,3,5,6- Te trafluo ro -4-meth ox y bi ph enyl 1.8

2 - M e t h o x y p h e n y 1 acetate 0.6

4 - M e t h o x y p h e n y 1 acetate 0.8

2, 3 ,5, 6- Tetrafl uo ro-4-me th oxy ph enyl acetate 0.4

4-Dimet hy laminop he nyl acetate 1.7

1-Naphthyl acetate 0.3 *

2 - M e t h o x y p h e n y 1 benzoate 6.5

4 - M e t h o x y p h e n y 1 benzoate 10.0

2 , 3 , 5 , 6- T e t r a f lu or o - 4 - m e t h o x y p h e n y 1 benzoate 3.5

P e n ta fl uorophe ny l benzoate 1.3

1-Naphthyl benzoate 2.8 *

2-Naphthyl benzoate 3.4 *

, Relative to 4-met h o x y phenyl benzoate at 240°.
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for each component. Each such solution was analysed three 

times by g .1 . c .

The following methods were used to determine the 

co nc en tra tions of the various components in the reaction 

mixtures : -

(a) Using calibration graph.

An average peak area ratio, determined by multiplying 

the peak height with the width at half the peak height, for 

the component relative to the internal standard was used to 

plot the calibration curve for all the products. This was 

used to determine the concentration of the various components 

in the reaction mixture, by reference to the internal 

standard in each case.

(b) Using 308 LDC computing integrator.

The 308 LDC computing integrator was calibrated with 

the standard solutions above. The integrator response was 

found to be accurate to within 92-95%.

2.2.2. High- per formanc e liquid chromatography.

Hig h-p erfor ma nce liquid chromatography was done using 

a 250mm. X  4.5mm Spherisorb 85 nitrile column (serial number 

E0198 ; batch number 19/235) at 235 nm. A solution of 40% 

aceton itr ile and 60% deionised water was used as the eluant
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. - 1with a flow-rate of 1.5 mlmin at 25° and 92 atmospher

The qualitative and quantitative analyses were as for 

g.l.c (2 .2 .1).

Table 4 Relative retention times data for h.p.l.c analysis

Compound Rel. R

4 - M e t h o x y p h e n y 1 benzoate (internal standard) 

4-Methy l-l -naph thyl benzoate

1 - M e t h y 1 - 2 - n a p h t h y 1 benzoate 

2,3 - D i m e t h y 1 - 1-n ap hthy1 benzoate

1.00
1.28

1.27

1.43

192.2.3. F-N.m.r spectroscopy.

2.2.3.1. Qualitative analysis.

The chemical shifts ( 6 ^ in ppm upfield from CFCl^ ; 

CDClg solvent) were compared with those calculated by 

assuming the additivity of substituent effects (^'Sq.qch

A<5m-OCH , + 2 . 0 ; & 6  ,+1.7) upon the chemical shifts ofp—ULHg
compounds listed in Table 5.

2.2.3.2. Quantitative analysis

The chemical shifts obtained were assigned to each 

fluorine in the isomeric mixture with reference to the
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calculated values, and the integrals used to calculate the 

percentage composition of each isomer (Appendix 1) [74].

1 Q
Table 5 F-N.m.r data for C ^F^X.

X <Sp/ ppm Ref .

2 3- 4-

F 162.9 162.9 162.9 [75]

O C H 3 158.5 164.9 164.6 [75]

OH 163.6 170.9 165.6 *

O O C C H 3 154.0 164.1 159.6 [76]

OOCPh 152.9 162.8 158.4 *

S » 5 143.9 163.2 156.8 [74]

S ^ 5 138.1 161 . 1 150.5 *

Oct afluoro- 146.01 (1-) 154.7 (2-) *

naphthalene

"i*, Authentic compounds .

2.2.4. ^H-N.m.r spectroscopy

H-N.m.r spectroscopy was used in qualitative analyses. 

The integrations, multiplicities, and chemical shifts 

(upfield of TMS in ppm ; CDClg solvent) were used to confirm 

the structure of authentic compounds.



58

2.2.5. Molecular weight.

The vapour pressure Mechrolab osmometer was calibrated 

with standard solutions of benzil in benzene.

2.3. Purif ication of organic reagents.

2.3.1. Aceton itril e (Aldrich) was treated with activated

4A molecular sieves for one week. Calcium hydride was added, 

portionwise, to the partially dried solvent until the 

evolution of hydrogen had ceased. The liquid was decanted 

from the solid residue and fractionally distilled through 

a 30-cm Vigreux fractionating column, collecting the middle 

cut. B.p. 82°/760 mmHg; lit. 81.6° [77].

2.3.2. Anisole (Koch-Light) was fractionally distilled 

through a 30-cm Vigreux fractionating column, taking the 

middle cut. B.p. 154°/760 mmHg; lit. 155° [77].

2.3.3. Benzoyl peroxide (BDH) containing 30% water was 

dissolved in the minimum quantity of warm chloroform. The 

solution was poured into a separating funnel and the aqueous 

layer rejected. The chloroform solution was rapidly filtered 

through a Buchner funnel into two volumes of ice-cold 

methanol, with stirring. The fine white precipitate was 

collected on the Buchner funnel and dried in a vacuum 

desiccator over calcium chloride. M.p. 107-8°; lit. 106-8° 

[77].
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2.3.4. 2-Fluoro-, 4-fluoro-, 4-chloro-, and pentafluoro- 

anisoles. h e x a f l u o r o b e n z e n e , 1- f l u o r o n a p h t h a l e n e . and

o c t a fl uo ronaph th alene (Aldrich) were used directly.

2.3.5. Naphthalen e (Griffin and George) was purified by 

washing its ethereal solution with sodium bicarbonate 

solution (3 times). The solid obtained when ether was 

removed was rec rystallised from ethanol. M.p. 79.5-80°; 

lit. 80.5 [77].

2.3.6. 1-Methvln aphthal ene was vacuum-distilled. B.p. 

114-5°/15 mmHg; lit. 110°/12 mmHg [77].

2.4. Preparat ion of organic reagents.

2.4.1. Copper(II) benzoate [14].

Copper(II) acetate, C u O .Cu(0 0 C C H 3 )3 .6H 2O (6.0 g ;

16 mmol) was dissolved in ethanol by heating and stirring.

It was filtered to removed undissolved solid. A solution of 

benzoic acid (7.5 g ; 0.06 mol) in ethanol was added to the 

hot copper acetate solution until precipitation commenced. 

The green precipitate was filtered and washed with hot 

ethanol. It was dried in the oven (100°). Yield 6.25 g 

( 63.9%) .Visible spectroscopy (1-cm silica cells; MeCN as 

reference) gave A = 690 nm ( g = 1094 M ^cm“ ^). Theill a. X  III a. X

molecular weight in benzene was 1222 ; molecular formula,

Cu,( OOC Ph)„ (required, 1223 ). IR (Nujol; NaCl plates) gave4 o
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\> = 680 (s), 720 (m), 1400 (m), 1560 (m), and 1610 (m) cm  ̂.

2.4.2. 2-Deuteroaniso le [78].

Ma gne sium turnings (2.0 g ; 0.083 mol) were covered 

with anhydrous diethyl ether (25 ml) in a 500-ml three­

necked round-botto med flask fitted with a double-surface 

reflux condenser, a sealed stirrer unit, and a 100-ml 

dropping funnel. Calcium chloride guard-tubes were placed 

on the condenser and dropping funnel.

1-Bromopropane (11.0 g ; 0.089 mol) was dissolved in 

anhydrous diethyl ether (75 ml); 20 ml of the solution was 

added to the magnes ium turnings. The reaction was initiated 

by grinding the magnesium surface with a glass rod. Once 

the reaction had started, the rest of the solution was added 

with vigorous stirring at such a rate that kept the ether 

gently refluxing. The mixture was further heated for thirty 

minutes, and cooled. The ether was removed. Anisole (20.0 g ; 

0.18 mol) was added. The mixture was gently heated under 

reflux at 1 2 0 ° (oil-bath) for four hours, during which white 

fumes were given off.

The 2-anisyl magnesium bromide formed above was di s s o l ­

ved in anhydrous diethyl ether (100 ml). Deuterium oxide 

(7 ml ; 0.39 mol) was slowly added with vigorous stirring.

The solution was treated with a mixture of ammonium chloride 

(37 g) and ice (150 g). The ether layer was separated and
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washed three times with distilled water, dried (MgSO^), 

filtered, and the ether r e m o v e d .

2-Deuteroanisole was obtained by fractional distilla 

tion. Yield 10.7 g (75% pure). B.p. 151-2°/760 mmHg. 

^H-N.m.r gave 6 ^ = 3.6 (s ; 3 H ) , and 6 .7-7.3 (m ; 4.25H).

2.4.3. 4-Deuteroanisol e .

The apparatus was set up as in (2.4.2).

Ma gn es ium turnings (6.0 g ; 0.25 mol) were covered 

with anhydrous diethyl ether (25 ml). 4-Bromoanisole 

(46.75 g ; 0.25 mol) was dissolved in anhydrous diethyl 

ether (100 ml); 20 ml of the solution was added to the 

magnesium, and the reaction initiated as before. Once the 

reaction had started, the rest of 4-bromoanisole solution 

was added with stirring at such a rate that kept the ether 

gently refluxing. The mixture was further heated for an 

hour on a water-bath, and cooled. Deuterium oxide (4.5 ml ; 

0.25 mol) was cautiously added with vigorous stirring.

The solution was treated with a mixture of ammonium 

chloride (25 g) and ice (100 g). The ether layer was 

separated, washed three times with distilled water, dried 

(MgSO^), filtered, and the ether removed.
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4- Deu teroani sole was obtained by fractional d is tilla­

tion. Yield 10.0 g (60% pure). B.p. 153-4°/760 mmHg.

^H-N.m.r gave <5^ = 3.65 (s ; 3H), and 6.9 (m ; 4.4H)

2.4.4. 4-Methoxyn onafluoro biphenyl.

4-Met ho xynonaf lu orobiph en yl was initially donated 

by Dr. R. Bolton. G.l.c analysis showed two main peaks 

at = 180 and 568 s. These were shown to correspond to

4 - m e t h o x y n o n a f l u o r o b i p h e n y l , prepared by the same method 

as for 2 , 3 , 5 , 6- t e t r a f luoro-4-methox ybiph enyl from 2,3, 4 , 5 , 6- 

pe nt af luorobiphe nyl [79] (2.5.3) ; and 4 , 4 ’-dimethoxyocta-

f l u o r o b i p h e n y l , respectively.

Decafluoro biphen yl  (1.0 g ; 3.0 mmol) was added to 

a solution of sodium (0.06 g ; 2.6 mmol) in dry methanol

(15 ml). The mixture was heated under reflux for four hours. 

Water was added when cooled, and the product extracted with 

ether. The residue when ether was removed was recrystallised 

from ethanol. Yield 0.55 g (61.1%). M.p. 41-2° ; lit. 50-1° 

[80]. ^H-N.m.r gave = 4.15 (s). G.l.c showed two peaks 

at = 171 (87%) and 444 s (13%). ^^F-N.m.r gave

= 138.5 (s), 140.7 (s), 150.9 (t), 152.1 (t), 1 5 8 . l(t)r
and 161.8 (5 peaks). 6^ calculated for 4 - m e t ho xynonaf lu oro­

biphenyl were 138.1 (F^tjF^,), 140.1 150.5 (F^,),

156.7 (Fg,F^), and 161.1 (F^,,F^,).
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2.4.5. 4,4 *- D i m e t h o x y o c t a f luorobiphenyl [ 8 1 ] .

Sodium (1.17 g ; 0.05 mol) was dissolved in methanol 

(15 ml). The excess of solvent was removed.

Dec af lu orobip he nyl (6.0 g ; 0.018 mol) and dimethyl 

sulphoxide (25 ml) were added, and the mixture heated under 

reflux for four hours. The white solid formed was extracted 

with diethyl ether, and the extract washed with distilled 

water (3 times), and the ether removed. The oily residue 

was rec rys talli se d from ethanol. Yield 1.35 g (21.0%).

M.p. 83-4° ; lit. 83-4.5 [82]. ^^F-N.m.r gave 6 ^ = 140.4 (d) 

and 158.0 (d) ; J= 19.53 Hz. calculated for 4,4'-di- 

m e t h o xyoc ta fluorob ip henyl were 140.1 (F2'^6'^2*'^6')
156.7 ( f,F ^ i ). G.l.c showed one main peak at

= 444 (>97%), and smaller peaks at 168, 270, 720, and 

804 s.

2.4.6. N.N - D i m e t h y l - 4 - f luoroaniline was prepared by the 

same method as for N,N - d i m e t h y l a n i 1 ine from aniline [83].

4-Fluoroaniline (13.75 ml), purified by v a c u u m -dist il ­

lation (b.p. 88-9°/24 mmHg ; lit. 187°/757 mmHg [77]), and 

trimethyIphospha te (11.5 ml) were gently heated in a 500-ml 

round-bottomed flask fitted with a water condenser until 

a vigorous reaction commenced. The heating was stopped.

When two layers were seen, the heating was continued under 

gentle reflux for two hours. Sodium hydroxide solution 

(12.5 g in 50 ml water) was cautiously added to the cooled
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solution (50°), and the mixture refluxed for one hour. It 

was poured into a large beaker and left to cool to room 

temperature. The oily layer of amine was poured out from 

the solid residue. The residue was washed with water and ex ­

tracted with ether. The ether extract was added to the 

liquid amine, dried (MgSO^), filtered, and the ether removed 

The residue was treated with an equal amount of acetic 

anhydride and left to stand overnight. Concentrated h y d r o ­

chloric acid (10 ml in 15 ml water) was carefully added 

and the solution extracted with ether. Sodium hydroxide 

solution (25%) was cautiously added to the acidic mixture 

until the oily product separated. This was extracted with 

ether, dried (MgSO^), filtered, and the ether removed. The 

product was distilled under reduced pressure using an air 

condenser. Yield 7.76 g . B.p. 84-6°/14 mmHg ; lit. 78-9.5°/ 

16 mmHg. M.p. 29-30° ; lit. 25° [77]. ^H-N.m.r (EM-360 

Varian Anaspect) gave = 2.96 (s ; 6H), and 7.0 (m ; 4H). 

l^F-N.m.r gave = 129.28 ; lit. 129.9 [84]. 6 p for 

4-fluoroan iline was 127.25 ; lit. 127.23 [84]. H.p.l.c

showed one peak at = 7.4 minutes.

2.4.7. Galvinoxyl. (2,6-Di-t-butyl-^ p( 3, 5-di-t -b utyl -4-  

0 X 0 - 2 ,5 - c y c l o h e x a - 2 ,5 - d i e n y l i d e n e )-4-tolyloxy radical) [32].

2, 6-Di-t-butylphenol (21.0 g ; 0.1 mol) and for malde­

hyde (37% ; 15 ml) were dissolved in absolute ethanol (50 ml)

and nitrogen was passed through the solution. An aqueous 

solution of sodium hydroxide (8 g ; 15 ml) was slowly

added, and the mixture gently heated for 20 minutes.
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The yellow solid formed on cooling was washed with dilute

acetic acid until neutral to litmus, and then filtered. It

was re crystal lised from ethanol. Yield of 4 , 4 '-dihydroxy-

3, 5,3',5' -te tra-t-b utyldiphenylmethane, 8.0 g (35.7%). M.p.

154° ; lit. 154° [85]. ^H-N.m.r gave 6 ^ = 1.37 (s ; 3 6 H ) ,

3.72 (s ; 2H), 4.87 (s ; 2 H ) , and 6.85 (s ; 4H). UV-Vis

sp ectrosc opy (Perkin-Elmer 124 ; 1-cm silica cells ; MeCN

as reference) gave A = 292 (E = 124 M ^cm ^ ) and  ̂ max max
390 nm (E = 87 M ^cm ^). max

The yellow solid obtained (5.0 g ; 11.7 mmol) was

dissolved in sodium-dried ether (70 ml) and stirred with 

drierite (1 g ) and lead dioxide (11 g ) for 12 hours at room 

temperature under a stream of nitrogen in blackened a p p a r a ­

tus. After this time, the solid residue was removed by quick 

filtration on the Buchner funnel. The ether extract was 

further charged with drierite (1 g ) and lead dioxide (7 g) 

for another 6 hours. After removal of -the solid residue as 

before, the ether was removed on a rotary-film evaporator. 

The solid obtained was recrystallised from deoxygenated 

light petroleum (b.p. 80-100°) to give 1.25 g (25.4%) 

small violet needles, m.p. 154° ; lit. 153-4 [32]. Visible 

spectroscopy (Perkin-Elmer 124 ; 1-cm silica cells ; 

deoxygenated ethanol as reference) gave = 428 nm

(F = 116 000 M “ ^cm~^) ; lit. 431 nm (F_=y = 154 000 ^ ma x max
M ^cm ^ ) [18].
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2.4.8. Perbenzoic acid [861.

Sodium (2.1 g ; 0.09 mol) was dissolved in "super-dry" 

methanol (40 ml) in a conical flask with moderate cooling, 

and the resulting solution cooled to -5° in a freezing 

mixture .

Recrystallise d benzoyl peroxide (20.0 g ; 0.083 mol) 

was dissolved in chloroform (80 ml), and cooled to 0 °.

This was immediately added to the sodium methoxide solution, 

with shaking and cooling, at such a rate that the temperature 

did not rise above 0°. The mixture was kept for 4-5 minutes 

in the ice-salt bath with continous shaking.The "milky" 

solution was transferred to a separating funnel. Water 

(200 ml) containing much chopped ice was added to extract 

sodium perbenzoate. The chl oroform layer was separated, and 

the aqueous layer extracted with cold chloroform (2x40 ml).

Cold sulphuric acid (90 ml ; 0.5 M) was added to the 

aqueous layer. Perbenzoic acid was extracted from the 

solution using cold chloroform (3x40 ml), and the extract 

washed with cold water (2x 20 ml), dried (Na2S0 ^), and 

concentrated on a rotary-film evaporator.

The residual chloroform was removed under reduced 

pressure while passing in carbon dioxide through a 

capillary tube. The solid residue was dried in a vacuum- 

desiccator over calcium chloride. It was kept in the dark
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at 0°. Yield 9.8 g (86.0%). M.p. 38-9° ; lit. 41-3° [77].

2.4.9. Perfl uor obenz oic acid.

Pe rf luor ob enzonit ri le (20.0 g ; 0.1 mol) was heated 

for one hour at 100-30° with concentrated sulphuric acid 

(18 ml) to give a homogeneous mixture and then cooled to 

90°. Water (24 ml) was added over two hours at 80-90° with 

cooling. The flask was refluxed for six hours, and cooled 

to about 35°. Dichloromethane (30 ml) was added, and stirred 

until the precipitate dissolved. The organic layer was 

collected. The aqueous layer was extracted with dichloro- 

methane (2x25 ml), and the combined extract dried (Ca Cl2 ), 

filtered, and most of the solvent removed. The solid was 

collected and dried in a vacuum-desiccator over calcium 

chloride. Yield 16.3 g (76.9%). M.p. 100-2° ; lit. 99-101° 

[87].

2.5. Preparation  of authentic compounds.

2.5.1. 2 - M e t h o x y b i p h e n y 1 [14].

2 - H y d r o x y b i p h e n y 1 (8.5 g ; 0.05 mol) was dissolved 

in sodium hydroxide solution (30 ml ; 7%) by heating and

stirring. Dimethyl sulphate (5 ml) was added to the solution 

in a rou nd-bottomed flask, and warmed at 70-80° for one 

hour, and cooled. The oily product was extracted with
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diethyl ether, and the extract washed with dilute sodium 

hydr oxi de solution, dried (MgSO^), filtered, and the 

ether r e m o v e d .

2 - M e t h o x y b i p h e n y1 was distilled under reduced pressure. 

Yield 4.3 g (46.7%). B.p. 155°/13 mmHg ; lit. 159-60°/18 mmHg 

[77].

2.5.2. 4 - M e t h o x y b i p h e n y 1 [14].

4-M eth ox ybiphen yl  was similarly prepared from 4-hydro- 

xybiphenyl (8.5 g ; 0.05 mol) as in (2.5.1).

The solid product was filtered off under suction and 

washed with dilute sodium hydroxide solution. It was 

recrystall is ed from methylated spirit. Yield 3.7 g (40.0%). 

M.p. 88-9° ; lit. 91-2° [77].

2.5.3. 2,3,5 , 6- T e t r a f luor o-4-m ethoxybip henyl [79].

Sodium (0.7 g ; 0.03 mol) was placed in a dry round- 

bottomed flask fitted with a reflux condenser and cooled 

in ice-water. "Super-dry" methanol (15 ml) was added all 

at o n c e .

2 , 3 , 4 , 5 , 6-Pentafluorobiphenyl (1.0 g ; 4.0 mmol) was 

added, and the mixture heated under reflux for one hour.
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The solid formed was extracted with petroleum ether 

(b.p. 30-40°) and the ether removed. It was recrystallised 

from ethanol. M.p. 55-7° ; lit. 63-4° [79]. ^H-N.m.r gave 

= 4.07 (s ; 3H) and 7.28 (s ; 5H). ^^F-N.m.r (Perkin- 

Elmer R-12B ; 56.4 MHz ; C F C I 3 ) gave 6^ = 143.4 (d ; 2F) 

and 156.5 (d ; 2F). <Sp calculated, 145.9 (F^.F^) and 158.8 

^ ^ 3 ’^5^* G.l.c showed three peaks at R^= 486 (>99%), 780, 

and 924 s .

j
2.5.4. 2-Methoxyphenyl acetate [8 8 ].

i
2-Methoxyphen ol (11.0 ml ; 0.1 mol) was dissolved in 

sodium hydroxide solution (50 ml ; 3M) in a 250-ml conical 

flask. Ice (100 g ) and acetic anhydride (15 ml ; 0.16 mol) 

were added. The flask was stoppered and shaken vigorously 

for 5 minutes. The product was extracted with diethyl ether 

(4 x 20 ml), and the extract washed with dilute sodium h y d r o ­

xide solution, dried (MgSO^), filtered, and the ether removed 

The product was distilled under reduced pressure. Yield

11.35 g (68.4%),. B.p. 124°/14 mmHg ; lit. 123-4°/13 mmHg 

[88] .

2.5.5. 4-Methoxyphenyl acetate was similarly prepared from 

4-m eth oxyphen ol (12.4 g ; 0.1 mol) as in (2.5.4).

The oily product crystallised upon scratching and was 

re cry stallis ed from dilute ethanol. Yield 8.52 g (51.3%).

M.p. 32-3° ; lit. 30-2° [8 8 ].
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2.5.6. 1-Naphthyl acetate was similarly prepared from

1-naphthol (7.2 g ; 0.05 mol) as in (2.5.4). Yield 2.38 g ; 

(25.6%).M.p. 44-4.5° ; lit. 43-6° [77].

2.5.7. 2-Met hoxvDhenvl benzoate

2-Methoxyphenol (6.0 ml ; 0.05 mol) was dissolved 

in sodium hydroxide solution (70 ml ; 10%) in a 500-ml

r ou nd -bo ttomed flask. Benzoyl chloride (9.0 ml ; 0.08 mol) 

was added and the flask stoppered and shaken vigorously 

until the smell of benzoyl chloride was gone (15 min).

The solid was recrystallise d from methylated spirit. Yield 

4.75 g (4 1. 7 % ) . M.p. 58-9° ; lit. 58-9.5° [37].

2.5.8. 4 - M e t h o x y p h e n y l - . 1- and 2-naphthvl- benzoates were

similarly prepared from 4 - m e t h o x y p h e n o l , 1- and 2- naphthols,

respectively, as in (2.5.7).

The m.p. of 4-methoxyphenyl benzoate was 87-8° ; lit. 

85.5-7° [37] ; .1-naphthyl benzoate, 53-4° ; lit. 55° [20a] ;

and 2-naphthyl benzoate, 103-4° ; lit. 106° [20a].

2.5.9. Pentafluor ophenyl benzoate [89]

Hexaflu orobenzen e (5.0 g ; 27 mmol) was heated under 

reflux with potassium hydroxide pellets (3.8 g ; 0.07 mol) 

in t-butanol (50 ml) for one hour, and cooled. Water (100 ml) 

was added, and t-butanol distilled off. The residual aqueous
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solution was filtered and extracted with ether (2x25 ml).

The aqueous layer was acidified with hydrochloric acid (5M), 

and the oil which separated was extracted with ether 

(4x25 ml). The extract was washed with water, dried (MgSO^), 

filtered, and the ether removed.

Pentafl uor ophen ol was obtained by distillation under 

reduced pressure. Yield 3.65 g (73.5%).B.p. 49°/13 mmHg ; 

lit. 143°/760 mmHg [89]. ^^F-N.m.r gave <5p = 163.6 (F^.F^ ;

J, 24.4 Hz), 165.6 (F^ ; J, 19.5 Hz), and 170.9 (F3 ,F^ ;

J, 19.5, 24.4 Hz).

Pentafl uo rophen ol  (0.5 g ; 2.6 mmol) was shaken with 

benzoyl chloride (0.5 ml ; 4.3 mmol) in pyridine (5 ml) in 

a stoppered round-bottomed flask for one hour. The solid 

formed was extracted with ether. The extract was washed 

successively with water and sodium hydrogen carbonate so l u ­

tion, dried (MgSO^), filtered, and the ether removed. The 

residue was recrystallised from ethanol. Yield 0.3 g ; 

(37.8%). M.p.74-5° ; lit. 74-5° [89]. ^^F-N.m.r gave 

■Sp=152.9 (Fg,F^ ; J, 19.5 Hz), 158.4 (F^ ; J, 24.4 Hz), 

and 162.8 (p3 ,F3 ; J, 19.5, 24.4 Hz). G.l.c showed one 

peak at R^= 596 s.

2.5.10. 2,4,5,6 -T etrafluoro- 3-methoxy phe nol was prepared 

from pentaf luor oanisol'e (5.38 g ; 27 mmol) as in (2.5.9). 

Yield 4.64 g (87.7%).B.p. 93°/12 mmHg ; lit. 99-100°/15 mmHg 

[90]. G.l.c (155°) showed three peaks at R^ = 221 (28%),
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296 (71 .6%), and 429 s (0.4%). ^H-N.m.r gave = 3.85

(s ; 3H) and 6.9 (s ; IH). ^^F-N.m.r gave = 159.1 (s),

159.7 (d), 164.4 (d), 165.0 (d), 165.7 (t), and 170.8 (t).

^P calculate d for 3, 4, 5 , 6-tetrafl uoro-2-methoxyphenol,

165.6 (F^), 166.5 (F^), 167.6 (F^), and 172.6 (F^) (27%);

2, 4 , 5 , 6 - t e t r a f luoro-3-methoxyphenol, 159.2 (F^), 161.2 (F^),

165.3 (F^) and 172.9 (F^) (71%); and 2,3 ,5,6-tetrafluoro-

4 - m e t h o x y p h e n o l , 165.6 (F^,F^) and 166.5 (F3 ,F^) (2%).

IR (liquid ; NaCl plates) showed the characteritic broad
_ 1absorption band at V= 3400 cm due to the -OH group.

I

2.5.11. 2 , 4 , 5 , 6 - T e t r a f luoro-3- methoxy phenyl acetate was 

prepared by the same method as for pentafluorophenyl 

tr ifl uoroace tate from pentafluorophenol and t r i f l u o r o a c e t y 1 

chloride [91].

2 , 4 , 5 , 6- T e t r a f l u o r o - 3 - m e thoxyphenol (1.0 g ; 5.0 mmol) 

was condensed with acetyl chloride (5.0 ml ; 70 mmol) at 

-28° (CCl^/dry ice) for 2 j  hours. The mixture was left to 

warm to room temperature, and the excess acetyl chloride 

distilled off. The remaining liquid was extracted with ether, 

and the extract washed successively with water and saturated 

sodium hydrogen carbonate solution. It was dried (MgSO^), 

filtered, and the ether removed. The liquid was distilled 

under reduced pressure. B.p. 94-5°/ll mmHg. G.l.c showed 

three peaks at R^= 84 and 96 (~80% for both), and 105 s 

(-20%). ^H-N.m.r gave 6^ = 2.18 (s ; 3H) and 3.85’ (s ; 3H) .
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l^F-N.m.r gave <5p = 148.9, 154.1, 154.7, 155.1, 157.9,

158.7, 159.5, 160.3, 164.7, 165.7, and 170.6, calculatedr
for 3 , 4 , 5 , 6- t e t r a f luo ro-2-methoxyphenyl acetate, 156.0 (F^),

159.7 (F3 ), 161.6 (F^), and 165.8 (F^) (28%) ; 2,4,5,6-

t e t r a f l u o r o - 3 - m e thoxyphenyl acetate, 149.6 (F^), 155.2 (F^)

155.7 (F^), and 166.1 (F^) (34%) ; 2 , 3 , 5 , 6-tetrafluoro-4- 

m et hox yph enyl acetate, 156.0 (F^,F^) and 159.7 (F3 ,F^)

(17%) ; and the unreacted isomeric tetraf luorometh oxyphenol s

(21%).

2.5.12. 2, 4, 5 . 6- T e t r a f luo ro-3-methoxvDhenvl benzoate was 

prepared from 2 , 4 , 5 , 6- t e t r a f l u o r o - 3 - m e thoxyphenol (0.5 g ;

2.6 mmol) as in (2.5.9). Yield 0.41 g (52 .0%). M.p. 112-4°. 

G.l.c showed three peaks at R^= 690 (32%), 846 (27%), and 

924 s (41%). ^^F-N.m.r; 5 ^ = 1 3 9 . 6  ( d ) ,  148.5 (s), 149.8 ( d ),
152.8 ( d ) ,  154.4 (five peaks), 157.7(t), 158.6 (t), 160.0 

(t), and 164.3 (four peaks). <5p calculated for 3, 4, 5, 6-

te t r a f l u o r o-2-methoxyphenyl benzoate, 154.9 (F^), 158.4 (F3 )

160.4 (F^), and 164.5 (F^) (39%) ; 2 , 4 , 5 , 6-tetrafluoro-

3-m et ho xyphen yl  benzoate, 148.5 (F^), 154.0 (F^), 154.6 

(F^), and 164.8 (F^) (19.5%), and 2 , 3,5 , 6-tetrafluoro-4- 

metho xyp henyl benzoate, 154.9 (^3 »^^) and 158.4 (F^iF^) 

(41.5%).

2.5.13. 2-H eptafluoronaphthyl benzoate.

2-Heptafluoronaphth ol was prepared from octafluoro- 

nap hthalene (3.67 g ; 13.5 mmol) as in (2.5.9). The liquid
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obtained by v a c u u m - d i s t i l l a t i o n , b.p. 146°/19 mmHg, 

solidified to a white solid, m.p. 115-9° ; lit. 116-20°

[92]. ^^F-N.m.r gave 6 ^  = 147.9, 148.4 (4F), 152.67 (IF), 

156.67 (IF), and 158.0 (IF). <Sp calculated, by assuming 

the add itivity of substituent effect (A^ + 0.7) uponO — U n
the chemical shifts of octafluoronaph thalene (Table 5),

146.01 ( F ^, F3 ,Fq), 146.7 (F^), 154.7 (F^,F^), and 155.4

(Fg).

2-Hep taf luorona phthyl benzoate was obtained from

2-he pta fluoron aphthol as a white solid. Yield 0.27 g 

(39.6%). M.p. 132-3°; lit. 134° [92] ^^F-N.m.r gave 

6p = 134.5 (IF), 146.1 (4F), 153.8 (IF), and 154.9 (IF).

calculated by assuming the additivity of substituent 

effect ( ^ ^ o - O O C P h ’ ~ 10.0) upon the chemical shifts of 

oct afl uorona ph thalene  (Table 5), 136.01 (F^), 144.7 (F^),

146.01 (F ^,F3 ,Fg), and 154.7 (F^,Fy).

2.5.14. 4-Dimethylamino phenol was prepared by the same 

method as for 3-dimethylaminophenol from 3-aminophenol [93].

4-Aminophenol (10.9 g ; 0.1 mol) was added , p o r t i o n w i s e , 

over a period of li hours, to dimethyl sulphate (23.7 g ; 

0.19 mdl) in a round-bottomed flask and stirred using a 

magnetic stirring bar. The flask was then fitted with a 

reflux condenser and heated on a water-bath for two hours, 

and cooled. It was poured into ice-water (80 ml), forming 

a pink solution. Solid sodium carbonate was slowly added
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until the mixture was alkaline, and the product extracted 

with ether (5x25 ml).

Hydrochloric acid (5M) was added to the ether extract 

until all the black liquid separated. This was removed and 

made alkaline with sodium carbonate solution (10%). The 

product was extracted with ether, dried (MgSO^), filtered, 

and the ether removed. The black liquid obtained was vacuum- 

distilled to give a viscous pale yellow liquid. Yield 2.23 ] 

(16.3%). B.p. 164-5°/19 mmHg ; lit. 165°/30 mmHg [77]. The 

liquid solidified to a black solid on standing. ^H-N.m.r 

gave -8^ = 2.84 (s ; 6H), 3.75 (s ; IH), and 6.65 (m ; 4 H ) . 

G.l.c (240°) showed one main peak at =124 s (89.8%).

2.5.15. 4-Di me thylaminoph enyl acetate was prepared from 

4-di met hy lamino ph enol (1.0 g ; 7.3 mmol) as in (2.5.4). 

Yield 0.83 g (63.5%). M.p. 75-7°, from petroleum ether 

(b.p. 30-40°) ; lit. 77-8° [94]. ^H-N.ra.r gave = 2.18 

(s ; 3H), 2.82 (s ; 6H), and 6.5-6.95 (m ; 4 H ) . H.p.l.c 

showed one peak at R^ = 5.7 minutes.

2.5.16. 4-Dim eth ylami nophenyl benzoate was prepared from

4-dimethyl am inophen ol  as in (2.5.7). The solid product 

was recrystalli sed from petroleum ether (b.p. 30-40°).

M.p. 154.5-5° ; lit. 158° [95]. ^H-N.m.r gave 6^ = 2.85 

(s ; 6H), and 6.51-8.11 (m ; 9 H ) . H.p.l.c showed one peak 

at R^ = 10.3 minutes.
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2.5.17. 4-Methyl-1-naphthyl benzoate.

2.5.17.1. From 1-MethyInaphthalene [831.

1-MethyInaphthalene (10.0 g ; 0.07 mol) was dissolved 

in glacial acetic acid (50 ml) by gentle warming, and cooled 

in ice-water. Concentrated nitric acid (10 ml) was slowly 

added with shaking. The mixture was warmed to 80° for one 

minute, and then poured into cold water (500 ml) with 

vigorous stirring. It was boiled for thirty minutes and 

cooled. The oily semi-solid formed was recrystallised 

from aqueous ethanol to give 4.3 g (33.0%) small brown 

needles of 4 - m e t h y 1 - 1 - n i t r o n a p h t h a l e n e , m.p. 57-9°. The 

unreacted 1-met hyInaphthalene was removed by column 

chromatography (neutral alumina ; petroleum ether, b.p. 

40-60°). The yellow band in the column was eluated with 

benzene to give small yellow needles, m.p. 64.5-5° ; lit.

71-2° [96]. ^H-N.m.r gave 6^ = 2.75 (s ; 3H) and 7.3-8.3 

(m ; 6 H ).

4 - M e t h y 1 - 1-nitronaphthalene (4.0 g ; 0.02 mol) was 

reduced by warming its ethanolic solution with tin (8 g) 

and concentrated hydrochloric acid (40 ml). After 10 min., 

the mixture was heated under reflux for 30 min.,and cooled. 

It was made alkaline with sodium hydroxide solution (30%), 

and extracted with ether (5 times). The ether extract was 

washed with water (3 times), and dried (MgSO^). 4-Methyl-
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1 - n a p h t h y lamine was obtained as a dark viscous liquid when 

ether was removed. Yield 2.3 g (73.2%). It was distilled 

under reduced pressure to give a pale yellow viscous oil, 

b.p. 178-80°/16 mmHg ; lit. 176°/12 mmHg [77].

4 - M e t h y l - 1 - n a p h t h y lamine (2.3 g ; 15.0 mmol) was 

diazotised by dissolving in concentrated sulphuric acid 

(10 ml solution of 55 ml concentrated sulphuric acid in 

75 ml water), and cooled in ice-salt mixture to 0°. Sodium 

nitrite solution (1.8 g in 4 ml water) was added dropwise 

with stirring to the cold solution while keeping the tem pe ­

rature below 5°, until a test drop gave an immediate black 

colouration on potassium iodide-starch paper. The mixture 

was stirred for a further 10 minutes and then left to warm 

to room temperature. It was warmed to 50-5° with stirring 

until the evolution of nitrogen had ceased. 4-Methyl-l- 

naphthol was obtained by s t e a m - d i s t i l l a t i o n .

4-Methyl-1-naphthol  was benzoylated with benzoyl 

chloride (2.5.7) to give 4 - m e t h y 1 - 1-naphthyl benzoate. 

Yield 0.09 g (2.3%). M.p. 76-7° ; lit. 81-2° [77] from 

ethanol. ^H-N.m.r gave 6^= 2.65 (s ; 3H) and 7.23-8.3 

(m ; IIH). H.p.l.c showed peaks at = 278 (74.6%), and 

294 (25.4%) s.
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2.5.17.2. From 1-naphthol,

(a) 1-Methoxynaphthalene [831.

1-Naphthol (36.0 g ; 0.25 mol) was dissolved in sodium 

hyd roxide solution (10.5 g in 150 ml) in a two-necked 

ro und -bott om ed flask fitted with a reflux condenser and 

a dropping funnel, each fitted with a calcium chloride 

guard-tube. The mixture was stirred with a magnetic stirring 

bar, and the temperature kept at 10°. Dimethyl sulphate 

(24 ml) was added, dropwise, while stirring. The mixture 

was warmed on a water-bath for one hour at 70-80°, and 

cooled. The liquid product was extracted with ether, washed 

with sodium hydroxide solution (10%), and then with water.

It was dried ( M g S O ^ ) , and the ether removed. 1-Methoxy- 

naphthalene was obtained by distillation under reduced 

pressure. Yield 21.0 g (53.2%). B.p. 146-7°/18 mmHg ; lit. 

135°/10 mmHg [77]. ^H-N.m.r gave = 3.76 (s ; 3 H ) , and

5.91-8.21 (m ; 7H).

(b) 4- Me t h o x y - 1 - n a p h t h y l a I d e h y de [97].

DimethyIf ormamide (11 ml) was cooled (ice-bath) in a 

two-necked round-bottomed flask equipped with a reflux 

condenser and a dropping funnel, each carrying a calcium 

chloride guard-tube. Phosphorus oxychloride (13.8 ml) was 

added to the solution, dropwise, from the dropping funnel.
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1-Methoxynaphthal ene (20.0 g ; 0.126 mol) was added, 

portionwise, with stirring. The reaction mixture was heated 

for three hours on a water-bath. It was poured into crushed 

ice (50 g ) in a beaker. Saturated sodium acetate solution 

was added until the pH was between 6-8, with stirring. The 

product was extracted with benzene, and the extract washed 

with dilute hydrochloric acid, then with sodium carbonate 

solution, and finally with water. It was dried ( M g S O ^ ) , 

and the benzene removed. The liquid product was vacuum-

distilled. Yield 17.65 g (75. 3%).B.p. 169-70°/17 mmHg 

and 212-3°/17 mmHg ; lit. 204-5° /15 mmHg [97]. ^H-N.m.r 

gave = 4.0 (s ; 3 H ) , 6.72-8.3 (m ; 6H), and 9.2 (d ; IH)

(c) 4-Methoxy-l- methylnap hthalene . ^

4-Methox y-1-nap ht hylalde hy de (17.0 g ; 0.09 mol) , 

hydrazine hydrate (8.6 g ; 98%), and diethylene glycol 

(80.4 ml) was heated at 100° for five minutes, and cooled 

in ice-water. Potassium hydroxide pellets (6.7 g ; 0.12 mol) 

was carefully added, and the flask heated under reflux until 

the evoluti on of nitrogen had ceased (about one hour).

Water was added to the cooled mixture and the product 

extracted with ether, dried (MgSO^), and the ether removed 

to give a pale yellow oil. Yield 9.6 (62.0%) .B.p. 158— 60°/

18 mmHg and 162°/18 mmHg ; lit. 154-5°/15 mmHg [97].



80

(d) 4-Methyl-l-naphthvl benzoate.

4- Me thoxy-l -m ethylna ph thalene  (1.0 g ; 5.8 mmol) and 

pyridine hydrochloride (3.0 g ; 0.026 mol), prepared by 

passing dry hydrogen chloride gas into dry pyridine, was 

heated at 240° (electric heating mantle) for 30 minutes.

Water was added to the cooled product, and then extracted 

with ether, dried ( M g S O ^ ) , and the ether removed to give 

4-methyl-l-naphthol.

4-Methyl-l- na phthol was benzoylated with benzoyl 

chloride as in (2.5.7) to give 4 - m e t h y1-1-naphthy1 benzoate. 

Yield 0.89 g (58.4%).M.p. 75-6° ; lit. 81-2° [77]. ^H-N.m.r 

gave <Sy = 2.65 (s ; 3H) and 7.25-8.35 (m ; IIH). H.p.l.c

showed one peak at = 280 s.

2.5.18. 1-Methyl-2-naphthy1 benzoate [97].

2- Met hoxy-l -naph th ylaldeh yd e was prepared from

2 -m ethoxyn aphthalen e (40.0 g ; 0.25 mol) as in (2.5.17.2b). 

Yield 29.15 g (62.7%). M.p. 79-81° ; lit. 73-5° [77].

^H-N.m.r gave 6 y  = 3.95 (s ; 3H), 7.0-7.9 (m ; 6H), and

9.0-9.2 (d ; IH).

2-Methoxy-l-methyInaphthalene was obtained from 2-methoxy

1-naphthylaldehyde (20.0 g ; 0,11 mol) as in (2.5.17.2c). 

Yield 13.29 g (70.2%).M.p. 37-8° ; lit. 41° [97]. ^H-N.m.r 

gave <5y = 2.46 (s ; 3H), 3.85 (s ; 3 H ) , and 6.95-7.8 (m ; 6H)
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2-Meth ox y-l-me th ylnapht ha lene (0.5 g ; 2.9 mmol) was 

converted to 1-methy1-2-naphthol as in (2.5.17.2d). It 

was benzoylated to give 1-methyl-2-naphthyl benzoate. Yield 

0.5 g (65.6%). M.p. 112-4° ; lit. 117° [77]. ^H-N.m.r 

gave <Sy = 2.5 (s ; 3H) , and 7.2-8.25 (m ; IIH). H.p.l.c 

showed one peak at = 276 s.

2.5.19. 2 , 3-Dime thy1 - 1-naphthy 1 benzoate.

2 . 3-D ime thyInap ht halene (10.0 g ; 64.0 mmol) was 

nitrated as in (2.5.17.1) to give 2,3-dimethyl-l-nitro- 

naphthalene. Yield 7.9 g (61.4%). M.p. 109-10° ; lit. 

110-10.5° [98]. ^H-N.m.r gave <5y = 2.38, 2.5 (s ; 6 H ) , and

7.2-7.7 (m ; 5H).

2 . 3 - D i m e t h y 1 - 1-nitronaphthalene (6.0 g ; 0.03 mol) was 

reduced to 2 , 3 - d i m e t h y l - l - n a p h t h y l a m i n e . Yield 2.15 g (41.9%)

2 . 3 - D i m e t h y 1 - 1-naphthol (0.6 g ; 29.8%) was obtained 

as a red solid,, m.p. 112-3°, from the diazotisation of

2. 3-dime t h y 1 - 1- na phthylamine (2.0 g ; 11.7 mmol). ^H-N.m.r 

gave 6y =2.35, 2.45 (s ; 6 H ) , 5.15(s ; IH), and 7.3-7.5

(m ; 5H).

2 . 3-Dimethy l-l-napht hyl benzoate (0.17 g ; 35.4%) was

obtained as a pale yellow solid, m.p. 118-20°, from 2,3-

di methy l- l-nap hthol (0.3 g ; 1.74 mmol). ^H-N.m.r gave

6  = 2.2, 2.4 (s ; 6H), and 7.2-8.2 (m ; l O H ) . H.p.l.cH
showed one peak at R^ = 282 s.
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2.6. The decomposition of benzoyl peroxide in aromatic 

compounds.

2.6.1. Procedure.

The aromatic compound (50 ml) was introduced into a 

250-ml round-bottomed flask fitted with a reflux condenser, 

and immersed in an oil-bath set at the stated temperature.

It was deaerated by dropping pieces of solid carbon dioxide 

from the top of the condenser.

In the experiment with an additive, an accurately 

known weight was dissolved in acetonitrile (50 ml), and 

added to the aromatic compound.

When the temperature equilibration had been achieved, 

an exactly known weight of benzoyl peroxide (1 g ) was added. 

The flask was shaken thoroughly, and the reaction left to 

proceed for a fixed time.

A known amount of internal standard (pentamethylbenzene 

for the reaction of anisole or its derivatives ; and 

4— methoxyphe nyl benzoate for naphthalene or its derivatives) 

was added before work-up.
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2.6.2. W o r k - u p .

2.6.2.1. The uncatalysed decomposition.

The content of the flask was poured into a separating 

funnel. The acidic part was extracted with saturated h y d r o ­

gen carbonate solution (6x20 ml), and discarded.

2.6.2.2. The catalysed decomposition.

The content of the flask was shaken with (i) 50% aqueous 

o r t h o - phosphoric acid for the reaction with copper(II) 

benzoate until the colour changed from green to brown ;

(ii) hydrochlo ric  acid (5M) for the reaction with copper(II) 

chloride or bromide until the colour changed from black 

to brown ; or (iii) aqueous sodium thiosulphate solution 

(O.IM) for the reaction with iodine, until the colour of 

iodine disappeared.

The organic layer was washed with water until the 

washings were neutral to litmus. The acidic part was 

extracted as above (2.6.2.1).

The organic layer was dried ‘(MgSO^), filtered, and 

the solvent removed under reduced pressure.

The reaction mixture was analysed by g.l.c for the 

reaction of anisole, its derivatives, and naphthalene ; 

and h.p.l.c for the reaction of m e t h y l n a p h t h a l e n e s .
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The yield was expressed as 100 mol of product per mol

of peroxide (mol%).

2.6.3. Results.

Table 6 The decomposition of benzoyl peroxide in anisole

Cu4(00CP h)g T°/t(hr) Mol%

phénylation benzoyloxylation
Ql- m- £- 0.-

none .80°/72hr 25. 1 5.9 4.9 5.2 3.5

- 7.9 5.7 6.8 5.3

- 7.2 6.7 5.1 3.8

- 8.0 4.6 7.1 6.3

present 80°/20hr 22.6 8.0 4.4 13.4 3.2

80°/72hr 32.5 9.3 5.4 16.1 3.6

30.6 16.8 6.4 14.8 2.4

present 60°/20hr 18.7 8.9 4.1 5.3 5.1

60°/48hr 21.3 6.5 3.8 5.5 7.8

60°/72hr 17.4 5.7 3.4 7.5 11.9

- 8.4 4.6 8.5 15.9

15.5 — 2.8 6 .6 16.9

Anisole:(PhC00)2:Cu^(00CPh)g - 100:1:0.01 ;
-, not determined.
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Table 7 The copper(II) benzoate catalysed decomposition of 

benzoyl peroxide in anisole under different experi 

mental conditions for 72 hours.

TO Mol ratio * Methoxyphenyl benzoate

mo 1% o:_p ratio

55° 22.6 1.0:0.1 ** 8.4 36:64

99.8 8.3 33:67

119.6 1.0:0.04 11.6 25:75

60° 13.0 1.0:0.15 ** 9.0 33:67

94.6 1.0:0.15 16.7 30:70

113.4 1.0:0.005 20.7 48:52

115.2 1.0:0.015 19.4 39:61

159.9 1.0:0.37 23.5 28:72

175.0 1.0:0.46 23.1 28:72

472.6 1.0:0.42 19.5 24:76

80° 21.6 1.0:0.15 ** 3.8 52:48

92.0 1.0:0.14 11.0 52:48

105.3 1.0:0.01 4.2 85:15

109.2 1.0:0.015 11.7 82:18

110.4 1.0:0.01 17.2 86: 14

267.3 1.0:0.08 15.1 60:40

306.8 1.0:0.01 3.2 59:41

317.2 1.0:0.005 7.4 52:48

( C o n t i n u e d )
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Table 7 (Continuation).

T° Mol ratio * Methoxyphenyl benzoate

mol% o : £  ratio

80° 337.5:1.0:0075 16.4 62:38

590.2:1.0:0.02 4.3 68:32

82° 21.8:1.0:0.15 ** 2.1 62:38

75.6:1.0:0.025 2.0 1
92.8:1.0:0.03 1.8

i

*, Anisole:(PhCOO)^:Cu.(OOCPh)o ; **, "optimum" condition 
[45] ; -, greater than 99% ortho-.

A graphical method was used in order to find the 

"optimum" condition for the yield of benzoyloxylation 

product in this system (Appendix 2).

The shaded areas in Appendix 2 gave the corresponding 

mol ratios for high yield (ca. 20 mol%) of m e t h o x y p h e n y 1- 

benzoate, in favour of the para- isomer at 60°, and o rtho-

isomer at 80°. The combination of these gave :-

Anisole:(P hC00)2 :C u^(00CP h) g = 160:1:0.1 at 60°

and 110:1:0.015 at 80°

B.H.B.N.C.
l ib r a r y
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Table 8 The c o p p e r (II) benzoate catalysed decomposition 

of benzoyl peroxide in deuteroanisole at 60° ^

Compound Time 

( hr )

MoI%

phénylation benzoyloxylation
0- m- 2- g- L-

2- D e u t e r 0- 20 24.3 74. 1 4.1 4.8 13.4

anisole

72 9.2 82. 1 1.0 4.1 12.8

6.1 79.1 I. 1 4.3 8.3

4-Deutero- 20 3.6 0.7 1.2 3.0 -

anisole

48 2.4 0.7 1.1 1.7 2.5

72 3.9 0.9 I.O 2.3 4.8

4.8 1.3 1.0 2.7 3.7

4.4 - - 3.6 3.1

4.5 2.6 4.3

Aromatic : peroxide ; copper ( I I ) mol r a t i o -  100:1:0.1 ;
-, not determined.
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Table 9 The copper(II) benzoate catalysed decomposition

of benzoyl peroxide in haloaromatic compounds

Compound E x p t . Mol%

phénylation benzoyloxylation

o_- £- 0 :p ratio

2-Fluoro- 1 1.3 42.6 —

ani so le 2

3 -

0.4

2.1

38.6

52.9 -

4-Fluoro- 1 9.0 — 142.0

anisole 2 - 8.2 126.1 6:94

3 **

4 * * * ...

4.8

15.0

26.9 15:85

4-Chloro- 1 _ 12.4 22.3 36:64

anisole 2 - 12.0 21.3 36:64

Pentafluoro 

anisole

1. 20.7 ... 64.2

H e x a f l u o r 0- 1 • • • 0.03

benzene 2 * • • •

Aromatic : peroxide : catalyst mol ratio - 100:1:0.05, 60°, 
72 hours ; '■% at 80° ; **, uncatalysed decomposition ;
***, copper(II) chloride, 20 hours ; -, not detected ; 
..., not determined.
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Table 10 The copper(II) benzoate catalysed decomposition

of benzoyl peroxide in naphthalene for 72 hours

Mol ratio * 1-Naphthyl benzoate 

(m o l % )

4 0 1 .0; 0, 009

3 5 1 .0; 0. 005

3 8 1 0" 0 005

3,.7 1 .0: 0, 03

13 .9 1 .0" 0. 12

60 6.4

2.4

4.1

3.5

3.2

2 4 . 1 : 1 . 0 : none 

19.5:1.0:0.13

80 2.0
13.0

22.9:1.0:0.16 ** 

30.4:1.0:0.23 **

82 11 . 6

7.4

23.0:1.0:0.19 82 18.6

2.0:1.0:0.05 *** 

2.5: 1.0:0.05 * *

60

80

4.5 : 1 .0 : none $ 

4 . 5 : 1 . 0 : 0 . 0 0 6 *

60

3.6

1 . 8

3.4

3.4

1.9:1.0:0.29 60 trace

-, C ^ q H q :(PhC00)2:Cu^(00CPh)g  ; 24 hours ; ***, C^^H,
dissolved in chlorobenzene ; +, iodine was included ; 
t $, C U C I 2 , 20 hours.
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Table 11 The copper(II) benzoate catalysed decomposition

of benzoyl peroxide in naphthalene derivatives

Compound T- Product (mol%)

1-Methyl-

naphthalene

60° 4- M e t h y 1 - 1-naphthy 1 benzoate (0.7) 

1 -M et hy1-2- na phthy1 benzoate (nil)

80° 4 - M et hy1 - 1- naphthy 1 benzoate (3.4) 

1-Methyl-2-naphthy1 benzoate (nil)

2, 3-Dime t h y 1- 

naphthalene

80° 2,3-Dimethyl-l-napht hyl benzoate 

(0.03)

1 - C hlor 0- 

naphthalene

80° 1-Naphthyl benzoate (trace)

Oc taf luoro- 

naphthalene

80° 2-Heptafluoronaphthyl benzoate 

(trace)

Aromatic compound - 1 g , peroxide : catalyst mol 
ratio -126:1 , 72 hours ; by g.l.c
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Table 12 The decomposition of benzoyl peroxide in anisole 

in the presence of additives at 60° ^

Additive Mol%

phénylation benzoyloxylation

0 - E- o:_p ratio

none 22.2 4.0 6. 6 38:62

N-Bromosuccini- 

mide (0.01 mol)

12.8 2.3 5.8 28:72

CuBr 2  (0.01 mol) nil 14.5 9.3 61:39

Br 2  (0.02 mol) nil nil nil -

I 2  (0.15 mmol) 8.9 14.5 44.1 25:75

CUCI 2  - trace 42.9 23.0 65:35

trace 31.2 17.8 *» 64:36

CUCI 2 -I 2  * 2.9 30.6 24.6 55:45

Cu^(00CPh)g-l2 * 7.5 12.4 25.3 33:67

SnCl^ (2.2 mmol) 4.1 0.9 1 . 1 45:55

@ , Anisole : (PhCOO) 2  -80: 1, 72 hours ; , anisole :( PhCOO ) 2
CuCl 2  = 20:l:1.5 , 20 hours ; 80°; t , see (3.4).
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2.6.4. The stability of 2- and 4- m e t h o x y p h e n y 1 benzoates 

under the experimental and analytical conditions.

2-Methoxyphenyl benzoate (21.0 mmol) and 4-methoxy- 

phenyl benzoate (29 mmol) were dissolved in toluene, and 

allowed to react with benzoyl peroxide in the presence of 

copper(II) benzoate at 80° for 72 hours as above (2.6.1). 

Analysis by g.l.c after work-up indicated the presence of

2- methoxyp henyl benzoate (19.8 mmol), and 4-methoxyphenyl 

benzoate (34.1 mmol).

2.6.5. The relative reactivity of anisole to naphthalene 

in the copper(II) benzoate catalysed decomposition 

of benzoyl peroxide at 80°.

Copper(II) benzoate (0.21 mmol) in acetonitrile (20 ml) 

was added to a mixture of anisole (0.01 mol) and naphthalene 

(0.01 mol) in a 100-ml round-bottomed flask at 80°. Benzoyl 

peroxide (0.48 mmol) was added, and the reaction left to 

proceed for 72 hours. The reaction was worked-up as in 

(2.6.2). G.l.c analysis (240°) showed the relative areas 

of 4-methoxyp hen yl benzoate to 1-naphthyl benzoate equal 

to 0.92.

Under the above experimental conditions, the extent 

of phénylation and ortho - benzoyloxylation of anisole were 

very s m a l l .
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2.6.6. The effect of copper(II) catalysts in the decomposition

of benzoyl peroxide in anisole.

Benzoyl peroxide (0.98 g ; 4.1 mmol) was dissolved in 

anisole (20.0 ml ; 0.18 mol) in a 50-ml volumetric flask.

The volume was made 50.0 ml with acetonitrile. The mixture 

was deoxygenated, and then heated at 60° in a 100-ml 

round-bo tto med flask for 24 hours, and cooled. It was 

divided into five equal parts, and each further treated as 

in Table 13 . The work-up was as in (2.6.2).

Table 13 The decomposition of benzoyl peroxide in anisole 

in the presence of copper(II) catalyst ^

M i x t u r e / E x p e r i ­ Mol%

mental conditions phénylation benzoyloxylation
o- VL- 0 : g ratio

(I) 16.9 2.4 1.6 60:40

(I)/60°,72hr. * 22.2 4.0 6.6 38:62

(I)/60°,72hr,
Cu^(OOCPh)g

13.3 2.8 5.1 35:65

(I)/80°,72hr 15.1 2.2 3.1 42:58

(I)/80°,72hr,
Cu^(OOCPh)g

16.2 1.6 2.4 40: 60

(I)/60°,72hr,CuCl2 5.4 17.1 11.0 61:39

@, A n i s o l e : peroxide : catalyst mol r a t i o - 44.5:1:1 ;
(I), A n i s o l e - ( P h C O O ) 2 ,60°,24hr ; *, separate run
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2.7. Kinetic investigations.

2.7.1. The decomposition of benzoyl peroxide in anisole- 

acetonitrile in the presence of galvinoxyl.

Anisole (10.0 ml) and acetonitrile (200.0 ml) were 

degassed by initially shaking under reduced pressure at 

the water-pump, and then on the ultra-sonic bath for 30 

minutes. The flask was fitted with a reflux condenser and 

further deoxygenated by dropping several pieces of solid 

carbon dioxide from the top of the condenser.

Galvinoxyl (8.0 mg ; 1.90x10 ^ mol) was added to the

above mixture. An aliquot (20.0 ml) was pipetted into a 

100-ml three-necked round-bottomed flask equipped with a 

reflux condenser, a thermometer which dipped into the solu­

tion, and a suba-seal. The flask was immersed in a t h e rmos­

tatically -contro ll ed oil-bath set at the stated temperature

When the thermometer reading had become constant, an 

exactly known weight of benzoyl peroxide (0.05-0.1 g ) was 

added. The flask was thoroughly shaken, and the time noted. 

At a known time interval, an aliquot (1.0 ml) was withdrawn 

using a 5.0-ml syringe pierced through the suba-seal, and 

discharged into a cold test-tube (ice-water) containing 

de oxy genated ethanol (5.0 ml). The test tube was shaken and 

left to warm to room temperature.
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Copper(II) benzoate (0.12 g ; 9.8x10"^ mol) was added 

to the remaining anisole-acetonitr iIe mixture (120 ml) for 

the reaction with the additive.

The absorbance reading was taken at 428 nm, with 

deoxygenated ethanol as the reference at 25.1°.

A plot of absorbance, A, against time, t, was made 

for each experiment, and a value of the initial absorbance,

^o* ^^ time, t ^ , was obtained from it. Another plot of
!

In [A^ + A^(2j -1)], where A^ was the absorbance at time, 

t, and j, the mol ratio of benzoyl peroxide to galvinoxyl, 

against t was made. The value of k^ was obtained from the 

slope (Equation 5). The activation energy for the reaction 

was calculated from the slope (= —E^/R) of In k^ against 

T  ̂ (K ^ ) (Figure 7).

- 1 0

-12

2.92 .8

Figure 7 The decomposition of benzoyl peroxide in anisole 

in the presence of galvinoxyl ; • ,uncatalysed ;

□ , copper(ll) benzoate catalysed.
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Table 14 The rate constant, k ^ , and activation energy, , 

for the decomposition of benzoyl peroxide in 

aniso 1e - a c e t o n i t r i 1e in the presence of galvinoxyl

T° Cu^(OOCPh)g k^/lO-Gs-l E^/kJmol ^

60° none 3.5

70° 11.7

75° 22.5 125.0

80° 38.9

82° 62.5

60° 0.82 mM 5.9

70° 13.3

75° 28.3 96.3

80° 37.5

82° 51.3

2.7.2. The reaction of benzoyl peroxide with copper(ll) 

benzoate in acetonitrile.

An exactly known concentration of benzoyl peroxide 

and copper(ll) benzoate in acetonitrile were mixed in a 

100-ml round-bottomed flask fitted with a reflux condenser 

and immersed in an oil-bath at the stated temperature. For 

each experiment, a flask containing benzoyl peroxide 

in acetonitrile of equivalent concentration was also
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immersed at the same temperature at the same time to use 

as a reference in visible spectroscopic analysis.

At a known time interval, an aliquot (3.0 ml) was 

withdrawn from each flask into a separate test-tube kept 

in ice-water. It was left to warm to room temperature.

The absorbance. A, was taken at 388 nm at 25°

(Figure 8). A graph of A against time t was made, and a

value of A^ deduced from it. The concentration, x, was

calculated (x = A/ £ • ; £ = 256 000 M ^cm ^ ).max max

The results are tabulated in Appendix 3.

There was no maximum absorption at 388 nm in a 

control experiment where benzoyl peroxide or copper(ll) 

benzoate was omitted.
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2.8. The chemistry of copper complex.

2.8.1. The molar extinction c o e f f i cie nt ,E max-

An acetonitrile solution of benzoyl peroxide (2.78mM) 

and copper(II) benzoate (1.24x10 ^M) were mixed in a 

concentration ratio of benzoyl peroxide to copper(II)
3benzoate from 10 to 10 , keeping the concentration of 

benzoyl peroxide constant. The mixture was heated at 60° 

for 24 hours.

At the same time, a flask containing benzoyl peroxide 

in aceton itril e of equivalent concentration was also heated 

at 60° for 24 hours, to be used as a reference in visible 

spectroscopic analysis.

The absorbance was taken at 388 nm at 25° (Figure 9).

.55x10[(PhCOO)

.0

A

0.5

10 20 30 40 - 6 ,[Cu^ (00CPh)g 1/10 "M 

Figure 9
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Table 15 The molar extinction coefficient, £ , of the-----------------  —  ------------- — —-- 1--max^--------
copper complex.

C o n c e n t r a t i o n / 10 A Emax/:0 'M- 'cm-l ' ^ m a x
(PhC00)2 Cu complex

855 3.75 0.98 2.61
256 000

1770 7.0 1.75 2.50

2.8.2. The infra-red spectrum and molecular weight.

Benzoyl peroxide (5.0 g ; 0.021 mol) and copper(II) 

benzoate (0.5 g ; 0.41 mmol) were heated at 60° for 24 hours 

in ace to nitri le (30 ml). The solvent was removed on a 

rota ry- film evaporator at temperature below 60° to give 

a gummy green residue which was triturated with warm 

petroleum ether (b.p. 60-80°) and filtered. IR (Nujol ;

NaCl plates) of the petroleum eth er-insoluble solid gave 

\) =  1400 (m), 1,580 (w), 1610 (m), and 1700 (m) cm~^.

It is a mixture of a pale green powder, (benzene) = 860

(M^ for Cu2(00CPh)^ is 853), and a dark green solid

(not pure), (b e n z e n e )=486 (M^ for Cu(OOCPh)^ is 547.5).

The filtrate was evaporated to dryness. A bluish- 

white solid, (benzene) = 255.3, which corresponds to

the impure unreacted benzoyl peroxide (M^, 242) was obtained
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A similar experiment at 80° gave a black solid,

= 1275, and a black gummy residue. IR (1,3-Hexachloro- 

butadiene ; NaCl plates) of the black gummy residue showed 

V  = 1290 (m), 1310 (w), 1420 (m), 1450 (w), and 1700 (s) cm ^

2.8.3. The reaction of copper complex with aromatic compounds

An exactly known weight of benzoyl peroxide and 

copper(II) benzoate were dissolved in acetonitrile, and 

heated at 60° (unless stated otherwise) for 24 hours, and
I

cooled. The aromatic compound was added, and the mixture 

further heated at 60° (unless stated otherwise) for 

48 hours. The reaction mixture was worked-up and analysed 

as in (2.6). The results are shown in Table 16.

2.8.3.1. The benzoyl peroxide content in the reaction of

benzoyl peroxide with copper(II) benzoate at 

60° after 24 hours.

Benzoyl peroxide (4.4 mmol) and copper(ll) benzoate 

(4 .3 x10” ^ m o l ) were heated at 60° for 24 hours in a c eto ­

nitrile (20 ml), and cooled. The mixture was transferred 

into a conical flask, and potassium iodide (1.0 g ;

6.0 mmol) and water (10 ml) were added. The dark brown

solution was stirred for 5 minutes in the dark. Water

(50 ml) was added, and the content of the flask titrated with
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solution of sodium thiosulphate (0.18 M ; 22.2 ml). The 

amount of benzoyl peroxide calculated was 2.02 mol (46 %)

Table 16 The reaction of copper complex with anisole and 

4-fluoroanisole at 60°.

Compound Mol ratio Mol%

(PhC00)2:Cu(II) phénylation b e n z o y l o x y l a t i o n (^)

Anisole 

(0.18 mol)

191.6:1 

191.6:1 

2 .2: 1* 

34.0:1 ** 

34.0:1

10.5 

12.1 ** 

<1

9.9

8.3 (44:56) 

2.7 (46:54) 

13.3 (58:42) 

2.2 (i p s o - ) 

7.9 (27:73)

4-Fluoro- 

anisole 

(0.05 mol)

34.0:1 — 27.9 (++)

-, o : g, ratio ; **, reaction at 82° ; *, in the presence 
of C U C I 2 ; $  ̂ , complex formed at 80° ; (++), 4-methoxy- 
phenyl benzoate.
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2.9. Copper(II) benzoate as a benzoyloxylating agent in

aniso 1e - 2 - n a p h t h o y 1 pe roxide- i o d i n e - a c e t o n i t r i le systems

Anisole (20.0 ml ; 0.18 mol), copper(II) benzoate 

(2.6 mmol), and iodine (19.2 mmol) were allowed to react 

with 2-naphthoyl peroxide in acetonitrile at 60° for 72 

hours. The reaction mixture was worked-up as in (2.6).

Analysis by g.l.c indicated the presence of 4-methoxy- 

phenyl benzoate, 0.71 mol% (or 34.5% per mol of copper(II) 

benzoate) ; and only a trace amount of 2-methoxyphenyl 

b e n z o a t e .

The reaction did not occur in the absence of the 

peroxide .

2.10. Copper(II) chloride as a chlorinating agent in 

p h e n o 1 - benzoyl peroxide-acetonitrile systems.

Phenol (0.-94 g ; 0.01 mol) and copper(II) chloride 

(1.7 g ; 0.01 mol) were dissolved in acetonitrile (50 ml).

The mixture was divided into two equal parts. One part was 

kept at room temperature, while the other was heated at 

60° for two days.

Analysis by g.l.c indicated that (i) the reaction at 

room temperature gave 4-chlorophenol (8.1%). 2-Chloro- 

phenol was not detected ; and (ii) the reaction at 60°
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gave 2-chlorophenol (0.7%), and 4-chlorophenol (13.2%).

Benzoyl peroxide (0.1 g ; 0.41 mmol) was added to the 

reaction mixture at 60°, and further heated at the same 

temperature for another 24 hours. Analysis by g.l.c indica 

ted the presence of 2-chlorophenol (1.5%), and 4 - c h l o r o ­

phenol (82.3%).

2.11. The benzoyl peroxide initiated reaction of aromatic 

com pounds with acetate ions (The S q ^̂ 2 reaction).

2.11.1. Procedure.

The aromatic compound (5.0 ml) was dissolved in 

glacial acetic acid (5.0 ml) in a small round-bottomed 

flask fitted with a reflux condenser, and immersed in a 

constant temperature oil-bath at 78°. Potassium acetate 

(1.0 g ) and acetic anhydride (10 ml) were added.

An exactly, known weight of benzoyl peroxide (0.05 g ) 

was added, and the flask shaken thoroughly. The reaction 

was left to proceed for 20 hours.

An exactly known weight of pentamethyIbe nzene was 

added as an internal standard for g.l.c analysis before 

work-up .
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2.11.2. Work-up.

The reaction mixture was neutralised with saturated 

sodium carbonate solution. The organic part was extracted 

with ether, and the extract washed with water, dried (MgSO^) 

filtered, and the ether removed. The solvent was removed 

by distillation under reduced pressure.

2.11.3. Results.

Table 17 The benzoyl peroxide initiated reaction of

aromatic compounds with potassium acetate-acetic 

acid at 78° ^ .

Compound Expt (PhC00)2 Mol%

mmol acetate benzoate
o- £- o-

Anisole 1 - 0.17 1. 5 1.8 2.9 2.1

2 0. 19 2.7 2.5 2.6 1.5

3 0.53 2.9 2.1 2.3 1.7

4 * 0.12 1.4 2.1 6.0 4.4

2-Fluoro- 1 - 0.23 20.8 2.2 41.5 -

anisole 2 0.17 167.2 - 131.6 -

3 0.25 73.5 - 55.2 -

4 0.30 54.5 3.1 28.4 -

(Continued)
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Table 17 (Continuation).

Compound Expt (PhC00)2 Mol%

mmol acetate benzoate
_o- £- o_-

4-Fluoro- 1 0.26 — 175.0 — 23.5

anisole 2 0.25 - 135.1 2.3 34.7

3 0.26 - 298.6 - 27.4

4 none - - - -

4-Chloro- 1 * 0.15 3.5 . 3.7

anisole 2 0.10 - 10.8 - 9.3

3 0.25 - 8.7 - 3.7

Penta- 1 - 0.16 — 45.5 1.4 4.6

f l uor0- 2 0.20 - 52.8 1.4 1.8

anisole 3 t 0.23 - 5.4 0.9 1.6

4-Methoxy- 

nonafluoro- 

b i p h e n y 1

1 - - - - -

N,N - D i ­ 1 0.20 — 58.0 — (-)

me thy 1-4- 

fluoro- 

aniline

2 0.43 36.3 (-)

(Continued)
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Table 17 (Continuation).

Compound Expt (PhC00)2 Mol%

mmol acetate benzoate
_o- £ - 2 r

1-Fluoro- 1 * 0.56 27.1 — 17.4 —

naphthalene 2 0.18 98.6 - 13.6 -

3 0.39 71.0 - 17.7 -

Octafluoro-

naphthalene

1 - - - - -

[Aromatic] ~ 2-3 M, [KOAc] = 0.5 M ; -, in the absence of 
KOAc ; --, 72 hours ; * , under reflux ; -, not detected ; 
(-), not detected by h.p.l.c.

Table 18 The benzoyl peroxide initiated reaction of

aromatic compounds with potassium acetate-per- 

f l uorobenzoic acid at 78

Compound Methoxyphenyl-ï/ mol%

acetate benzoate

2- Flu oroanis ole - 17.7 19.4

4- Fluoroan isole -- 35.6 23.0

4-Ch lor oanisol e - 8.4 3.2

@, [Aromatic] ~ 2-3 M ; [KOAc] = 0.5 M ; -, in glacial 
acetic acid ; --, in acetic a n h y d r i d e ;  * , ipso- substi
tution products.
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2.12. The decomposition of perbenzoic acid in anisole and 

4-fluoroanisole in the presence of additives at 0-5°

Anisole (20 ml ; 0.18 mol) was placed in a 100-ml 

round -bo ttomed flask, and cooled in ice-water. A known 

amount of the additive (about 2 mmol) was added, and the 

mixture stirred using a magnetic stirring bar.

Perbenzoic acid (1 g ) was dissolved in acetonitrile 

(25 ml), and added dropwise to anisole.

The course of the reaction was followed on thin-layer 

chroma tog raphic plates (Polygram SIL G ; CHCI^) until the 

decompos iti on of perbenzoic acid was completed (>90% ; 18 hr)

Pent ame thyIben zene was added for g.l.c analysis before 

work-up. Any solid residue was filtered. The work-up was 

as in (2.6.2).

The procedure was repeated for 4-fluoroanisole (5 ml ; 

0.047 mol).

The results are shown in Table 19.
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Table 19 The decomposition of perbenzoic acid in anisole 

and 4-fluoroanisole in the presence of additives

Compound Additive Methoxyphenol Methoxyphenyl benzoate

mol% 0:2 ratio mo 1% 2  ratio

Anisole FeSO^ 3.3 85: 15 0.5 39:61

FeSO^ * 1.2 98:2 nil -

CuClg 0.3 39:61 3.6 69:31

Cu^(OOCPh)g 0.5 73:27 nil -

^2 0.14 100:0 0.9 48:52

4 - F l u o r o ­ Cu^tOOCPh)^ 0.52 62:38 4.1 0: 100

anisole

FeSO^ was dissolved in H^SO^ (0.5 M ) , and MeCN omitted.

2.13. Direct synthesis of 4-methoxyphenyl benzoate from 

4-fluoroanisole.

2.13.1. From the copper(II) benzoate catalysed decomposition 

of benzoyl peroxide.

4-Fluoroanisole (13.4 g ; 0.106 mol) and copper(II) 

benzoate (0.064 g ; 0.05 mmol) in acetonitrile (4 ml) 

was placed in a 100-ml round-bottomed flask fitted with a 

reflux condenser, and immersed in an oil-bath at 60°. The
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mixture was deaerated by dropping several pieces of solid 

carbon dioxide from the top of the condenser. The flask 

was left for 30 minutes for temperature equilibration.

Benzoyl peroxide (0.29 g ; 1.2 mmol) was added to the 

flask, and shaken thoroughly. The reaction was left to 

proceed for 72 hours.

The final yellow solution containing a few bluish- 

green crystals of copper salts was filtered, and a few
I
i

drops of 50% aqueous ortho- phosphoric acid was added to 

the filtrate. The organic product was taken up in ether, 

and the extract washed with water (twice), saturated 

sodium hydrogen carbonate (3 times), and dried ( M g S O ^ ) .

The yellow solution obtained was shown by h.p.l.c to 

contain four main peaks at = 2.15 (13.9%), 3.6 (28.7%), 

5.3 (4 - f l u o r o a n i s o l e ), and 8.0 minutes (57.4% ; 4-methoxy- 

phenyl benzoate). The unreacted 4-fluoroanisole was removed 

by v a c u u m - d i s t i l l a t i o n , b.p. 56-7°/18 mmHg. H.p.l.c showed 

the presence of a small amount of 4-methoxyphenyl benzoate.

The residue was recrystallised from methylated spirit 

to give 0.14 g (50.3 mol%) small brown needles, m.p. 87-9° 

mixed m.p. 88-9° ; lit. 88-9°[77]. H.p.l.c gave one peak

at R^= 8.0 minutes, in agreement with authentic compound.
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2.13.2. From the benzoyl peroxide Initiated reaction 

with potassium acetate (The S q ^ 2 reaction).

4- Fl uoroani sole (6.38 g ; 0.05 mol), potassium acetate 

(2 g ), glacial acetic acid (10 ml), and acetic anhydride 

(20 ml) were introduced into a 100-ml round-bottomed flask 

fitted with a refluxing water condenser and immersed in an 

oil-bath at 78°.

Benzoyl peroxide (0.12 g ; 0.5 mmol) was added, and 

the reaction left to proceed for 20 hours. The mixture 

was neutralised with sodium carbonate when cooled, and 

extracted with ether. The ether extract was washed with 

water (twice), dried (MgSO^), filtered, and the ether 

r e m o v e d .

The unreacted 4-fluoroan iso le was removed by vacuum- 

dis tillation , b.p. 54°/14 mmHg. The purity was checked by 

g.l.c.

The yellow liquid residue, 0.95 g , was analysed by 

g.l.c, and was shown to consist of unreacted 4-flu or o­

anisole (41.8%), 4-methoxyphenyl acetate (47.3% ;0.45 g ; 

528 mol%), and 4-methoxyphenyl benzoate (7.2% ; 0.07 g ; 

59.8 mol%) .
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3. DISCUSSION.

3.1. Decomposition of benzoyl peroxide in anisole.

The decomposition of benzoyl peroxide in anisole at 

80° for 72 hours gave 9-13 mol% methoxyphenyl benzoate 

(Table 20), 37.8 mol% methoxybiphenyl (o.:m:£ ratio, 

66:19:15), and approximately 150 mol% benzoic acid. The 

higher boiling residue was not analysed. The results of 

other workers are included in Table 20 for comparison.

Table 20 The yields and isomer distributions of methoxv- 

phenyl benzoate at 80° for 72 hours.

[(PhC00)2l/M Mol% Isomer distribution Ref

_o_- total £-

0.056 6.8 5.3 12.1 56.2 43.8 This

0.065 7.1 6.3 13.4 53.0 47.0 work

0.083 5.1 3.8 8.9 57.3 42.7

0.084 5.2 3.5 8.7 59.8 40.2

0.09 — — 3.7 71.5 28.5 [14]

0.21 - - 4.0 * 52.0 48.0 [53]

0.41 - - 20 ** 65-82 18-35 [13]

'•'S 60 hours ; 30 hours and analysed as methoxyphenol
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3 - M e t h o x y phenyl benzoate was not detected. This is 

consistent with previous literature reports. It reflects 

the electro philicity  of benzoyloxy radical and the 

directing effect of methoxy-group of anisole.

The small variations in the yields and isomer 

distributions of m e t h o x y p h e n y 1 benzoate, if significant, 

were probably due to the lower yields of both isomers at 

higher benzoyl peroxide concentrations. It may be that the 

prevalence of induced decomposition at the higher con c e n ­

trations resulted in higher yields of benzoic acid, which 

may catalyse the fragmentation of (5-complex. Norman and 

Storey [99] found that in acid condition, benzoyloxy 

radicals were successfully trapped by aromatic compounds, 

and then released as benzoic acid in an acid-catalysed 

fr agm entation reaction (Reaction 12).

OCH3 OCH3
P h C O O H  (12)

H ( ^ O C P h
H

McClelland, Norman, and Thomas [53] suggested that 

the rate of Reaction 12 was faster with the para-

5 - c o m p l e x  from the direction of the change in the ortho 

pa ra- ratio of the product when acid was included.

The isomer distributions obtained in the present 

work approached the statistical values of 66.7% ortho -



114

and 33,3% para-, and are in good agreement with that 

obtained by McClelland, Norman, and Thomas (o:_p ratio,

52:48) [53]. It may be inferred from this that the attacking

entity is a free, resonance-stabilised, benzoyloxy radical. 

The suggestion forwarded by Lynch and Moore [13], and by 

Bolton e_t a_l. [14] of a complex formed between benzoyloxy

radical and me th oxy-oxygen of anisole to account for high 

yields of the o r t h o - isomer obtained in their works, is 

not presently obvious. On steric argument, the o rtho - 

<5-complex is thermodyna mic ally less stable and likely to 

fragment at a faster rate than the pa ra- 6-complex.

Hen riquez and Nonhebel [100] suggested that the first step 

in homolytic aromatic phénylation may be reversible, 

particularly when the incoming radical enters ortho- to a 

substituent. This phenomenon ought to be more prominent 

with the "bulkier" benzoyloxy radicals, and may partly 

explain the lower than expected yields of the ort ho- isomer.

M et ho xyphenyl benzoate may be formed by the following 

mechanisms : -

(a) Ben zoyloxy radical adds to the anisole nucleus at 

either the o r t h o - or para- position to form the co rre s p o n d ­

ing res ona nce-s ta bilised  benzoylo xymethoxy cyclohexa dienyl 

radical (5-) as shown in Figure 10.
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OCH OCH
H
OOCPh

OCH
H
OOCPh'

•OCH
H
OOCPh

H
OOCPh

(I) (II) (III) (IV)

o r th o- d-comple x

OCH

(V)

OCH

H

(VI)

OCH •OCH

OOCPh H' 'OOCPh

(VII) (VIII)

par a- d - c o m p l e x  

Figure 10

Kurz and Pellegrini [23] suggested that resonance- 

stabilisation of aroyloxy radical-aromatic adduct (c5-) 

plays an important role in determining the yields of 

ar oy lo xyl ation products. This was deduced from the better 

correlation obtained in the plots of the logarithms of the 

partial rate factors against 6  values (rather than <5 ) to 

determine the ̂  values of A-X.C^H^COO* (X = NO^, H, or CH^) 

in the copper(II) chloride catalysed reactions in toluene, 

anisole, and c h l o r o b e n z e n e .

The d - c o m p l e x  thus formed may undergo four competing 

reactions (i) fragmentation to the starting materials;

(ii) oxidation to methoxyphenyl benzoate by benzoyl
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peroxide; (ill) disproportionation to methoxyphenyl benzoate 

and benzoyloxym ethox yc yclohex ad ie ne  which yield more ester 

by further oxidation; and (iv) dimérisation. These reactions 

are shown in Scheme 5.

Me thoxy phenyl benzoate is formed in both the pro pa ga­

tion (Reaction ii) and termination steps (Reaction iii) [18]

Reaction (ii) corresponds to an induced decomposition 

of benzoyl peroxide. It may occur by either the ET [19] 

(Scheme 23) or "S^2" [28] (Scheme 24) mechanisms.

OCH

+ (PhCOO)

H OOCPh

O C H 3

+ ii (I) + PhCOO" + PhCOO' 

H OOCPh

(I) + PhCOO

Scheme 23

OCH

OOCPh

+ PhCOOH

Ph-C^ ^ ^ c — Ph

OCH

PhCOO

(I) + PhCOO

Ph-Cy'X 0 H
+ PhCOO

 ̂ OCH-
/ X / ^PhCOO /H
(I)

PhCOO
H 3CO + PhCOOH + PhCOO-

Scheme 24
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The " 2 "  mechanism is less likely to be more 

important in this case because it is subjected to steric 

hindrance for all the canonical structures (Figure 10) 

except maybe involving Structure II.

Nozaki and Bartlett [30] found that the induced 

deco mposition of benzoyl peroxide in benzene was a process 

of lower activation energy (E^, 105 kJmol ^ ) than the

primary homolysis (E^, 139 kJmol ^ ) and therefore, is less

significant at high temperatures.

The disproportion ation reaction (Reaction iii) requires 

a close approach of two ^ - c o m p l e x e s ,  and is also subjected 

to steric hindrance for all the canonical structures 

(Figure 10) except maybe involving Structure II (Scheme 25).

PhCOO ^  H _  H «  PhCOO /==̂  H

OCH- H OCHg
(I I )

PhCOO =  H oxidation— - PhCOO-/^~\

OCHg OCH]

Scheme 25
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(b) Reaction of anisole with benzoyl peroxide by either 

ET or 2 mec hanism [27,28].

The 2 mechanism (Scheme 26) would result in the 

formation of (I) as the intermediate, which would be 

expected to give a high proportion of the ortho- isomer 

through a cyclic rearrangement, as suggested by Lynch and 

Moore [13], but is not supported by the present results.

Ph-C'^ J ' ^ C — Ph
y r

:OCH_ n
H

(I)

+ PhCOO

+^CH OOCPh
OOCPh

OCH
OOCPh + PhCOOH

Scheme 26

The ET mechanism would result in the formation of 

anisyl radical cation (Scheme 27).

PhOCH] + (PhCOO)]

PhOCH] + PhCOO. 

(I) + PhCOO"

PhOCHj' + PhCOO"+ PhCOO 

PhCOO.PhOCHj (I)

Ph COO .CgH^.O CH^ + PhCOOH

Scheme 27
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McClelland, Norman, and Thomas [53] argued against 

the formation of anisyl radical cation in the above reaction 

on two grounds (i) competitive experiment indicated that 

the rate of benzoyloxylation of anisole by lead tetra- 

benzoate exceeded 1000 times the rate by benzoyl peroxide, 

suggesting that the latter reagent was less able to oxidise 

by one electron acceptance; and (ii) the inclusion of 

lithium acetate as a foreign nucleophile produced only 

0.2 mol% methoxyphenyl acetate.

In conclusion, the low yields of methoxyphenyl benzoate 

were mainly because of (i) the inability of benzoyl peroxide 

to act as a good oxidising agent for decomplex; (ii) the 

reduced incidence of dis proportionation reaction due to 

steric hindrance, and (iii) the higher tendency of the 

o r tho- <5-complex to fragment on steric ground, and para- 

(5-complex by acid catalysis.

It is interesting to note that Kurz and Kovacic [37] 

did not obtain any methoxyphenyl benzoate from reaction 

in acetonitrile solvent at 80°.

3.2. The chemistry of copper(II) benzoate.

The molecular weight determined for copper(II) benzoate 

in benzene was 1222. The infra-red spectrum in Nujol showed 

absorption bands at 680 (s), 720 (m), 1400 (m), 1560 (m),

and 1610 (m) cm~^. The bands at 1400 and 1560 cm"^
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correspond to carboxylate anions stretching. There were no 

ester-type carbonyl bands at 1250 and 1700 cm ^ , indicating 

that all the oxygens were equivalent [101]. From these, it 

may be suggested that the molecular formula of copper(II) 

benzoate is Cu^(OOCPh)g (M^, 1223), which is a tetramer of

Cu(OOCPh)]. The probable structure is shown in Figure 11.

Ph-C J j  CU;

- c u — o r0 - ^ C u
- P h

Figure 11. C u ^ rOOCPh) ] , 12 2 3 )

It is noted that three forms of copper(II) benzoate 

have been prepared; two of which appeared to be polynuclear 

and one dimeric [102].

The tetramer unit may collapse in acetonitrile solvent.

The visible spectrum of copper(II) benzoate in acetonitrile
3 — 1 — 1showed an absorption band at 690 nm ( 6 , 1.1x10 M cm ),

and a weak shoulder at 388 nm, suggesting a copper-copper 

interaction in a dimeric complex, Cu2(00CPh)^ [102]. The 

structure may be similar to copper(II) acetate (Figure 12).
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M e C N — t u - - - - - - - Cu— MeCN
Ô.

Figure 12. C u - (O O C P h )^ .2 MeCN

j

A monomer-dimer equilibrium may be established in 

acetonitrile, as was found for the dimeric copper (II) 

acetate [21].

3.2.1. Interaction of copper(II) benzoate with benzoyl 

p e r o x i d e .

The rate of the primary homolysis of benzoyl peroxide 

in the presence of copper(II) benzoate in acetonitrile, 

measured using galvinoxyl as a radical scavenger, was 

faster at 60-75°, about the same at 80°, and significantly 

slower at 82°, than in its absence (Table 14).

The activation energy for the primary homolysis of

benzoyl peroxide in the presence of copper(II) benzoate 

was 96 kJmol"^, and 125 kJmol"^ in its absence. Nozaki 

and Bartlett [30] and Janzen et aj=. [33] obtained values
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of 139 and 127 kJmol ^ , respectively, for the uncatalysed 

homolysis .

The rate of the primary homolysis of benzoyl peroxide 

was proportional to the rate of disappearance of galvinoxyl 

[18]. The faster disappearance of galvinoxyl at 60-75° in 

the presence of copper(II) benzoate may be due to the faster 

production of benzoyloxy radicals, whereas the slower rate 

at 82° was possibly due to the faster consumption of 

benzoyloxy radicals in side reactions involving copper(II) 

b e n z o a t e .

Benzoyl peroxide was found to react with copper(II)

benzoate in acetonitrile to form a new species with a

maximum absorption band in the visible spectrum at 388 nm

( Ê ,^256 000 M ^cm ^ ). The abs orption band due to  ̂ ^ max
copper(II) benzoate at 690 nm was observed to initially 

increase, and then decrease as the reaction proceeded 

(Figure 8).

The rate of formation of this species at 60° appears to be 

dependent upon the concentration of benzoyl peroxide, but 

not upon the concentration of Cu(II) benzoate (Runs 1-5 ; 

Appendix 3), and an apparent equilibrium is reached after 

20 hours. The position of the equilibrium  again seems to 

be independent of the concentration of copper(II) benzoate. 

The rate of formation of the species is evidently much 

slower than that of the thermal decomposition of benzoyl
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peroxide, but the equilibrium con centration is reached 

before all peroxide is consumed and so the formation of the 

species is not stopped by the lack of peroxide.

Various kinetic equations were applied to the rate of 

formation of the species at different concentrations of 

peroxide and of copper(II) benzoate. The competitive first 

and second- order processes (Reaction 13 and 14) gave no 

kinetic form which predicted the changes in concentration 

of the species (I ).

( P h C O O ) ] ------- - 2 PhCOO. --- - Products (13)

(PhCOO)] + Cu(II) ---------- - (I) (14)

E qu il ibrium processes (Reaction 15 and 16) also failed 

to give good agreement between experimental and calculated 

c on cen tra tion of (I).

(PhC00)2 —  (I) (15)

(PhC00)2 - 2 (I) (16)

The reaction to give (I) occurs much less quickly 

than the spontaneous homolysis of benzoyl peroxide, as 

judged from the rate of destruction of galvinoxyl 

(k^, 3.5xlO"^s"^, 60°), and the formation of (I) is 

evidently not the only reason for the increase in this rate
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by the presence of copper(II) benzoate (k^, 5.9 x 10 ~ ^ s ~ ^ ,60° )

altho ugh  It may exert a catalytic effect upon various chain- 

processes. The best agreement between theory and experiment 

came from the application of the consecutive first-order 

processes, and allowing for the simultaneous loss of 

peroxide by other routes (k^ = k^ in the copper(II) benzoate 

catalysed decomposition of benzoyl peroxide ; Table 14).

k-
(PhCOO)] -----  Products

(17)

—  3 -------- (I)  — 2 ---— Products
Cu(II)

Values of k^ and a] which reflect the growth profile 

of (I) are shown in Table 23-26 (Appendix 3).These values 

were found by iterative computer methods. The ratio of 

k]/a] was more easily determined, but more than one value 

of k] or a 2 gave satisfactory agreement with experiment; 

more complex kinetic equations did not.

The reaction between benzoyl peroxide and copper(II) 

benzoate at 60° gave a green gummy residue when acetonitrile 

was removed. From this were obtained a dark green solid 

(M^, 486) and a pale green powder (M^, 860). The inf ra ­

red spectrum showed a new band at 1700 cm , indicating 

the presence of ester-type carbonyl group(s). The visible 

spectrum of the pale green powder in acetonitrile showed



125

a small shoulder at 410 nm, indicating a copper-copper 

interaction. Both solids did not have absorption bands at 

388 nm. Structure IX and X are tentatively suggested for 

the dark green solid and pale green powder, respectively.

OOCPh

Ph— C

OOCPh

Structure IX. C u ( O O C P h ) ^ . 5 4 7 . 5 )

PhCOO— Cu. Cu.— OOCPh

Structure X. C u n CQOCPh)^ ^ , 8 5 3 )
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The reaction at 80° gave a black gummy residue from 

which was obtained a black solid, 1275. The infra-red 

and visible spectra were similar to the reaction at 60°.

It may correspond to molecular formula Cu^COOCPh)^ (M^,1280) 

formed in reaction 14 in Scheme 28.

A possible mechanism which is consistent with the 

observations and products isolated is tentatively suggested 

in Scheme 28.

CugCOOCPh)^ 

CugCOOCPh)^ + (PhC00)2 

CugCOOCPh/^ + PhCOO- 

CujCOOCPh)^ + PhCOO" 

C ug CO OCPhy^  + PhCOO" 

2 .Cu2(00CPh)g 

2 -CugCOOCPh)^ 

•Cu^COOCPh)^ + PhCOO- 

-Cu2(00CPh)g 

-Cu(00CPh)2 + (PhC00)2 
Cu(00CPh)2 + PhCOO" 

CuCOOCPh)* + PhCOO- 

C u ( O O C P h y ^  + PhCOO"

-Cu(OOCPh)^ + -Cu2(00CPh)j

Scheme 28

2 1  - C u ( 0 0 C P h ) 2  ( 1 )
Cu2(00CPh)*'+ PhCOO"+PhCOO- (2) 

Cu2(00CPh)* (3)

Cu2(00CPh)g (4)

Cu2(00CPh)*j (5)

Cu^(OOCPh)io (6)
CUgCOOCPh)^*Cu2(OOCPh)g(7)

CugCOOCPh)^ (8)

Cu2(00CPh)^ + PhCOO- (9) 

CuCOOCPh)* + PhCOO"+ PhCOO- (10)

Cu(OOCPh)

Cu(OOCPh)
3 
+ *

•Cu(OOCPh)^

Cu2 (00CPh)g

(11)
(12)
(13)

(14)

The dimeric copper(II) benzoate is expected to 

persist at 60°, but reactions 10-14 (Scheme 28) may become
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significant at 80° due to the rupture of copper-copper 

bonds to form the monomeric copper(II) benzoate.

The intermediacy of copper(III) in the reaction was 

a likely possibility. Copper(III) complexes are known to 

absorb in the region 340-400 nm, which is ascribed to the 

ligand-to-metal charge transfer transition. For example, 

b i s (dihydrogen p e r i o d a t o )c u p r a t e (I I I ) has fairly intense 

bands at 340 and 421 nm [103]. It was noted that 

(a) complexes of copper(II) with soft donor atoms or
Idelocalised 7r-systems are often readily oxidised to 

copper(III) by relatively mild oxidants; and (b) copper(III) 

complexes could slowly oxidise the ligands [103].

Razuvaev and Latyaeva [104] reported that diacyl 

peroxides were able to oxidise copper to the corresponding 

copper salts. It may be assumed from this that copper(II) 

benzoate could be oxidise to copper(III) benzoate by 

benzoyl peroxide.

3.2.2. Reaction of " c o p p e r (I I I )" complex mixture with 

aromatic compounds (Table 16).

The "copper(III)" complex mixture, obtained from a 

reaction between benzoyl peroxide and copper(II) benzoate 

in acetonitr ile at 60° for 24 hours (peroxide:copper(II) 

mol ratio, 192:1) reacted with anisole at 60° for 48 hours
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to give 8.3 mol% methoxyphenyl benzoate (o:_^ ratio, 44:56), 

and 10.5 mol% methoxybiphen yl (o:m:2 ratio, 50:34:16). A 

similar reaction at 82° gave 2.7 mol% methoxyphenyl benzoate 

(o_:£ ratio, 46:54) and 12.1 mol% methoxy biphenyl (o_:m:_p 

ratio, 63:28:9).

At a peroxide : c o p p e r (I I ) mol ratio, 34:1, the above 

reaction at 60° gave 7.9 mol% methoxyphenyl benzoate 

(_o :£ ratio, 27:73) from anisole, and 27.9 mol% 4-methoxy- 

phenyl benzoate from 4 - f l u o r o a n i s o l e . The mixture at this 

ratio when heated at 80° reacted with anisole at 60° to 

give 2.2 mol% phenyl benzoate as the only product detected 

by g . 1. c .

The "copper(III)" complex mixture (peroxide : c o p p e r (I I ) 

mol ratio, 2.2:1, 60°) reacted with anisole in the presence 

of copper(II) chloride at 60° to give 13.3 mol% m e t h o x y ­

phenyl benzoate ( o_:£ ratio, 58:42), and less than 1 mol% 

m e t h o x y b i p h e n y l . In comparison, the copper(II) chloride 

catalysed decomposition of benzoyl peroxide in anisole at 

60° gave 65.9 mol% methoxyphenyl benzoate (o :_£ ratio, 65:35) 

(Table 12). From this, it can be suggested that the reaction 

in the presence of copper(II) benzoate was not exclusively 

due to attack by free benzoyloxy radicals. The preferred 

para- attack suggests two possibilities (a) the reaction 

involved the participation of a bulky attacking entity; 

and/or (b) the reaction followed a different mechanism 

than suggested in Scheme 12.
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A mec hanism similar to that suggested by McClelland, 

Norman, and Thomas [53] for the diisopropyl p e r o x y dicard o­

nate initiated reaction of lead t e t r abe nz oate with anisole 

(Scheme 21) may apply to the present system; from the 

similar isomer distributions of methoxyphenyl benzoate 

obtained (o :£ ratio, 31:69) (Scheme 29).

OCH

+ "Cu2(00CPh)^

(I) + Cu2(00CPh)^

(<y) + Cu2(00CPh)^

OCH

[j/^ + Cu2(00CPh)^

(I)

OCH
f S  +  Cu2(00CPh)^

H OOCPh 

O C H n

+ PhCOOH + "Cu^^OOCPh)^

OOCPh

Cu2(0 0CP h)^ + (PhC00)2--- - -Cu2 (O O C P h )^ + PhCOO
•Cu2(00CPh)^ + PhCOO.

a OCH
+ PhCOO'

Cu2(00CPh)^

-H (6-)

(O') + .Cu2(00CPh)g
OOCPh
O C H 3 + PhCOOH + Cu^(OOCPh), 
OOCPh ^  ^

Sche me 29

The intermediacy of anisyl radical cation in Scheme 29 

is made possible by the stronger oxidising capability 

expected f r o m " c o p p e r (111)"complexes. The choice of the
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species, *Cu2( O O C P h )^ , as the oxidising agent is without any 

supporting evidence and open to critisisms.

Copper(II) chloride was found to react with benzoyl 

peroxide in a similar manner (Appendix 3 ; Table 27).

3.2.3. C o p p e r (11) benzoate as a benzoyloxylating agent.

In the presence of 2-naphthoyl peroxide and iodine, 

c o p p e r (11) benzoate in acetonitrile reacted with anisole 

at 60° for 72 hours to give 34.5% 4-methoxyphenyl benzoate, 

and a trace amount of the o r t h o - isomer (2.9). The yield 

was based on the assumption that one mol of copper(ll) 

benzoate gave one mol of product. The presence of iodine 

was shown to promote benzoyl oxylation of aromatic compounds 

by benzoyl peroxide [38]. This ability of copper(ll) 

benzoate was not observed in the absence of a peroxide 

initiator or iodine.

The benzoyloxylating ability of c o p p e r (11) benzoate 

in aromatic compounds resembles that of c o p p e r (11) chloride 

which was found to chlorinate phenol in the presence of 

benzoyl peroxide to give 82.3% 4 - c h l o r o p h e n o l , and 1.5% 

2-chlorophenol at 60° (2.10). Nonhebel [48] and Ware and 

Borchert [50] demonstrated the chlorination of electron- 

rich aromatic compounds by c o p p e r (11) chloride in the 

absence of a radical initiator.
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3.3. Copper(II) benzoate catalysed decomposition of benzoyl

peroxide in aromatic compounds.

3.3.1. A n i s o l e .

The c o p p e r (11) benzoate catalysed decomposition of 

benzoyl peroxide in anisole at 80° for 72 hours gave

18.5 mol% methoxyphenyl benzoate (o :£ ratio, 84:16), and

50.5 mol% methoxybiphenyl (o:m:p ratio, 62:26:12). Similar 

reactions at 60° gave 22.4 mol% methoxyphenyl benzoate 

(£*.£ ratio, 34:66), and 27.1 mol% methoxybiphen yl ( o : m : £ 

ratio, 61:26:13). The other reaction products were not 

analysed (Table 6).

The formation of methoxyphenyl benzoate was faster 

at the higher temperature. More than 80% of the total 

amount of each isomer (o_:£ ratio, 81:19) was formed in the 

first 20 hours at 80°, while about 70% of the total o r t h o - 

and only 40% of the total para- isomer yield (o :£ ratio, 

51:49) were formed after the same time at 60° (Table 6).

Bolton et ^ . [14] obtained 36.5 mol% me thoxyphenyl

benzoate (o :£ ratio, 69:31) from the c o p p e r (11) benzoate 

catalysed decomposition of benzoyl peroxide in neat anisole 

at 80°.

Kurz and Kovacic [37] obtained 75 and 56 mol% m e t h o x y ­

phenyl benzoate (£:£ ratio, 68:32) at 60° and 80°,
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respectively, from the reaction catalysed by copper(II) 

chloride in acetonitrile.

The present work gave comparatively lower yields 

of methoxyp henyl benzoate. This is largely due to the 

diversionary reaction of benzoyl peroxide with copper(II) 

benzoate to form an intermediate which could not benzoyl- 

oxylate anisole efficiently (3.2).

The isomer distributions of methoxyphenyl benzoate 

were signific ant ly altered with the temperature. The o r th o- 

isomer was being quickly and favourably formed at 80°. It 

is possible that the c o p p e r (1 1 ) benzoate catalysed b e n zo yl­

oxylation at the o r t h o - position requires a higher a c t i v a ­

tion energy due to steric inhibition, and therefore is 

more significant at the higher temperature. The para- 

isomer was being formed in an amount comparable to the 

uncatalysed dec omposition at the same temperature.

At 60°, both isomers were initially formed in about 

equal amounts. These may arise from contributions of both 

free benzoyloxy radicals and " c o p p e r (1 1 1 )" complexes. The 

latter reagents were found to benzoyloxylate anisole 

exclusively at the para- position (3.2.3). After 48 hours, 

60% more of the pa ra- isomer was formed, while the formation 

of the o r t h o - isomer had effectively stopped. The increased 

amount of the para- isomer after this time may be due to 

reactions involving the " c o p p e r (1 1 1 )" complexes only.
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The different effects of copper(II) benzoate at 

different temperatures were more obvious in reactions 

using different a n i s o l e : peroxide : c o p p e r (II ) benzoate mol 

ratio (Table 7 ) .

At 60°, the yields of methoxyphenyl benzoate were not

greatly affected by large variations in the peroxide:

catalyst mol ratios, but the yields were lower when the

anisole: pe roxide mol ratio of less than 100:1 was used,

while increasing this ratio to about 500:1 did not affect

it. In contrast, the isomer distributions were expectedly

affected by the anisole :catalyst and p e r o x i d e ‘.catalyst mol

ratio (Appendix 2 ; a-c). The o_:£ ratio was (i) about 40:60
3 3at a n i s o l e : catalyst mol ratio, 8x 10 - 20x 10 :1 , and peroxide:

c a t a l y s t , 70-100:1 ; and (ii) about 30:70 at a n i s o l e : catalyst 

mol ratio ^ 1000:1 and peroxide:catalyst <7:1.

The higher proportions of the para- isomer at higher 

concentration of copper(ll) benzoate support the involvement 

of c o p p e r (1 1 ) benzoate in benzoyloxylating at the para- 

position. The optimum a n i s o l e : peroxide : catalyst mol ratio, 

determined graphically, for a maximum yield of methoxyphenyl 

benzoate (ca. 20 mol%) in favour of the para- isomer was 

160:1:0.1. This is confirmed in an investigation in which 

a mol ratio of 163.2:1:0.1 gave 25.2 mol% phenol, 14.5 mol% 

2-methoxyphenol , and 30.5 mol% 4 - m e t h o x y p h e n o l . The yields 

were determined after alkaline hydrolysis of the reaction 

mixture. Phenol may be formed from déméthoxylation of the
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high boiling residues during alkaline hydrolysis, or by 

a free-radical déméthylation of anisole as suggested by 

Lynch and Moore [13] (Scheme 30).

Ph-O-CHg + Ph COO----—  Ph-ÿ’-CH^ + PhCOO"

Ph-O-CH.3 + PhCOO' —  Ph-0=CH- ” z + PhCOOH

P h - g = C H 2 + H 2O --- —  PhOH + C H 20 + H +

Scheme 30

At 80°, both the yields and isomer distributions 

were highly sensitive to small variations in anisole: 

peroxide-.catalyst mol ratios (Appendix 2 ; d-f). The

graphically determined optimum mol ratio for a maximum 

yield of methoxyphenyl benzoate (ca. 20 mol%) in favour 

of the ort ho- isomer was 110:1:0.015, at which a minimum 

interference by copper(ll) benzoate was expected. However, 

this was not apparent in the product mixture in which a 

ratio of 107.6:1:0.016 was used; alkaline hydrolysis gave 

40.4 mol% phenol, 6.7 mol% 2 - m e t h o x y p h e n o l , and 8.4 mol% 

4-methoxyphenol.

Another investigation on the effect of c o p p e r (11) 

benzoate in the reaction using high concentrations of 

c o p p e r (11) benzoate was shown in Table 13. The reaction 

at 60° in the presence of copper(ll) benzoate gave lower 

yield of methoxyphenyl benzoate than the uncatalysed
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reaction. This was the result of (a) slightly less of 

the pa ra - isomer formed; and (b) the formation of the 

o r t h o - isomer was almost suppressed. The effect of 

c o p p e r (1 1 ) benzoate at 80° was to practically inhibit 

b en zoyloxy lation at both the o rth o- and par a- positions.

These effect contrasted with the catalytic effect 

of c o p p e r (1 1 ) chloride which gave high yields of both 

the o r t h o - and para- isomers, while the isomer d ist ri bu­

tions were unaffected (Table 13). It is conceivable that 

copper(ll) benzoate was not able to act as oxidising 

agent for d - c o m p l e x e s  because the bidentate benzoate 

ligands will resist the tetrahedral configuration a s s o c i a ­

ted with c o p p e r (1 ) complexes. In comparison, the oxidation 

of copper(ll) benzoate to copper(lll) complex involves 

no change in configuration [103] (Structure IX and X).

The reaction of 2- and 4-deutero- anisoles with 

benzoyl peroxide in the presence of copper(ll) benzoate 

at 60° (Table 8 ) further support the above suggestions.

The reaction with 2-deuteroanisole gave 4.2 mol%

2- and 10.6 mol% 4- methoxyphenyl benzoate after 72 hours; 

while 4-deuteroanisole gave 2.8 and 4.0 mol%, respectively 

These may be compared with 7.5 and 14.9 mol% obtained 

from anisole. The results are collected in Table 21 for 

c l a r i t y .
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Table 21 The yields of methoxyphenyl benzoate in the

copper(II) benzoate catalysed decomposition

of benzoyl peroxide at 60°.

Aromatic compound Mol%

ortho- para-

Anisole 7.5 14.9

2-Deuteroanisole 4.2 10.6

4-Deuteroanisole 2.8 4.0

The isotope effect argse because the c- compl ex  

with deuterium at the tetrahedral carbon was less likely 

to give the substitution product due to the stronger 

car bon -deut er ium bond [35].

The finding of the deuterium isotope effect confirms 

the inability of copper(ll) benzoate to act as an efficient 

oxidising agent in the system. Kurz and Kovacic [21] 

showed that c o p p e r (1 1 ) acetate and benzoate could not 

serve as oxidation catalysts in the system diisopropyl 

peroxydicarbonate-toluene-'

Table 21 shows that (a) the presence of deuterium 

at one of the ortho- positions has approximately halved the 

yield of the or tho- isomer, while the yield of the para-
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isomer was not affected; and (b) deuterium at the para- 

position has a deleterious effect on the yield of both 

isomers. Collectively, these results suggest that the 

benzoyloxylatio n reaction may initially occur through 

the formation of the para- 6 -complex which then acted 

as a source of benzoyloxy radicals for attack at the 

o r t h o - positions, or for phénylation reaction. This is 

not improbable because it was found that "copper(III)" 

complexes gave exclusively the p ara- isomer (3.2). 

Scheme 31 and 32 show how the results for the reactions 

of 2- and 4-deutero- anisoles, respectively, may be 

e x p l a i n e d .

OCH

OCH

+ .Cu2 (0 0 CPh)^

+ CugCOOCPh)^

OCH
+ CugfOOCPh)^

CH
+ Cu.(OOCPh)

OCH
+ Cu.(OOCPh)

H OOCPh
OCH 3

+ PhCOOH + -Cu.(OOCPh)
H' OOCPh OOCPh

OCHOCH

H OOCPh
OCH

OOCPhmainly dimérisation
or disproportionation

OCH.

Scheme 31
PhCOO-||^'-D
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OCH
+ Cu.(OOCPh)

OCH OCH3
+ C u n ( O O C P h ) r mainly dimérisation 

or disproportionation
D PhCOO
OCH OCH OCH3 OOCPhPhCOO' OOCPh
D D

Scheme 32

3.3.2. Halo aromatic compounds.

The copper(II) benzoate catalysed decomposition of 

benzoyl peroxide in 2- and 4-fluoro-, 4-chloro- and penta- 

fluoro- anisoles at 60° gave high yields of methoxyphenyl 

benzoate arising from displacement of the halogens, and 

to the exclusion of phénylation products. The other 

reaction products were not investigated (Table 9).

The yields and isomer distributions of the methoxyphenyl- 

benzoates were 40.6 mol% (exclusively o r t h o - ) from 

2-f l u o r o a n i s o l e , 134.3 mol% (_o :_p_ ratio, 6:94) from

4 - f l u o r o a n i s o l e , and 34.0 mol% (o:£ ratio, 36:64) from 

4-chloroanisole. Pentafluoroanisole gave 64.2 mol%

2 ,3 ,5 ,6- t e t r a f luoro-4-methoxyphenyl benzoate and 20.7 

mol% 2 ,3,5 , 6- t e t r a f luoro-4-methoxybiphenyl. In contrast.
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h e x a f 1u o r o b e n z e ne gave only 0.03 mol% pentafluorophenyl- 

benzoate.

The results show that (a) fluorine is more readily 

displaced than chlorine. This is inconsistent with the 

strength of carbon-halogen bonds (C-F, 452 kJmol ^ ; C-Cl, 

339 kJmol ^ ) but follows the order of nucleophilic 

displacement; and (b) para- fluorine is more readily 

displaced than o rt ho - fluorine.

The high yields of esters from reactions of fluoro- 

aromatic compounds with benzoyl peroxide have not been 

reported before [59,61]. Lewis and Williams [105] found 

that the kinetic order for the induced decomposition of 

benzoyl peroxide in fluorobenzene at 80.2° was 3/2, 

signifying a low stationary concentration of benzoyloxy 

radical in the system when compared to bromobenzene [19].

It was suggested that fluorine in fluorobenzene could 

not take part in the formation of cha rge-transfer complex 

with benzoyloxy radical due to its high electronegativity.

Coleman [32] argued that iron(III) benzoate was not 

able to oxidise the intermediate 6 -complex from hexafluoro 

benzene because of (a) the strength of carbon-fluorine 

bond; and (b) the improbability of fluorine to leave as 

fluorinium cation, .

Allen, Bolton, and Williams [62] observed that the 

effect of iron(III) benzoate in reactions involving
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po1 y f 1 u o r o a r e nes was to promote products of aryldehydro- 

genation of d-complexes.

The high yields of methoxyphenyl benzoate in the 

present work must be due to the involvement of copper(II) 

benzoate in acetonitrile solvent. The uncatalysed d e com­

position of benzoyl peroxide in 4-fluoroanisole at 60° 

in acetonitrile gave 32 mol% methoxy phenyl benzoate (o_:^ 

ratio, 15:85); while the copper(II) chloride catalysed 

decompos iti on gave 15 mol% 5-fl uo ro - 2 - m e t h o x y phenyl 

benzoate as the ort ho- susbstitution product, and no 

4-meth oxy phenyl benzoate (Table 9). This is in contrast 

with the catalytic effect of copper(II) chloride with 

anisole (3.4). It can be suggested that the reactions in 

the presence of copper(II) benzoate followed a different 

mecha nis m than was suggested for the copper(II) chloride 

catalysed reaction [37] (Scheme 36).

The ability of copper(II) benzoate to benzoyloxylate 

aromatic compounds in the presence of a peroxide was 

shown in (3.2.3). It is shown in Table 16 that 

"copper(III)" complex gave higher yields of ester from 

4- flu oroanisole (27.9 mol%) than from anisole (7.9 mol%).

Following the arguments in (3.2 and 3.3.1), the 

following mechanism is tentatively suggested for the 

copper(II) benzoate catalysed decomposition of benzoyl
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peroxide in 4-fluoroanisole (Scheme 33)

Cu2(00CPh)^ + (PhC00)2— - C u 2 (O O C P h )^’ + PhCOO + PhCOO, 

Cu2(00CPh) + ' + P h C O O "  --Cu2(00CPh)^

OCH
+ -Cu2 (0 0 CPh)^

(I) + PhCOO*

(6%) + C u 2 ( 0 0 C P h ) “ 

(I) + Cu2(00CPh)~

(dp) + PhCOOH

O C H 3
(f+̂ 1 +

OOCPh

OCH

C u 2 (00CPh)^

• Cu(00CPh )2+ 2 HF

OCH
f+J + Cu2(00CPh)3

(I) OCH

OCH

H' J' (4+)OOCPh H

r ^ O O C P h  PhCOOH + Cu (O O C Ph), 

^  IPCH3
+ C u 2 (0 0 CPh)^

F X)OCPh
(<

ICH
(dp)

|;+. ;| + PhCOO 4- HF

lOCPh

OCH OCH

+ (I)
OOCPh F

2 .Cu(00CPh)2

.CUF2 + 2 PhCOOH

Scheme 33

The mechanism  suggested in Scheme 33 resembles the 

Sqj^2 reaction of aromatic compounds with nucleophiles to 

be discussed in (3.5). Eberson and Jonsson [63] showed that
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copper(III) complex of biuret (K C u (b i u r e t )2 ) can induce 

the SQ^2-type behaviour. Scheme 33 explains that (a) the 

readier displacement of fluorine was due to the stronger 

hy drogen -bond between fluorine and benzoic acid; (b) the 

par a- fluorine is apparently more readily substituted by 

the bulkier " c o p p e r (I I I )" complex; (c) the reaction with 

hexafluo robenze ne  was unsuccessful because of the higher 

oxidation potential of hexaflu oro benzenyl radical cation, 

and that there was no ready route available for the 

formation of benzoic acid needed to defluorinate 6 % [59];
I

and (d) the observations that the reactions of 4-fluoro- 

and pen tafluoro- anisoles changed from initially blue to 

yellow with brown solid deposits, and the reaction of 

2-fl uoroanisole became brown after 72 hours, were due to 

the reaction of copper(II) benzoate with hydrogen fluoride 

to form copper(II) fluoride. The yellow colour was 

characteristic of copper(II) halides in acetonitrile.

The isomer distributions in the reaction of 4 - c h l o r o ­

anisole (o.:_2. r a t i o , 36:64) indicate that the substitution

of hydrogen at the o r t h o - positions occured to a sig n i f i ­

cant extent. The relatively lower yields of ester was 

because the weaker hyd rogen-bond between chlorine of 6 ^^ 

and benzoic acid resulted in relatively slower formation 

of the radical cation needed to sustain the chain cycle. 

The reaction mixture was green after 72 hours (similar 

to the anisole reaction) indicating that c o p p e r C U )  

benzoate was not completely transformed to copper(II)
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chloride by hydrogen chloride.

In the absence of copper(II) benzoate, the reaction 

may proceed by the mec hanism suggested by Bolton, Sandall, 

and Williams [59] involving the attack at both the 

hydrogen- and fluorine- bearing sites (Scheme 34).

(PhC00)2

DCH.

+ PhCOO

+ (PhC00)2

OCH
+ PhCOO

(c5p) + PhCOOH

2 PhCOO

OOCPh (d^)

OCH]
OOCPh ^ PhCOOH + PhCOO 

F OCHg
(kp)

F OOCPh 
■OCH3

+ HF + PhCOO- 

OOCPh

Scheme 34

The electrophilic benzoyloxy radicals are more 

likely to attack the fluorine bearing site because of 

the higher electron density at the carbon bearing the 

electronegative fluorine as a result of 4-methoxy 

substituent. The attack at the hydrogen-bearing  sites 

provided the necessary benzoic acid needed to defluori 

nate [59].
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4-Methoxyphenyl benzoate was isolated in 50.3 mol%

yield from the copper(II) benzoate catalysed decomposi­

tion of benzoyl peroxide in 4-fluoroanisole (2.13.1).

This method is useful on a synthetic scale for the ipso- 

oxygenation of easily oxidised fluoro- and chloro- 

aromatic compounds only.

3.3.3. Naphthalene and its derivatives.

The copper(II) benzoate catalysed decomposition of 

benzoyl peroxide in naphthalene in acetonitrile at 60° 

gave 3-6 mol% 1-naphthyl benzoate. 2-Naphthyl benzoate 

and 1-phenyIn aphth alene were not detected. The yields of 

1-naphthyl benzoate were 13.0 and 18.6 mol% at 80° and 

82°, respectively. The yield in the absence of copper(II) 

benzoate at 80° was 2.0 mol%. Similar reactions using 

naphthalene dissolved in chiorobenzene gave 3.6 and 1.8 

mol% 1-naphthyl benzoate at 60° and 80°, respectively.

The reactions gave steam-involatile residues which 

probably contained binaphthyls, but were not analysed 

(Table 10).

These results are in contrast with those reported 

by Davies, Hey, and Williams [20a] who obtained 32 mol% 

naphthol at 85°, and by Lynch and Pausacker [20b] who 

obtained 18-28 mol% naphthol at 1 0 0 °, from the uncatalysed 

reactions in the absence of any solvents.
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On the other hand, Boyland and Sims [57] were unable 

to isolate any naphthyl benzoate from the uncatalysed 

reaction in chlorobenzene solvent at 80°, although.they 

did obtain free naphthol by chromatographic separation 

of the reaction mixture.

A competitive experiment using equimolar amounts 

of anisole and naphthalene indicated that the relative 

reactivity of anisole to naphthalene in the copper(II) 

benzoate catalysed reaction at 80° was 0.92 (2.6.5).

The low yields of ester obtained are not surprising 

from the foregoing discussions (3.3.1). The role of 

copper(II) benzoate as a benzoyloxylating agent in this 

system is obvious from the lower yield of ester obtained 

in its absence.

The increase yields of 1-naphthyl benzoate with 

temperature is not expected. It may be that the rapid 

homolysis of.benzoyl peroxide at the high temperature 

gave benzoyloxy radical which abstracted hydrogen 

from naphthalene at the 1-position to form 1-naphthyl 

radical [20a]. This may react with the intermediate 

"copper(III)" complex to give 1-naphthyl benzoate 

(Reaction 18).

OOCPh
4. 'CugtOOCPhlg— + Cu^lOOCPh)^ (19)
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The decomposition of benzoyl peroxide in naphthalene 

in the presence of iodine or copper(II) chloride in 

acetonitrile similarly gave low yields of 1-naphthyl 

benzoate (Table 10). These additives were found to give 

high yields of benzoyloxylation products with anisole 

(Table 12). The low yield in the presence of copper(II) 

chloride was not due to competitive chlorination 

reaction, since 1-chloronaphthalene was not detected.

Boyland and Sims [57] suggested that naphthalene 

is not readily attacked by benzoyloxy radicals because 

its "free valence number" for the 1-position is close to 

that of phenanthrene and chrysene. Roitt and Waters [6 ] 

found that the latter compounds were unreactive towards 

b e n z o y l o x y ,radicals from benzoyl peroxide.

The reactions with 1-methyl-, 2,3-dimethyl-,

1-chloro-, and octafluoro- naphthalenes similarly gave 

low yields of esters (Table 11).

Benzoyloxy radicals probably reacted with na ph t h a ­

lene and its derivatives by hydrogen abstraction as 

suggested by Davies, Hey, and Williams [20a].

3.4. Decompos iti on of benzoyl peroxide in anisole in the

presence of additives (Table 12).

The decomposition of benzoyl peroxide in anisole
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in the presence of iodine in acetonitrile at 60° for 

72 hours (anisole: peroxid e:iodine mol ratio, 90:1:0.08) 

gave 58.6 mol% me thoxy phenyl benzoate (o_:^ ratio, 25:75), 

and 8.9 mol% me thoxy biphenyl (o.:ni:_p ratio, 52:38:10).

The other reaction products were not analysed. Under the 

same con ditions in the absence of the additive was 

obtained 10.6 mol% methoxyphenyl benzoate (o:_p ratio, 

38:62), and 22.2 mol% me thoxy biphenyl (o:m.:_p ratio,

60:29:11).

i

Kovacic, Reid, and Brittain [38] obtained 87 mol% 

m et ho xyphenyl benzoate (o:_p ratio, 47:53) in a similar 

reaction at 90±2° for 20 hours, using a n i s o l e : peroxide : 

iodine mol ratio, 12.6:1:0.21. These workers reported 

that (a) the yield of the ester was independent of 

ar omati c: pe roxid e mol ratio, but declined significantly 

when the iodine : peroxide mol ratio of less than 0.2 was 

used. It was suggested that in less ratio, benzoyloxy 

radicals were not efficiently trapped, and therefore 

de car boxyl at ed  to phenyl radicals; and (b) solvents such 

as ac etonitr ile , 1 , 2- d i c h l o r o b e n z e n e , or nitromethane 

produced a dramatic decrease in the yield of the ester.

The compa ratively lower yield of the ester obtained 

in the present work could not be solely as a result of 

inefficient trapping of benzoyloxy radicals by iodine
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because the yield of methoxybiphenyl was lower than in 

the reaction without the additive. The isomer di st r i b u ­

tion (o:£ ratio, 25:75) suggests that the reaction 

involved a bulky attacking entity, such as the unstable 

benzoyl hypoiodite as suggested by Kovacic et al. [38] 

and by Hammond and Soffer [106] (Scheme 35).

PhCOO- + I PhCOOI + I

OCH
+ PhCOOI

(d- ) + I

CH

OOCPh
OCH

PhCOO

PhCOOI + HI PhCOOH + I

Scheme 35

The polar acetonitrile solvent is expected to 

discourage the homolysis of benzoyl hypoiodite, and 

stabilise a polar intermediate (Figure 13).

Ph-C

Figure 13

The competitive reaction of this reagent (Figure 13) 

with anisole to form iodoanisole and benzoic acid
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(Reaction 19) may account for the relatively lower 

yields of ester obtained in acetonitrile. Hammond [40] 

found that iodoarenes were formed in the decomposition 

of benzoyl peroxide in benzene and chlorobenzene in 

the presence of iodine.

OCH^ O C H 3
+ PhCOO-I ---   II 1 + PhCOOH (19)

The mec ha nism in Scheme 35 suggests the oxidation 

of 6 -complex by iodine atom. It was thought that a 

better oxidising agent such as bromine could improve the 

yield of meth oxyph enyl benzoate. The reaction performed 

in the presence of bromine in acetonitrile solution did 

not give any phénylation or benzoyloxy lation products 

(Table 12). This was because bromine reacted with anisole 

at room temperature to form a solid product with evolution 

of acid gas. The solid product formed rapidly reacted 

with benzoyl peroxide at 60° with more evolution of 

acid gas (probably HBr).

The above reaction repeated with N-bromosuccinimide 

(NBS) gave 8.1 mol% methoxyphenyl benzoate (o:_p ratio, 

28:72) and 12.8 mol% me thoxy biphenyl ( o_: m ratio, 

62:27:11). The other reaction products were not investi-
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gated. The results may be compared with 10.6 mol% 

methoxyphenyl benzoate ( o_:_p ratio, 38:62) and 22.2 mol% 

m e t h o x y b i p h e n y 1 (o:m:£ ratio, 60:29:11) obtained in the 

absence of the additive. The slightly lower yield of 

methoxyphenyl benzoate in the presence of NBS was because 

of the lower amount of the ortho- isomer formed, while 

the yield of the para- -isomer was not affected. It can 

be suggested from this that the attacking entity was a 

free benzoyloxy radical.

In the presence of benzoyl peroxide, NBS decomposed 

to bromine atom and succinimidoyl radical. Skell and 

Day [107] suggested that the dominant chain carrier 

species in acetonitrile was succinimidoyl radical. Day, 

Katsaros, Kocher, Scott, and Skell [108] found that 

succinimidoyl radical was able to substitute aromatic 

nucleus to give N - a r y l s u c c i n i m i d e . It seems likely that 

the inability of NBS to promote benzoyloxylation of 

anisole by benzoyl peroxide were due to competitive 

reactions of bromine, succinimidoyl and benzoyloxy 

radicals present in the system.

The copper(II) chloride catalysed decomposition of 

benzoyl peroxide in anisole ( a n i s o l e : peroxide : catalyst 

mol ratio, 20:1:1.5) gave 65.9 mol% methoxyphenyl benzoate 

(q :P. ratio, 65:35) at 60°, and 49.0 mol% (&:& ratio, 64:36) 

at 80°. Kurz and Kovacic [37] obtained 75 mol% (o.:_p. ratio.
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68:32) at 60°, and 56 mol% (o:_p ratio, 67:33) at 80°; 

at a n i s o l e : peroxide : catalyst mol ratio, 16.8:1:0.3.

The mechanism suggested for the reaction is outlined in 

Scheme 36 [37].

(PhCOO)^ + Cu Cl

OCH
+ PhCOO

( 6 . ) + Cu^^Cl

Cu^^Cl.OOCPh + PhCOO-

0  ( 6 .  )

H OOCPh 
!CH3

+ Cu^Cl + HCl 

OOCPh

Cu^^Cl.OOCPh + H C l  ~ C u ^ ^ C l 2 + PhCOOH

Scheme 36

The large catalyst requirement was due to the 

inability of Cu^^Cl.OOCPh to oxidise 6 -complex. Copper(II) 

chloride was regenerated by metathesis of the mixed 

copper(II) salt with HCl [21].

Kurz and Kovacic [45] found that in the di iso p r o ­

pyl pe ro xydica rb o n a t e - t o l u e n e - c o p p e r (I I ) chloride-

acetonitrile system, the peroxide decomposed at a rate 
— 3 — 1of 6 .45 x 10 min in the uncatalysed reaction, and 

—  7 —  16.6x10 min in the catalysed. It was found that the 

rate was fastest when copper(I) chloride was used 

instead, in agreement with its function in induced 

decomposition of the peroxide; but the rate tapered off
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after about 30% of the peroxide had decomposed, supporting 

the inability of the mixed copper salt to oxidise 

6 - c o m p l e x .

Kochi and Subramanian [46] observed that copper(I) 

species reacted very rapidly and exothermically with 

diacyl peroxides at 25°.

In comparison, copper(II) bromide gave only 23.8 

mol% meth oxy phenyl benzoate (o:_p ratio, 61:39). Kurz j
and Kovacic [21] also observed similar effects of 

copper(II) bromide in the diisopropyl pero xydicar bonate- 

t o l u e n e - c o p p e r (I I ) b r o m ide-ac et onitrile system. They 

suggested that the reduced ability of copper(II) bromide 

to catalyse the above reaction was due to the complex 

equilibria reported to exist in acetonitrile (Scheme 37). 

This results in the active catalyst being present in 

low concentration.

2 CuBr^ ,  ____- Cu(I) + CuBr^ + & Br^

2 Cu(II) + 2 B r “ - 2 Cu(I) + Br^

Scheme 37

The observed effects of the different additives 

above predict that high yields of methoxyphenyl benzoate 

may be obtained in a reaction using iodine to trap the 

benzoyloxy radical , and copper(II) chloride to speed up
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the rate of the reaction and oxidise the intermediate 

(5-complex. However, a reaction using a mixture of 

an is ole-ben zoyl p e r o x i d e - i o d i n e - c o p p e r (I I ) chloride in 

acet onitrile (mol ratio, 7 3:1:0.08:0.13) at 60° gave 

55.2 mol% methoxyphenyl benzoate (o:_g ratio, 55:45); 

which is lower than using the additives separately 

(Table 22).

Table 22 The decomposition of benzovl peroxide in

anisole in the presence of additives at 60°

Additives Mol% o:_p. ratio

0- total

l 2 14.5 44.1 58.6 25:75

CuClg 42.9 23.0 65.9 65:35

C U C I 2- I 2 30.6 24.6 55.2 55:45

C u 4 (0 0CPh)g 7.5 14.9 22.4 34:66

C u ^ ( 0 0C P h ) g - l 2 12.4 25.3 37.7 33:67

The isomer distribution dismissed the dominant 

of a bulky attacking entity such as proposed for the 

iodine catalysed reaction (Scheme 35). The lower yield 

of methoxyphenyl benzoate suggested that the catalytic 

ability of copper(II) chloride was reduced by the 

presence of iodine.



154

It was observed that the initially red colour due 

to iodine in the reaction mixture was replaced by green 

after 72 hours at 60°, suggesting that iodine was 

consumed in the reaction. In a separate observation, the 

white solid coagulated from copper(II) chloride solution 

in acetonitrile after a few minutes at room temperature 

quickly disappeared on adding a few crystals of iodine. 

These observations suggest that iodine was diverted from 

trapping benzoyloxy radical by its reaction with 

copper(II) chloride, to form a new species with reduced 

catalytic ability.

A similar reaction using copper(II) benzoate-iodine 

mixture (anisole:peroxid e:iodine: copp er(II) mol ratio, 

72:1:0.08:0.01) at 60° gave 37.7 mol% methoxyphenyl 

benzoate (o ratio, 3 3 : 6 7 ) , and 7 . 5 m o l %  m e t h o x y b i p h e n y 1 

(o.:in:£ ratio, 54:36:10). The yield of the ester is about 

70% higher than using copper(II) benzoate alone, but 

about 40% lower than using iodine alone. It was observed 

that iodine was not obviously consumed in the reaction.

The isomer distribution was similar to the copper(II) 

benzoate reaction. The reaction probably followed the 

same course (Scheme 29). The main function of iodine was 

posssibly to oxidise the 6 -complex (Scheme 35).

The decomposition of benzoyl peroxide in anisole in 

the presence of tin(IV) chloride in acetonitrile at 60°
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gave only 2 raol% methoxyphenyl benzoate (o.:_p. ratio, 

45:55), and 4 mol% methoxy biphenyl ( o.: m.:_B ratio, 

59:32:11). The reaction mixture was initially bright pink 

at room temperature, but rapidly became black at 60°. 

Edward, Chang, and Samad [51] observed a similar effect 

of aluminium chloride when solvents such as nitrobenzene, 

nitromethane, or d i c h l o r o m e t h a n e , were used.

3.5. The benzovl peroxide initiated reactions of aromatic

compounds with nucleophiles (The S q ^̂ 2 reaction).

The benzoyl peroxide initiated reactions of

2-fluoro-, 4-fluoro-, and pentafluoro- anisoles, and 

1-f luo ronapht halene , with acetate ions gave high yields 

of defluorinated acetates (50-200 mol%), and benzoates 

(20-100 mol%). Anisole and 4-chloroanisole gave lower 

yields of both products (3-10 mol%). N ,N - D i m e t h y 1-4- 

fluoroaniline gave 36.3-58.0 mol% 4- di methylam inophenyl - 

acetate; the corresponding benzoate was not detected.

The highly fluorinated aromatic compounds, 4-methoxy- 

n o n a f l u o r o b i p h e n y 1 and octa fl uoron aphthalen e did not 

react. The reaction could not take place in the absence 

of the initiator (Table 17).

Table 2 shows the results of similar investigations 

by Eberson and Jonsson [64] with 4-fluoroanisole. The 

present work gave higher yields of 4-methoxyphenyl 

acetate and benzoate; but the ratios of acetate to
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benzoate were similar at between 3:1 and 1 0 :1 .

Eberson and Jonsson [64] suggested the mechanism;

which refers to the oxidatively initiated bimolecular 

nucleophilic substitution reaction (Scheme 20).

Aromatic compounds normally undergo electrophilic 

sub stitution reactions, such as nitration and halogénation. 

Nucleophilic reagents would be repelled by the electron- 

clouds above and below the aromatic ring. However, the 

initiation of the S q ^̂ 2 reaction above proceeded through 

an initial attack by an electrophilic benzoyloxy radical.

In the case where the aromatic ring is deactivated towards 

electrophilic attack, such as with 4-meth ox ynonaf lu orobi-  

phenyl and octafluoronaphthalene, the S Q ^2 reaction could 

not occur. The aromatic rings in the highly fluorinated 

compounds are electron-deficient and therefore unreactive 

towards the electrophilic benzoyloxy radicals.

The benzoyloxy radical is expected to attack the 

electron-dense fluorine-bearing carbon to form an 

intermediate d-complex ( dp). In acid condition, fluorine 

is easily eliminated from 6 p as the fluoride ion through 

the formation of strong H-bond with acetic acid, to form 

the essential intermediate radical cation which enters the 

chain cycle. Scheme 38 is another version of Scheme 20 to 

show how the chain-cycle was initiated by benzoyl peroxide 

for 4- f l u o r o a n i s o l e .
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HF + CH^COO 
CH^COO

OCH

OCH

OCPh

OCPh 
(I)

benzoate cycle 
F' OOCPh

OCH

P h c o o L ^ r

OCCH
(II)

f+*jj acetate cycle

CH COO 
(III)

CHgCOO

OCH

F OOCCH

C H 3COO 
+ HF

(IV)

CHgCOOH

Scheme 38

The success of both the benzoate and acetate cycles 

depends on (a) the ease of formation of radical cations 

(I, II, and III). Radical cations (I) and (III) were formed 

by elimination of fluorine as fluoride from the c o r re sp ond­

ing (5p - c o m p l e x e s . The slower elimination of chlorine from 

(3ci~complex in the reaction with 4-chloroanisole may 

account for the lower yields of both 4 - m e t h o x y p h e n y 1 

acetate and benzoate. This is because the hydrogen-bond

formed between acetic acid and chlorine of è^^^^-comple
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is weaker than between fluorine from dp-complex;

(b) high concentration of aromatic compounds. Both 

the benzoate and acetate cycles depend on the conversion 

of 4-fluoroanisole to the radical cation (II) (Scheme 38). 

This factor may account for the higher yields of both the 

acetate and benzoate obtained in the present work 

([Aromatic] " 2 M )  compared to that of Eberson and Jonsson 

[64] ([Aromatic] = IM);

(c) low concentration of benzoyl peroxide (Table 17). 

Benzoyl peroxide present in high concentration may undergo 

side-reactions with the aromatic compounds such as in 

Scheme 39.

OCH
+ PhCOO.

((^ ).+ (PhC00)2

O C H 3

OOCPh^^H /
F
OCHj-^^-^OOCPh

F

+ PhCOOH + PhCOO'

Scheme 39

A similar effect was also observed by Eberson and 

Jonsson [64] (Table 2).
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The success of the acetate cycle depends on (a) the 

ease of formation of radical cation (II) in chain-transfer 

reactions involving 4-fluoroanisole and radical cations 

(I) and (III). Eberson, Jonsson, and Wistrand [65] 

calculated that this step is slightly endothermie 

(^GièlO kcalmol ^ ), but the formation of (III) and (IV) 

are exothermic, and the loss of fluoride from (IV) is 

favoured over that of acetate. The initiation of the 

acetate cycle is only possible by easily oxidised substrate

Anisole apparently could not fulfil the above 

requirement, and therefore gave low yields of methoxyphenyl 

acetate. The acid- catalysed elimination of benzoic acid 

from 6 -complex (Reaction 12) [99] provided the necessary

radical cation to form a c e t o x y m e t h o x y c y c l o h e x a d i e n y 1 

radical ( 6 q^^,) by its reaction with acetate ion. It was 

oxidised to methoxyphenyl acetate (Scheme 40). The acetate 

cycle was not established due to the improbability of 

hydrogen to leave as hydride ion from . The yield of

met hoxyphenyl benzoate was similar to the uncatalysed 

decomposition of benzoyl peroxide at 80° for 72 hours 

(Table 6 );

C^H^OCH] + PhCOO-^PhCOO.C^H30CH3' (d-)

(a.) + (PhC00)2 — - PhCOO. C^H^0CH3 + PhCOOH + PhCOO.

(Ô-) + CH^COOH  -CgHjOCHg’ (I) + PhCOOH + CH^COO"

(I) + CH3COO"  -CHgCOO.CgH^ OCHg- ( 6 5 ^^)

( 6 qac) + (PhC00)2— CHjCOO.CgH^OCH^ + PhCOOH + PhCOO •

Scheme 40
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(b) the availability of acetate ions. The exclusion 

of potassium acetate from the reactions resulted in lower 

yields of the corresponding acetate, while the yields of 

the benzoate were not affected. This is because the acetate 

cycle could not be maintained by the weaker nucleophile, 

acetic acid.

Similarly, the inclusion of perfluorobenzoic acid 

resulted in low yields of the acetates (Table 18). For 

example, 4-fluoroanisole gave 23.0 mol% 4-methoxyphenyl 

benzoate and 35.6 mol% 4-methoxyphenyl acetate. Thus, 

perfluorobenzoic acid mainly affected the yield of the 

acetate. This is because it removed the acetate ion as 

acetic acid by Reaction 20.

C^F^COOH + C H 3COO" - C ^ F ^ C O O "  + C H 3COOH (20)

The corresponding methoxyphenyl per fl uoro b e n z o a te 

was not formed in the reactions with 2-fluoro-, 4-fluoro-, 

and 4-chloro- anisoles (Table 18). Per fluorob enzoate ion 

is expected to be a weaker nucleophile than acetate due to 

the presence of five aromatic fluorines.

Eberson and Jonsson [64] observed a similar effect 

in the presence of trifluoroacetic acid in the reaction 

with 4-fluoroanisole.
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N , N- Dimeth yl -4-fluoroaniline gave 36.3-58.0 mol% 

4 -d im ethylami nophenyl acetate in the above reaction; the 

corres pon ding benzoate was not detected. G.l.c (195°) 

showed greater than 800 mol% of a compound, = 353 s, 

which most probably correspond to N - m e t h y l - 4 - f luoroaniline 

(Reaction 22).

The above reaction may be initiated differently 

(Reaction 2 1 ).

N(CHg)2
+ (PhCOOI 

F

I ) + C H g C o c r

N (CH 3/2

( I )

+ P h COO" + PhCOO- (21)

H-N-C H
+ C H 2O + C H 3COOH (22 )

The formation of (I) in Reaction 21 provides a direct 

entry into the acetate cycle (Scheme 38). Its formation 

may proceed through the S^2 or ET mechanism [54-56]. 

Reactions 21 and 22 may account for the absence of the 

corresponding benzoate, and the comparatively lower yield 

of the a c e t a t e .
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3.6. Decomposition of perbenzoic acid in anisole and

4-fluoroanisole.

The decomposition of perbenzoic acid in anisole in 

the presence of iron(II) sulphate in acetonitrile at 0-5° 

gave 3.3 mol% methoxy phenol ( o_:_p. ratio, 85:15) and 0.5 

mol% methoxyph eny 1 benzoate (_o:_p. ratio, 39:61). A similar 

experiment using a sulphuric acid solution of iron(II) 

sulphate and without acetonitrile solvent gave 1.2 mol% 

met hoxyphenol (mainly ort ho-1 : the cor responding benzoate

was not formed.

Similar investigations in the presence of copper(II) 

benzoate, copper(II) chloride, or iodine, in acetonitrile, 

gave between 0.1-4 mol% of both products, with varying 

isomer distributions.

Under the same conditions in the presence of copper(II) 

benzoate, 4-fluoroanisole gave 0.52 mol% methoxyphenol 

(û :_B ratio, 62:38) and 4.1 mol% 4 - m e t h o x y p h e n y 1 benzoate.

These results are tabulated in Table 19.

The final reaction mixtures were either deep brown 

or black for all of the reactions above.

Kurz and Kovacic [37] did not obtain any of the 

above products in the decomposition of perbenzoic acid
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in toluene in the presence of copper(II) chloride at 60°. 

These workers suggested that unsymmetrical peroxides are 

reduced by copper(I) ion in such a way that the most 

electron deficient member of the peroxide linkage accepts 

the e l e c t r o n .

Kurz and Pellegrini [23] found that benzoyloxy radical 

is appreciably more electron deficient ( ^  = -1.61) than 

the hydroxyl radical - 0.41). It can be inferred from

this that the chain carrying species in the perbenzoic acid 

decomposition is the hydroxyl radical, formed in a similar 

manner to F e n t o n ’s reagent [109] (Reaction 23).

PhCOO.OH + m "'*'------_ + PhCOO" + -OH (23)

Radiation chemistry results show that hydroxyl 

radical adds very rapidly to aromatic compound 

(k, 10^-10^^ M ^s ^ ). The resulting hydroxycyclo-

hexadienyl radical can be observed directly by UV or ESR 

spectroscopy [109].

Fendler and Gasowski [110] suggested that hydroxyl 

radical reacted with anisole to form hydroxymethoxy - 

c y c l o h e x a d i e n y 1 radical (Reaction 24).

1CH3 OCH3
+ .OH -----   ■■ ■■ 'Z''

h ' 'o h
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The low yields of both methoxyphenol and m e t h o x y p h e n y 1 

benzoate obtained in the present work can be explained 

using the above arguments, and by adopting the scheme 

suggested by C. Walling [109] (Scheme 41).

PhCOO.OH + M

OCH3
+ -OH --

n + j^(n+l)+ PhCOO + -OH

OCH
( n + 1)

+H

OCH

OCH

H OH

OCH
-H

OCH
-H

PhCOO

OCH

OCH

dimérisation

H OOCPh OOCPh

Scheme 41

Methoxyphenol and m e t h o x y p h e n y 1 benzoate formed in 

the initial stages further undergo the same reaction course 

as anisole, to form a complex mixture of products.

Note: For simplicity, the mechanisms in all Schemes are 
shown for reactions at the pa ra- positions only 
(unless shown otherwise).
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APPENDIX 1 The isomer ratio of t e trafluorometho xyp henols 

(2.5.10) from ^^F-n.m.r spectrum.

(a) cal cu lated/p pm  from Table 5.

O H
165.6 F j r ^ O C H g  

.6 F ^ X ^ F 1 6 6 . 5
F

167.6

172
3,4,5,6 -T etrafluo ro-2-meth oxypheno l

(I)

O H
165.3 159.2 n  , ^ ^  rv . ^ 1  c . ,I 2,4,5,6 -T etrafluoro- 3-methoxy phe nol
172.9 F - ^ f ^ O C H ]

161.2
(II)

16 5 . 6 165.6 2 , 3 , 5 , 6-Tetraf luoro -4-methoxyphenol
166.5 F ' ^ Y ^ F  166.5

OCH? (Ill)

19( b ) 6  TT obtained from F-n.m.r spectrum.

<Sp/ppm m Assignment Integration
(cm)

159.05 s F 2 (II) 1.3

159.70 d 5.4

164.40 d 1̂ ( 1 1 ), F 2 (III),
F 6 (III) 9.4

164.98 d Fg(l), F 3 and F^Clll) *

165.65 t F4(I) 2.5

170.75 t 1̂ ( 1 ), F 3 (1 1 ) 2.0
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(c) Calculation.

(I) = 2.5 cm

(II)= 6.7 cm

(I) + (II) + (III) = 9.4 cm = 100%

(I) + (II) + (III) ^

(I)

3.76 (I) = 100%

(I) = 26.6%

(I) + (II) + (III) ^

(II)
1.4 (II) = 100%

(II) = 71.4%

Therefore, (III) = 2%
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APPENDIX 2 ( # , mol% ; □ . o:p ratio).

20
O
oE

10

100 200 300 400 500

( q )  Variation with anisole: peroxide mol ratio at 60*C

IV

go 160 X 100
ob) Variation with anisole: catalyst mol ratio at 60 C

20
-O

10

50 100

0.8

0.4

o
■4—aL_
CL
O

(c) Variation with peroxide:catalyst mol ratio at 60°C
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a Mn-°---□----

250 500

(d) Variation with anisole:peroxide mol ratio at 8 0 C

20

— □

200

o
CJ
(_
Q
O

(e) Variation with  ̂anisole : cafalysi-mol ratio at 80 C

20

oE 10

100 200

o
e_
a
o

(f) Variation with peroxide: catalyst mol ratio at 80 C
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APPENDIX 3 Reaction between benzoyl peroxide and copper(II) 

benzoate - kinetic investigation.

(a) Computer program 1

10 REM NORBANI KINETICS - ARE THEY CONSECUT IVE REACTIONS?

20 CLS 

30PRINT 

40PRINT 

50PRINT

60 PRINT "If a 1 = Rate of decomposition of Bz202, and 

a 2 = Rate of decomposition of complex, then"

70 PRINT "al = k2 + k3"

80 PRINT "where k2 is the rate of formation of other

products and k3 is the rate of formation of complex"

90 PRINT "So (COMPLEX) = (B z 2 0 2 ).a 2 .(exp -a2.t -exp -al.t)/ 

(al - a 2 )"

100 PRINT

110 INPUT "Guess k2, the rate constant for Bz202 decom. to 

give products" ; L 

120 REM al = L + k3

130 INPUT "Guess k3, rate constant for FORMATION of complex";

K3: B = L + K3 

140 INPUT "INPUT a2, the rate of REMOVAL of complex";A 

150 INPUT"WHAT IS INITIAL PEROXIDE C O N C E N T R A T I O N ?"; P 

160 PRINT "INPUT THE NUMBER OF POINTS TAKEN"

170 INPUT D

180 DIM K ( D ) , L(D)
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190 PRINT "INPUT TIME OF S A M P L I N G S ":FOR N = 1 to D: INPUT 

K(N) -.NEXT N 

200 CLS

210 PRINT "a2 =";A:PRINT "k2 = ";L:PRINT "k3 = ";K3:PRINT 

"PEROXIDE CONCENTRATION =";P:PRINT 

220 FOR N = 1 to D 

230

240 T=K(N)

250 H=A*T:J=EXP(-H)

260 Y=B*T:Z=EXP(-Y)

270 W=J-Z

280 PRINT"CONCENT RATION OF INTERMEDIATE IS"

290 PRINT P*K3*W/(B-A),T;"MINS"

300 NEXT N 

310 PRINT

320 PRINT"OTHER CALCULATION?"

330 INPUT C$: IF C$="N" THEN STOP

340 PRINT "SAME RATE CONSTANTS AND PEROXIDE CONCENTRATION?" 

350 INPUT D$: IF D$="N" THEN RUN 

360 CLS

370 PRINT "a2 =";A:PRINT "k2 = ";L:PRINT "k3 = ";K3:PRINT 

"PEROXIDE CONCENTRATION =";P:PRINT 

380 GOTO 160
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(b) Computer program 2

10 REM NORBANI KINETICS - ARE THEY CON SECUTIVE REACTIONS?

20 CLS 

30PRINT 

40PRINT 

50PRINT

60 PRINT "If al = Rate of decomposition of Bz202, and a2 = 

Rate of decomposition of complex, then"

70 PRINT "al = k2 + k3"

80 PRINT "where k2 is the rate of formation of other

products and k3 is the rate of formation of complex" 

90PRINT "So (COMPLEX) = ( B z 2 0 2 ).a 2 .(exp -a2.t - exp -al.t)/ 

(al - a 2 )"

100 PRINT

110 INPUT "Guess k2, rate constant for Bz202 decom. to 

give products";L 

120 REM al = L + k3

130 INPUT "Guess k 3 , rate constant for FORMATION of 

complex";K3: B = L + K3 

140 INPUT "INPUT a2, the rate of REMOVAL of complex";A 

150 INPUT"WHAT IS THE INITIAL PEROXIDE C O N C E N T R A T I O N ?";P 

160 D=9 

170 CLS

180 PRINT "a2 =";A:PRINT "k2 = ";L:PRINT "k3 = ";K3:PRINT 

"PEROXIDE CONCENTRATION =";P:PRINT 

190 RESTORE 

200 FOR N = 1 TO D
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210 READ T

220 H=A-T:J=EXP(-H)

230 Y=B*T;Z=EXP(-Y)

240 W=J-Z

250 PR IN T"CONCENTRA TION OF INTERMEDIATE IS"

260 PRINT P*K3*W/(B-A),T;"MINS"

270 NEXT N

280 DATA 10 ,2 0,80,110,1 70,230,14 40,200 0,10000

290 PRINT

300 PRINT"OTHER CALCULATION?"

310 INPUT C$: IF C$="N" THEN STOP 

320 CLS

330 PRINT "LAST VALUES WERE a2 =";A:PRINT "k2 = ";L:PRINT 

"k3 = ";K3:PRINT "PEROXIDE CONCENTRATION =";P:PRINT 

340 PRINT"SAME C O N S T A N T S ":INPUT D$:IF D$="N" THEN GOTO 110 

350 INPUT D$: IF D$="N" THEN RUN

360 INPUT"SAME CONCENTRATION OF PEROXIDE? Y/N";E$:IF E$="N" 

THEN GOTO 150 

370 STOP
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O C o o d u O d o O d u O d Ĉ f—1rH d 1-4 I—4 d 1—1 1-4 d 1—1 1—4 d 1-4 1—4 d r4 1o CO o 03 o CO o CO o cC d/—\ <44 u <44 u <44 u <44 o <44 •HE '—/ E —/ E E v_x E 'w■ E

a C C d d d•H z Z z Z z z z z z z <3-E 00 00 00 00 00 00 00 00 00 00 00 00 00 X) 00 100 1 1 00 1 1 00 1 1 00 1 1 00 1 1 Oz 0) CO o o CO o O CO o O CO o o CO o o 1—4
E 1-4 1—4 t—1 1—1 1—4 1-4 1—4 1—4 '-- 1—1 1— X

1 •H CNo H < X X < X X < X X <c X X < X X <r•
X COo Zm NJ- II• 1 CN
I—H o Pi

r—HII \ CO1-1 d1— CN •H00 /—N CO
/—\ O CO o <3- O' d
jC O 00 vO UO CO 1-4
P h O . • • • • T3
O jd I— I CO UO O' (ON 01o P h 4-1o CO1-4
'st d

CJ 1-4
c CO
d c
cx vD 00 CJ\

-Q o
1— 1



175

00 vO 1—1•
o VO X XvO I-1 <3-en 1—4

1—4 o X 1• • • do o en O •Hen 1—4 ■<3- 'd- Een 1—4 I—1 O o O' X1 1NT CN O d P O' X o• • • •H O 00 X Xo o ON 00 E X• o O X X X ofo en 1—4 1 . CON X Xo o o vO « • • IIO' O X 'd- X XO I—t X X 00 X 00 X X X4-1 X • • • GCO O' X O' VO 4-1CN CJN X X II Cd O 1—4 00 Td(D X • • • d4-1 X CD O' 'd- 1—I X GCO vO 00 X cd 4-1 1—1 X X XO o • • • cd • H
N 'd- vO X X T3 G 1—4
C CN 00 X en d N O o o 1CD cd d X • • • dXI G -d" 00 O' 1—4 •H

Z X 1—4 o • WS X 1—1 1—4 X EX-N <3- O • • • 1—4 vO1—1 1 I—1 CJN 1—1 1—1 1 Z 11—1 O CN O' X X d 1—1 X X X 1—1 o1—4 •H 1—1 1 X • • • 1—4
i-> X E -- o 1—1 vO 00 00 XCD I—1 en vO p 1-H 1—1 'd- 1—1 1—1 Xa r- • • 1 G X •a O o ON O CL 00 00o CN 00 X I—1 1—1 ex X O X -Htu X O • • • • IIII X u 1-H X X o XTd o X . O' X 1—1 1—1 X
C 1 1 . « 1—4 Td II P!
cO o o O' X dCN VO X X II G 1— 1 GN 'd- 00 • H
CD œ 00 • • • 1—H
"cd CN X G X 00 O' 00 1•H . o 'd- Pi T3 X <3- 1—1 d
X CN • • •H Ph •H
O O 00 •.. X CJ EP X 'd- 'd- 1—4 1—4 O o o ON X X
CD Ph 1 P o • • • 1
O. CJ d G O X X of o

o en X •H ex X 1—1 1—4
I—1 o • • E d X
>H O CJN r—c 'd- I—1 CJ X
O d CN CN r—H 1 >1 1——H o O' X X
N o O O • • • •
d u en X 1—4 N • H o X 'd- X X
CD • • X d 1—4 1—1
X # «% O 00 O' 00 G Z II1—4 1—1 X X
d z II 1 X
CD -X- d o P:
CD CN X G (—4 T3
3 O nd Pi G X G 00
4-) 1—4 CD 3 X pl d
CD o 4-1 00 X vO G •H
X . cd d G • X 1—1 CO

o e\i iH •H X X 1 T3 d d
d 1 Td d CO o d u
o II O d u d d II 1—1 d 1—1 Td
•H r-H d 1—1 G G G G
X 1— 1 O cd Td •H 1— 1 /-s PH u 4J
(J CN <4-1 u CD X X E G
CO E 4-1 U d d 1—1
CD O d d Cd G o •H z z d
œ o •H Z z 1—1 G o E 00 O' O' u

CJ) E 00 O' O' d Pi CJ 00 1 1 1—H
X 00 1 1 u X G X o o G

o- P h CD en O o 1—1 X Ph E r—1 I— 4 CJ)
CN E 1—1 r—H cd X •H

•H CJ H c X X -
CD H <0 X X •> G -;c-
1—1 1—1
X X
cO G
H H



176

jd
00
•H
1-4

o I— 1 «o O' 00 X 1
' f • • • d pof X X X •i4 p
1— 1 X I—H E G00

1
T 3

o 1— 1
O 1—H 1X X X X X d« * # X •H

o X 00 X X • E
r —1 X XX 1X II oX X X X CTn X
G P X . . . X X

G X X r—H O' X ,— 1 Pi X
G Q • . •

X X O of
G O Pi
O O' o O' of p II
N 1—H • • • G
C i-H O' X 1—H n d X
G GX of Td

X o o d Td
/— \ o • . • G d
04 X X 1—H o G
04 44

P 00
G o o ON X •H 44

CL vO • « • t-4 X
CL 1-H r—1 00 O' 00
O o X X 00 X •H
U X 1-4 44 1—1

o

X Xc o 00 X X 1

G X • • • p d
ON ON 1-H I-H o •H

G vO O' X X <H E
X X
•H 1—H 1

X o vO o X 1 o
O X • • • d 1-H

P 00 X X X •H X
G X X X X E X
CL X II1

rX X o 00 I— 1 o o
X 1—H vO • • • 1—H X

O 00 vO CO of 1—H of X X G
N •H « • X X X X X
a X 00 1—H of • »■
G •

X O 00 00 00 X p
vO • . • p

C X ON X X II G
G 1—H t— 1 X

G
5 -X- p 1—H

X 1

G Z - o 00 d
X X G d •H

1 44 •H E
d Z o G G 00
o X r—1 X I— ( d 1

■H 1 1 n d d o
X o o d u n d 1—H

U r—H 00 1-H d rH G X
G o G 44 X
G 1----- 1 X <44 u G •

œ X P h E o_/ 1—1 X
o d d do o •H z z u II

X o o E 00 O' O' 1—1
X CJ \__/ " — 00 1 1 G X

X of G X o o o p
G P h d E 0-' 1—H 1—H

1— 1 CJ •H
X 1— 1 H < X X •ÎC-
GH

z
O'
XON
XII
LU

o
vO

G
GT3
•HXOp
GCL
I—I
ON
C
GX
Td
C
G
G
T3
•H
P O 1—I X 
U

p
GCL
CL
O
U
C
G
G
34-1
GX
CO
•HX
U
GGœ

X

X
GH

ZX
Ior—H
Xofof

OO
CJ
X
P h

zX
Io
1—H

X
00X

oXœX
X

I— I

CJdCJ

4+̂

X G
o o O' pof or X dor • • o1—1 o o -C

X or
o GN X

o o XO' • •
X r—H 1—H d

X Gor X p
o o O' 00
of • •
X I—H 1—H G

X GX f' CL
o o k
I— t • • 1CN 1—1 1—H dGG

GN X p
o o 00 oo00 • •
1-H 1-H 1—H jdG•H

GN X p
o X 1—1 oX • • G
1—4 1—H X 1— 1X

o -f t
o ■or X XX • • G
1-H r—H X •Hd00 XX 1—H o
o • • pX 1— 1 X X

00 X fX 1-H 5
o • • oX 1—H X r4

X X GX 1— 1 to
o • *
X r—4 X Eo

X X pX 1—H <44
o • •
1-H 1—H X TdGX G N 00• • d
o 1— 1 1—H G

u
Ed d 4+ p•H z d

Ë o X o
■ ''V . X 1 1— 1

G of o o
E o - / 1— 1 u•H -

H c X @ 4



177

o O' 1—4 o O' 1— 1

■ ■

o X X o X X
or • • NT * • or . • <r « •
or 1—4 1—1 st 1-H 1— 1 or en 1-H <r X 1— 1
c—H 1—1 1—1 1—4 1-H 1—4 1-H 1-H

X Of O' UO en 00 o X
O « . ,—1 • . X . • X . •
or X r—4 Nf X 1-H or ON 1-H <r X 1—H
X 1—H CN r-H X r-H X 1—4

. o or 1—H UO X ON 1—1 Xo o • • i-H • • X • • X • •
o 00 X 1—1 CO ON 1-H 00 o 1-H 00 'f 1—H
X 1-H 1—1 1-H 1-H 1—1 X 1-H 1—H
4_)
G X X X r̂ ON 00 "f HT

o • • 1-H • # X • • X • •
G X X 1—4 CN ON 1-H X ON 1—H X X 1-H
~a 1—H 1— 1 1-H 1—H 1—H 1-H 1— 1
X 1— 1 O' X 00 o O' o 'f
o • • • • •
p o 00 1—4 r-H 00 1-H X 0\ 1-H X X 1—4
G ON T—H ON 1—H ON 1—1
O

o 00 00 r- X 00 X 00
1—1 • • • • • • • •
> O o r—4 1—1 o I—1 X ON 1—H en ON 1-H
o en X CO X en 1—H en 1—HNC O' ON o O' 00 o ON
G • e * « •
X o o 1—H 1—H 1—H 1-H X ON 1—1 en o 1-H

X X X X X 1—H X X
C x r'- X 00 00 00 1— 1 00
G • • • • •

o 00 1—4 1—H ON r-H X ON 1—H en o 1-H
G 1-H r—H 1—H 1—H 1-H 1-H 1—1 X
G X X X UO O' X O' 00C • . • • • • • •
S o X 1—1 o X 1-H O X I—1 O ON 1—H
c 1—4
a X -X- X -)C- X •55- X
X 1 1 1 1

o T3 o o 'd o "d
1— 4 C 1-H a 1—1 C 1— 1 P

t— d :3 d \ d
1— o o o O

E <4H E M-l E <4H E <4H
p c P p p c P p P
G •H Z •H Z •H Z •H ZP S O -f E o NT E O 'f E O <r
P ON 1 "— ON i ON 1 ON 1
C z G X o G X O G X o G X o
C or E 1-H E 1—H E '— / 1-H E 1—H

1 •H •H •H •H
c o H c X H < X H < X H < X
G i-H
G X
5 ON Z
4-1 X or
G • 1
X I—H o
C 11
O 1-r X
X 00u o en O' O ■f
G X o 00 X X X
G Ph o • • • •
(P O X 1—1 en X O'

O P h
o

00 1— 1
X ord
G o
1— 1— 1 P
X d
G p X O' 00 ON
H

t3Gdc•H
4-1COO



178

co•H
4-1Gdc•H
4-1CO
CJ

COX

O X X<r . •
X 1—4r-H 1—4

X ON<r • •
"f o r—4
X X

X ON•<r • •
00 o 1—4r-H X

'f O'<r • »
X 00 1—1

X 00•
<r ON 1—4
ON t—4

O' ON«
<r o 1—4
X X

X O
<r X
X X

o X•
'f ON 1—4
1—1

O O'•
o CTN 1—4

X i»"
1o 1-H
1—4 d 1d Ex-' o UE <4-1 1—1

c C \_/ 1
•H Z Z
E O <r X

ON 1 O
G X o r-H
E r-H X
•H t—H
H <c X •rH
Z II<r1 uu
or—1 00

c
•H

X Gdo Xo 1—4 -d(J) « G4d ON 4J
CL G

1-Hdu
GC CJd O -

P 1— 4



179

R E F E R E N C E S .

1. H.L. Holland, Chem. See. Rev., 1982, 11(4), 371.

2. (a) H.C. Murray and D.H. Peterson, U.S. Pat 2602769,

July 8 , 1952.

(b) G.G. Hazen, J. Chem. Educ., 1980, 57, 291.

3. (a) R. Breslow, Chem. Soc. Rev., 1972, 1, 553.

(b) R. Breslow, Acc. Chem. Res., 1980, 13, 170*

4. J. Scholler, C.F. Ceschickter, and E.E. Reid,

Congr. Inter, biochim.. Resumes comm. 2^ congr.

Paris, 1952, 478-9; C.A. 48;7801g.

5. D.H. Hey and W.A. Waters, Chem. Rev., 1937, 21, 169.

6 . I.M. Roitt and W.A. Waters, J. Chem. Soc., 1952, 2695

7. L.F. Fieser and E.B. Hershberg, J.A.C.S., 1938, 60, 

1893, 2542.

8 . E. Boyland and A.A. Levi, Biochem. J., 1936, 30, 728.

9. J.P. Lowe and B.D. Silverman, Acc. Chem. Res., 1984, 

17, 332.

10. C.H. Williams, Essays on free-radical chem. Special 

publication 24.

11. W.A. Waters, Trans. Faraday Soc., 1941, 37, 770.

12. C.S. Rondestvedt and H.S. Blanchard, J. Org. Chem.,

1956, 21, 229.

13. B.M. Lynch and R.B. Moore, Can. J. Chem., 1962, 40, 

1461.

14. R. Bolton, B.N. Dailly, K. Hirakubo, K.H. Lee, and

C.H. Williams, J. Chem. Soc. Perkin II, 1981, 1109.

15. R. Bolton, J.P.B. Sandall, and C.H. Williams,

J. Fluorine Chem., 1974, 4, 355.



180

16. J.G. Traynham, Chem. R e v . ,1979, 79, 323.

17. C.R. Everly and J.G. Traynham, J.A.C.S, 1978, 100,

4316.

18. G.B. Gill and C.H. Williams, J. Chem. Soc., 1965, 995.

19. G.B. Gill and G.H. Williams, J. Chem. Soc., 1965, 7127

20. (a) D.I. Davies, D.H. Hey, and G.H. Williams,

J. Chem. Soc., 1958, 1878.

(b) B.M. Lynch and K.H. Pausacker, Aus. J. Chem.,

1957, 10, 165.

21. M.E. Kurz and P. Kovacic, J. Org. Chem., 1968, 33, 266

22. J.M. McBride and M.W. Vary, Tetrahedron, 1982, 765.

23. M.E. Kurz and M. Pellegrini, J. Org. Chem., 1970,

35, 990.

24. J. Saltiel and H.C. Curtis, J.A.C.S, 1971, 93, 2056.

25. C.G. Reid and P. Kovacic, J. Org. Chem., 1969, 34,

3308.

26. R. Kaptein, R. Freeman, and H.D.W. Hill, J. Chem.

Soc., Chem. Comm., 1973, 953.

27. C. Walling and C. Zhao, Tetrahedron, 1982, 38, 1105.

28. S. Vidal, J . Court, and J.M. Bonnier, J. Chem. Soc.,

Perkin Trans. II, 1982, 663.

29. (a) D.F. Church and W.A. Pryor, J. Org. Chem., 1980,

45, 2866.

(b) W.A. Pryor and W.H. Hendrickson, Jr., J.A.C.S, 

1983, 105, 7114.

30. K. Nozaki and P.D. Bartlett, J.A.C.S, 1946, 6 8 , 1686.

31. K.H. Pausacker, Aus. J. Chem., 1957, 49.

32. M.W. Coleman, Ph.D. Thesis, University of London,

1972 .



181

33. E.G. Janzen, C.A. Evans, and Y. Nishi, J.A.C.S,

1972, 94, 8236.

34. T. Suehiro, A. Kanoya, H. Hara, T. Nakahama,

M. Omori, and T. Komori, Bull. Chem. Soc. Jpn.,

1967, 40, 6 6 8 .

35. E.L. Eliel, Z. Welvart, and S.H. Wllen, J.A.C.S,

1960, 82, 2936.

36. B. Barnett and W.E. Vaughan, J. Phys. and Coll.

Chem., 1947, 51, 927.

37. M.E. Kurz and P. Kovacic, J. Org. C h e m . ,1968, 33, 1950

38. P. Kovacic, C.G. Reid, and M.J. Brittain, J. Org. 

Chem., 1970, 35, 2152.

39. S. Hashimoto, W. Koike, and M. Yamamoto, Bull. Chem. 

Soc. Jpn., 1969, 42, 2733.

40. G.S. Hammond, J.A.C.S, 1950, 72, 3737.

41. T. Nakata, K. Tokumaru, and 0. Simamura, Tetrahedron

Letters, 1967, 34, 3303.

42. R.T. Morrison, J. Gazes, N. Samkoff, and C.A. Howe,

J.A.C.S, 1962, 84, 4152.

43. M. Eberhardt and E.L. Eliel, J. Org. Chem., 1962,

27, 2289.

44. J.K. Kochi, Tetrahedron, 1962, 18, 483.

45. M.E. Kurz and P. Kovacic, J.A.C.S, 1967, 89, 4960.

46. J.K. Kochi and R.V. Subramanian, J.A.C.S, 1965, 87, 

4855.

47. D.H. Hey, K.S.Y. Liang, and M.J. Perkins, Tetrahedron 

Letters, 1967, 1477.



182

48. (a) D.C. Nonhebel, J. Chem. Soc., 1963, 1216.

(b) D. Mosnaim, D.C. Nonhebel, and J.A. Russell, 

Tetrahedron, 1969, 25, 3485.

49. P. Kovacic and N.O. Brace, J.A.C.S, 1954, 76, 5491.

50. J.C. Ware and E.E. Borchert, J. Org. Chem., 1961,

26, 2263.

51. J.T. Edward, H.S. Chang, and S.A. Samad, Can. J. 

Chem., 1962, 40, 804.

52. D.Z. Denney, T.M. Valega, and D.B. Denney, J.A.C.S, 

1964, 8 6 , 46.

53. R.A. McClelland, R.O.C. Norman, and C.B. Thomas,

J. Chem. Soc. Perkin I, 1972, 570.

54. C. Walling and N. Indictor, J.A.C.S, 1958, 80, 5814.

55. D.B. Denney and D.Z. Denney, J.A.C.S, 1960, 82, 1389.

56. D.M. Craham and R.M. Mesrobian, Can. J. Chem., 1963,

41, 2938.

57. E. Boyland and P. Sims, J. Chem. Soc., 1953, 2966.

58. R.L. Dannley and M. Cippin, J.A.C.S, 1952, 74, 332.

59. R. Bolton, J.P.B. Sandall, and C.H. Williams,

J. Fluorine Chem., 1978, 11, 591.

60. R. Bolton, M.W. Coleman, and C.H. Williams,

J. Fluorine Chem., 1974, 4, 363.

61. P.H. Oldham, C.H. Williams, and B.A. Wilson, J. Chem. 

Soc. (B), 1970, 1346.

62. K.J. Allen, R. Bolton, and C.H. Williams, J. Chem.

Soc. Perkin Trans. II, 1983, 691.

63. L. Eberson and L. Jonsson, J. Chem. Soc. Chem. Comm., 

1980, 1187.



183

64. L. Eberson and L. Jonsson, J. Chem. Soc. Chem. Comm., 

1981, 133.

65. L. Eberson, L. Jonsson, and L.G. Wistrand, 

Tetrahedron, 1982, 1087.

6 6 . R.A. McClelland, R.O.C. Norman, and C.B. Thomas,

J. Chem. Soc. Perkin I, 1972, 562.

67. L.F. Fieser and S.T. Putnam, J.A.C.S, 1947, 69, 1038.

6 8 . S.R. Cohen and J.O. Edwards, J. Phys. Chem,, 1960,

64, 1086.

69. W.H.T. Davison, J. Chem. Soc., 1951, 2456.

70. Hans-Joachim  Eckhardt, Ber., 1940, 73B, 13 ;

C.A. 34:2364^.

71. I.M. Roitt and W.A. Waters, J. Chem. Soc., 1949, 3060

72. D. Swern, J.A.C.S, 1947, 69, 1692.

73. (a) J .F . Bunnett, Acc. Chem. Res., 1978, 11, 413.

(b) W.R. Bowman and M.C.R. Symons, J. Chem. Soc. 

Perkin Trans II, 1983, 25.

74. R. Bolton, J.P.B. Sandall, and C.H. Williams,

J. Fluorine Chem., 1973/74, 3, 35.

75. I.J. Lawrenson, J. Chem. Soc., 1965, 1117.

76. E.R. Falardeau and D.D. Desmarteau, J. Fluorine

Chem., 1976, 7, 409.

77. (a) Handbook of Chemistry and Physics, 63^^" Edition, 

1982-1983, CRC Press.

(b) Dictionary of Organic compounds. Fifth Edition, 

Chapman and Hall.

78. F . Challenger and S.A. Miller, J. Chem. Soc., 1938, 

894.



184

79. J.M. Birchall, R.N. Haszeldine, and H. Woodfine,

J. Chem. Soc. Perkin I, 1973, 1121.

80. R. Bolton and J.P.B. Sandall, J. Fluorine Chem.,

1978, 12, 463.

81. R. Bolton and J.P.B. Sandall, J. Fluorine Chem.,

1982, 21, 459.

82. C.C. Yakobson, V.D. Shteingarts, A.I. Miroshnikov, 

and N.N. Vorozhtsov,Jr., Dokl. Akad. Nauk SSSR,

1964, 159(5), 1109 (Russ.) ; C.A. 1965, 62, 9040.

83. V o g e l ’s Textbook of Practical Organic Chemistry,

4th. Edition.

84. Dungan and Van Wazer, Compilation of Reported 

^^F-n.m.r chemical shifts 1951 - mid 1967, Wiley- 

I n t e r s c i e n c e .

85. M.S. Kharash and B.S. Joshi, J. Org. Chem., 1957, 22, 1435

8 6 . Organic Synthesis, Coll. V o 1 I, 1941, 431.

87. C. Zhao, X. Jiang, and J. Zhang, J. Fluorine Chem.,

1985, 27, 401.

8 8 . R.O.C. Norman and C.B. Thomas, J. Chem. Soc. (B),

1970, 421.

89. J.M. Birchall and R.N. Haszeldine, J. Chem. Soc.,

1959, 13.

90. M.W. Buxton, R.H. Mobbs, and D.E.M. Wotton,

J. Fluorine Chem., 1972-73, 2, 387.

91. R. Filler, J.F. White, A.J. Kacmarek, and I.J.

Solomon, Can. J. Chem., 1966, 44, 2346.

92. B. Cething, C.R. Patrick, and J.C. Tatlow,

J. Chem. Soc., 1962, 186.



185

93. M.L. Crossley, P . F. Dreisbach, C.M. Hofmann, and 

R.P. Parker, J.A.C.S, 1952, 74, 573.

94. V. Baliah and K. Ganapathy, Tran. Faraday Soc.,

1963, 59, 1784.

95. V.L. Horner and C. Betzel, Ann., 1953, 579, 175.

96. P.R. Wells and P.G.E. Alcorn, Aus. J. Chem., 1963,

16, 1108.

97. N.P. Buu-Hoi and D. Lavit, J. Chem. Soc., 1955, 2776.

98. A. Davies and K.D. Warren, J. Chem. Soc. (B), 1969,

873.

99. R.O.C. Norman and P.M. Storey, J. Chem. Soc. (B),

1970, 1099.

100. R. Henriquez and D.C. Nonhebel, Tetrahedron Letters, 

1975, 3855.

101. R.N. Butler, Chem. Rev., 1984, 84, 249.

102. J. Lewis and F . Mabbs, International Conference

on Coordinat ion Chemistry. Austria. 1964, Plenary 

L e c t u r e s .

103. Metal ions in Biological Systems, Vol 12. Edited 

by Helmut, Sigel. Chapter 1 and 3.

104. C.A. Razuvaev and V.N. Latyaeva, J. Gen. Chem.,

Zhur. Obshchei Khim., U.S.S.R, 1958, 28, 2233;

C.A. 1959, 53, 51851.

105. P. Lewis and G.H. Williams, J. Chem. Soc. (B),

1969, 120.

106. G.S. Hammond and L.F. Soffer, J.A.C.S, 1950, 72, 4711.

107. P.S. Skell and J.C. Day, Acc. Chem. Res., 1978, 11, 381



186

108. J.C. Day, M.G. Katsaros, W.D. Kocher, A.E. Scott,

and P.S. Skell, J.A.C.S, 1978, 100, 1950.

109. C. Walling, Acc. Chem. Res., 1975, 8 , 125.

110. J.H. Fendler and C.L. Gasowski, J. Org. Chem., 

1968, 33, 2755.

r .h .b .n .c .
l ib r a r y


