FREE RADICAL REACTIONS IN SOLUTION

by

James David Irving B.Sc.,

Thesis presented for the degree of Doctor of Philosophy

University of Edinburgh September 1968



To

My Parents

and

Muriel




ABSTRACT

Phenylpropiolyl peroxide and its p-methyl-, p-methoxy-,
p-chloro-, and p-bromo-substituted analogues have been synthesised
in good yield and high purity by a method involving the reaction of
the corresponding carboxylic acid with 98% hydrogen peroxide and
dicyclohexylcarbodiimide.

The parent compound has been decomposed in a variety of
solvents and the mechanism of induced decomposition in these
solvents investigated.

The decomposition of the peroxides in chloroform at 65'00 in
the presence of equimolar (0'05M) quantities of 3,L-dichlorostyrene
to inhibit the induced decomposition enabled estimation of the
first-order rate constants.

Application of the Arrhenius' equation to the data from
decompositions carried out in chloroform at different temperatures
enabled estimation of the energy of activation for the decomposition
of the parent compound and the p-methyl- and p-methoxy- analogues.
The p-methoxy compound had a greatly enhanced rate of decomposition
and lower activation energy - suggesting a different mechanism and

the possibility of a non-homolytic decomposition.

The synthesis of systems designed to differentiate between
bridged and classical free radical intermediates by identification
of the reaction products has been investigated.

The production of radicals of this nature from aldehydes and

azo compounds was unsuccessful due to the difficulty experienced



in synthesis of the starting materials.

The synthesis of l-t-butyl-2-bromocyclohexylformyl peroxide
has been achieved from the corresponding acid with 98% hydrogen
peroxide and dicyclohexylcarbodiimide.

LL-t-butyl-l-cyanocyclohexene was found to undergo stereo-
specific addition of hydrogen bromide to give exclusively the
trans addition product, namely, trans-l-t-butyl-cis-2-bromo-1-
cyanocyclohexane, under both free radical and ionic cond it ions.
The significance of this in relation to bridged radicals is
discussed.

The decomposition of the bromo peroxide did not give the
expected products when investigated under similar conditions to
those employed for the parent compound, lL-t-butylcyclohexylformyl
peroxide. This limited the amount of information that could be

obtained.
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PART T

The synthesis and decomposition of
phenylpropiolyl peroxides



SECTION 1

Introduction




Tl Dialkyl and diacyl peroxides

The formation of free radicals by the thermal cleavage of
covalent bonds below 15000 requires a structure stable to
competing heterolytic processes and possessing a weak covalent
bond with a dissociation energy in the region of 20 - LO Kecal.
mole_l. The most frequently encountered compounds are those
possessing the peroxidic 0-0 bond. Some of the more commonly
used peroxides are listed in Table I, together with their
activation energies for decomposition and the temperature at

which their half-1ife is one hour.

Table I. Typical peroxide initiators

E °¢ for
Name Structure act. 1 t.=1hp. &L
Kcal.mole = i
Di-t-butyl peroxide MeBGO-GOMe3 34 150 1
0 0
1] Il %* *
Diacetyl peroxide Me-C-0-0-C-Me 29+5 85 2
0 0
1 I % *
Dibenzoyl peroxide Ph-C-0-0-C-Ph 30 95 &)
"
|
Diisopropyl peroxy (M620H~O-G—O—)2 21 58* L
dicarbonate

i Solvent dependent; data given for inert solvents.

Peroxides have been employed for the initiation of substitution,
addition and polymerisation reactions all of which have been reviewed
in detail. The present review is mainly concerned with the kinetics

and mechanism of peroxide decomposit ions.



Two of the major pathways of peroxide decomposition, uni-
molecular scission of the peroxidic 0-0 bond and radical induced
decompogition are conveniently illustrated by di-t-butyl peroxide
(1) Since it is relatively stable it has been studied in
greater detail than the other dialkyl peroxides. It decomposes

at essentially the same rate in the gas phase5

and in a variety of
solvents6 suggesting that the ma jority of the peroxide decomposes
by a unimolecular process to give t-butoxy radicals (II) which may
react with a hydrogen donor solvent to give t-butanol. However,

at temperatures above 1100, the overall course is more complicatéd

as the t-butoxy radicals readily decompose to acetone and methyl

radicals,
~0=0- o -0°
MeBC 0-0 GM63 —_ MSBC 0
I 15l B
MeBC—O' + RH — MBBC-OH + R’
MGBC_O —> MeCOMe + Me"

The last two are competing reactions and in general, values of the
t-butyl alcohol:acetone ratio in a given system decrease with
temperature indicating that the activation energy for the t-butoxy
radical decomposition is considerably higher than that for hydrogen
abstraction. The ratio increases as the solvent becomes a better
hydrogen donor.

In pure liquid di-t-butyl peroxide, where the peroxide acts
as solvent the decomposition is in part induced by a bimolecular

reaction of the peroxide and either methyl or t-butoxy radicals



resulting from the unimolecular process. This is suggested by
the identification of isobutylene oxide? emong the products, and

the higher rate of peroxide decomposition.

*e 'CH2
]
RS+ Me—(IJ—O—O—CMe3 —_— Me-?-O-O~CM83 + RH
Me Me
Me-G-0-0-CMe; —> Me~C | + "0CMe,
Me | 0
Me

(R = Me® or t-Bul0®)

A third decomposition pathway, namely, detonation has
received little study beyond the observation8 that detonation may
be caused by heat shock or friction. In general the stability
of peroxides increases as the percentage of oxygen in the molecule

decreases.
Of the diacyl peroxides, benzoyl and acetyl peroxides have

been extensively studied especially the former whose decomposition
9

was first formulated as a free radical process by Hey’ and

Wieland.>©

However, in spite of its importance the complexity of its
decomposition makes it not altogether an ideal initiator for
mechanistic studies and many of its reactions are still the

sub ject of research.ll’l2



1.2, Kinetic Studies

1.2.1. Benzoyl Peroxide

Kinetically, the decomposition of benzoyl peroxide in most
solvents does not consist simply of a first order reaction as the
rate constants generally increase with concentration and vary
widely with the solvent employed (Table II).

Table II. Extent of benzoyl peroxide decomposition after
1 hr. at 79°:8°C in various solvents.13

Solvent % decomposed
Carbon Tetrachloride I35
Benzene I5%5
t-butylbenzene 28+5
Cyclohexane 510
Dioxane 82+l
Aniline explosive reaction

This suggests appreciable induced decomposition but even when
an attempt is made to eliminate this using radical trap813 such as
styrene or 3,Li-dichlorostyrene which inhibit the induced process,
the rate is still dependent on solvent although the activation
energy remains constant (ca., 30 Kcal.mole'l) within experimental
error.

The decompositionlu in moist carbon tetrachloride in the
presence of iodine demonstrates the initial scission. The iodine

supresses induced decomposition but is without other effect on the



decomposition rate and the benzoyl peroxide appears quantitatively
as benzoic acid via the sequence:-

0 0 q
I Il |
Ph-C-0-0-C-Ph —> 2Ph-C-0"

0 0
I

Ph—g—o' Ly — Bh-C-0T # I°
j ;

Ph-C-0I + H,0 — Ph-C~-0H
No benzoic acid is formed in moist carbon tetrachloride in the
absence of iodine.

As in the case of di-t-butyl peroxide, the radical initially
formed may break down to give a neutral molecule and a smaller
radical:- 0

Ph—g-o‘-——é PhH* * 602
This process competes with attack of the intermediate benzoyloxy
radical on other substrates in the reaction system. In general,
carbon dioxide yields increase with solvents in the order
olefins < saturated hydrocarbons < aromatic hydrocarbons < carbon

15

tetrachloride, and also with increasing temperature, suggesting
that the activation energy for the decomposition of the benzoyloxy
radical must be higher than for the rate of attack of this radical
on the solvent. However, the situation is complicated by
induced decompositions.

These have been the subject of intensive study since first

16

deduced by Nozaki and Bartlettl3 and Cass from the observations

that the apparent unimolecular rate constant increases with peroxide



0 0 0

1 1l I i
Ph-C-0-0-C-Ph —> 2Ph-C-0 (a)
0
|
Ph-C-0° —> Ph' + GO, (b)
Ph H Ph H
UHr
Ph°® + LIS > (e)
H L}
III
I il
0 0 0 0 0
1] " 1 1 "
Ph* + Ph-C-0-0-C-Ph — Ph-C-0Ph + Ph-C-OH + Ph-C-0° (d)
9 0 0
1] I
[Ph-66H6]-' + Ph-C-0-0-C-Ph —> Ph, + Ph-CO,H + Ph-C-0° (e)
0
1"
[Ph—06H6]‘ + Ph-C-0°* —> Ph + Ph-COH ()
2[Ph-06H6}' —» FPh H H (+ isomers) (g)
cl h

5 . Ph
2[Pn-C H,]® — ><:><H & Ph@ (h)
H H



concentration, and that the rate is increased by added radical
sources and decreased by oxygen and typical inhibitors such as
guinones.

In the kinetic equation (i), the induced decomposition,

:Q%%l = kl[P] + ]&z[PP/2 S & SR (1)

expressed in the term kz[P]B/a,gives rise in general to a variation
in the observed rate of reaction from one solvent to another and

is derived from the scheme:-

k

B —la- 2R
ko

2R —> RR
k

R4S pdse ket R
(where P = peroxide; R = any free radical; X = Product(s) from
the chain decomposition).
Recent investigations of the decomposition of benzoyl peroxide

17 18 have shown that in these

in alkyl benzenes and in benzene
solvents the cyclohexadienyl radical (III),produced in step (c¢) in
the scheme opposite, is mainly responsible for br lnging about the
induced decomposition. Evidence for the proposed scheme also

comes from the observed variation of yields of the reaction products

L9520, - Yieids

over a wide range of initial peroxide concentrations.
of biphenyl, dihydrobiphenyl and benzoic acid show very marked
variation in the low concentration range of peroxide and extra-

polation to infinite dilution of a plot of yield versus peroxide

concentration suggests that the yield of benzoic acid would be



virtually zero and the yields of biphenyl and dihydrobiphenyl
equal, i.e. their exclusive formation would result from the dis-
proportionation reaction (h).

GLTL. fnd Willdemass®

deduce the rate equation (ii) from a
study of the phenylation of substituted aromatic hydrocarbons

with benzoyl peroxide.

—ap] ke [P] + k[P] + Kk

- japa of thi oA

3/2LF

The first term is small and is due to the first order
scission; the second two terms, due to the induced decompositioh
show components which are either first or three-halves order in
peroxide concentration depending on whether termination is by
process (f) or by processes (g) and (h), respectively.

In pure bromobenzene, the importance of (f) is revealed both
by the kinetics and by the low yields of products of high molecular
weight arising from path (g).

The results with nitrobenzene and with benzene containing 1%
nitrobenzene are closely similar. Both show first-order induced
decomposition over the whole concentration range studied, together
with a three-halves order component at initial peroxide
concentrations below 0°06M. In this "nitro-group effect", phenyl-
cyclohexadienyl radicals are considered to be intercepted by nitro-
benzene and the resulting adduct is then thought to induce the
decomposition of a peroxide molecule. 0
Ph—N// Ph
[Ph—C6H6]‘ + PhNO, —> [



IV + (Ph002)2 —> PhNO, + PhCO,H + PhGOQ" + Ph-

2
In the presence of nitro-compounds the yields of

both biaryl and benzoic acid are increased at the expense of

the high molecular weight by-products; this greatly enhances the

preparative value of the reaction for the synthesis of biaryls.l2
An alternative scheme has been prOposedel involving addition

of a hydrogen atom to one of the oxygen atoms of the nitro group:-

[Ph—06H6]' + Phjl;;:o —  Phy Ph-?f_-OH

(5]

Phiﬁ—OH + Ph—g—o'-——a Phr$=0 + PhCO,H
0~ 0~
In both schemes the nitrobenzene in effect functions as an
oxidising agent in a self-propagating chain reaction which results
in higher yields of biphenyl and benzoic acid and a reduction in
the amount of higher boiling residue.

However, it has also been suggestedzl

that the reduction
products of nitrobenzene have a catalytic effect on the reaction
and the full elucidation of the mechanism requires further study.

The o- and p-substituted benzoic acids obtained by Walling
and Sava322 in the induced decomposition of benzoyl peroxide in
benzene lead to the suggestion that at least one path for the
induced chain is radical addition to the aromatic system together
with concerted cleavage of the 0-0 bond and formation of an

a-lactone structure (VI) which rearranges to the observed product.

The scheme is also proposed23 to account for the observation that
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o
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the major products of the induced decomposition of acetyl
benzoyl peroxide (V) - absent in the unimolecular reaction -
are o- and p-toluic acids arising from methyl radical attack on
the aromatic ring by path (i) in the scheme on facing page.

The alternative process (path (ii)), involving the inter-
mediate radical (VII) - which can exist in two resonance forms -
is analogous to that proposedgu to account for the formation of
p-trichloromethylbenzoic acid in the decomposition of benzoyl
peroxide in bromotrichloromethane. In this case, the inter-
mediate radical undergoes homolysis of the peroxy-bond with
concerted hydrogen abstraction to give the corresponding acid in
one stage. _

The generation25 of (VIII) by the decomposition of bis(p-
iodobenzoyl) peroxide in carbon tetrachloride at 80°C results in
equivalent yields of p-diiodo- and p-dichlorobenzenes. p-diiodo-
benzene can come from p-iodophenyl attack either on the peroxide
itself, leading to (VIII) or on p-chloroiodobenzene. On
investigation of the peroxide after 15% decomposition the p-iodo-
substituents in the undecomposed peroxide were found to have been
replaced by p-chloro-substituents to an extent equivalent to
approximately L2% of peroxide decomposed. Thus, the pata-o radical
substituted peroxide (VIII) is formed without concerted decomposition
of the peroxide and persists long enough to abstract chlorine from
the solvent, but does not bring about induced decomposition.

Recently, Brydon and Gadogan26 in a study of the decomposition

of benzoyl peroxide in iodobenzene report a first order rate constant



10

18  opis

similar to that for the decomposition in bromobenzene.
points to a similar mechanism of decomposition of the peroxide
in both solvents, i.e. the absence of an additional mode of
decomposition arising from the presence of iodobenzene.

A theoretical study of the elementary steps involved in the
decomposition of benzoyl peroxide in benzene has been undertaken

el In this, mechanisms (consisting of the equations,

by DeTar.
together with the rate constants for each, and the initial
concentration) based on several sets of 200-300 elementary steps
have been evaluated quantitatively by computer techniques and the
minor geactions eliminated on the basis of demonstrated unimpor-
tance. A resulting set of about 100 elementary steps gave good
quantitative correlations between observed and calculated product
yields as a function of peroxide concentration. The study

emphasises the complex nature of benzoyl peroxide decompositions,

and introduces a novel approach to solving kinetic problems.

1l.2.2, Substituted benzoyl peroxides
3

The decompositions- of the substituted benzoyl peroxides
(IX, X, XI) in dioxane were investigated in the presence of 0°2M
3,4-dichlorostyrene to inhibit the induced reaction. (This was
found to be the best of 39 inhibitors tested). The results were
applied to the Hammett equation (iii) and gave a good O‘P plot
with P = -0+38

log %%-= TP I P TS (. i £ 1)

(where k is the lst order rate constant for a phenyl compound



1

containing a m- or p-substituent; ko is the corresponding rate
constant for the unsubstituted compound; o is a constant
characteristic of only the substituent and F is a constant

characteristic of only the reaction).

N\ 3 : ;

R G-0 R .
— 2 2 2
X X XTI

R = MeO; Me, -NO,, -CN, -Br, -Cl
Electron withdrawing groups were found to decrease the rate
and vice versa.

0 0

il 1
06H5—C—0—O—G—06H5

<
=

+ = = +

This is rationalised by assuming the two benzoate groups in benzoyl
peroxide are dipoles attached together in such a way that they repel
one another. The partial negative charges on the two central

oxygen atoms are increased by electron repelling substituents and
decreased by electron attracting substituents, but not enough so

that the effective charge on oxygen becomes zero or its sign

changes. Therefore, p-methoxy groups increase the rate by increasing
the electrostatic repulsion between the benzoate groups which makes

it easier for them to break apart into two benzoate radicals. The



H GH —CH —C —0 -
e 5 cla
: .
3 ol
i
X1l . i
Y= H,CL,F,Me OMe Y = H,0Me
7
(CH;-_—-_ CH=(cH J—c— o—)
X1V
R H
\C/ R=H, o~ Cmol~p rtlio Ay
|

d ! XV
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electron attracting substituents conversely have the opposite
effect.

This view was enhanced by the observation that the unimole-
cular decomposition of benzoyl peroxide (in presence of inhibitor)
varied in different solvents, being slowest in non-polar solvents
and accelerated by polar solvents. Thus, benzoyl peroxide cleaves
easily into free radicals by a unimolecular process largely because
this relieves electrostatic repulsion between the two benzoate
groups.

Cooper28 investigating the rates of initiation of the poly-
merisation of styrene by substituted benzoyl peroxides corroborated
the above results with the observations that electron releasing
groups increased the rate and electron attracting groups decreased
it. Substituents in the ortho position increased the rate because

of a combination of steric and polarisation effects.

1.2.,3. Miscellaneous Peroxides
&

Kinetic studies on the three peroxides, trans-Y-benzyliden-
butyryl peroxide (XII); & -phenylvaleryl peroxide (XIII) and
i-pentenoyl peroxide (XIV) in benzene and propylene carbonate using
the excess stable free radical technique lead to the observations
that whereas the rates of decomposition of peroxide (XIV) and
peroxides of type (XIII) are similar, the rates of decomposition

of type (XII) are significantly greater - indicating that both

the double bond and the aromatic ring are necessary to obtain the

rate enhancement. Moreover, whereas there is little ring substituent



H CH, — cH
\C=C< “ : Z\C=O
BET H o mE
@)
x| O
% 2% 5 B $
CIH;— CIHQ Eh=— cH_
FJ\-QHCH C=0 P/ﬁzél—lCH C=0
N T
O O
T +
RCO R c o
4& 4@
o CH,— CH o A . A
\+ |0 \ \. l+ \
C—C C=0 - C—C C=—0

| / 7 /

P4 H O 24, B

C‘Dﬁlﬁl 30

Zev ) O i | A <]:I>
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effect on the decomposition rates of type(XIII) there is a
significant ring substituent effect in the case of type (XII),
where a Hammett < P plot for the decomposition in benzene at 50o -
in which log kj values were plotted against e gave’ﬁ =p=l 26
This is intermediate between the value of fa = -1'8 reported by
Koenig and MaftinBO for compounds of type (XV) in cHlorobenzene

at 70° and that observed by Greene EE_EE-BI for the intermolecular
reaction between substituted trans-stilbenes and benzoyl peroxide
( P = =220

The rate enhancement of (XV) relative to unsubstituted
benzoyl peroxide is ascribed to neighbouring group participation
by the olefinic groups in the homolytic cleavage of the 0-0 bond.
A similar mechanism involving cyclic intermediates formed via
neighbouring group participation of the double bond was proposed
to account for the fact that (XII) decomposes five times as fast
as (XIII) in carbon tetrachloride containing styrene (10%) (See
scheme on facing page).

The observation that increase in solvent polarity has a more
pronounced effect on (XII) than (XIII), was rationalised by the
postulation of the intermediacy of the charged structures (XVI) and
(XVII), in the homolytic decomposition of (XII). (Path A). The
kinetic data also suggested a greater difference in polarity
between the transition states for the two peroxides, indicating
that electron density is displaced from the double bond to the
peroxide linkage in the transition state for the homolytic

decomposition of type (XII).



1L

l.3. The object of the research

The absence* of data in the literature on diacyl peroxides
containing an acetylenic linkage prompted the synthesis of
peroxides of this type with a view to investigating the effect of
the linkage on the reactivity of the compounds.

Phenylpropiolyl peroxide was chosen since the phenyl group
should introduce stability to the molecule, moreover the
transmission of the electronic effect of m- and p-substituents
(and possibly ortho as well) through the triple bond could be

studied without interference from steric considerations.

Since the completion of this work, a brief communication37
has appeared. This is discussed later.



SECTION 2

Experimental
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2.1. Introduction

Liquids and solutions were dried over magnesium sulphate
before distillation or solvent removal.

Infra-red spectra (i.r.) were recorded on a Unicam SP200
instrument. Samples were examined at room-temperature (17-230)
as nujol mulls or as solutions in chloroform or carbon disulphide.

Nuclear magnetic resonance spectra (n.m.r.) were recorded on
a Perkin-Elmer R10 (60 m/c) instrument. Samples were examined at
330 as pure liquids or as solutions (5-20%) in deuterochloroform_
or carboh tetrachloride. Chemical shifts (T) are expressed
relative to that for tetramethylsilane which is taken to be
10 p.p.m.

Abbreviations used in the quoting of spectroscopic data are;
i.r.: (s), strong absorption; (m), medium; (w), weak.

n.m.r.: (s), singlet; (d), doublet; (m), multiplet.

The literature values for physical constants marked with an

asterisk (i.e. Lit?,) were taken from ."The Dictionary of Organic

Compounds"; Eyre and Spottiswood; London, 1965.

2.2, Purification of solvents

Benzene (b.p. 80°) and Cumene (b.p. 152°) were washed with
sulphuric acid (Sp.Gr. 1°8L) until the acid layer was colourless,
and then with water. They were dried before distillation and
stored over sodium wire.

Toluene (b.p. lllo) was washed in turn with sulphuric acid
(Sp.Gr. 1°*8l), 10% agueous sodium hydroxide and then water, and

dried before distillation. It was stored over sodium wire.
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Carbon tetrachloride (b.p. 77°) was boiled for 1-2 hours,

with 5% aqueous sodium hydroxide, dried, distilled and stored
over magnesium sulphate.

Chloroform (b.p. 61°) was washed with water, dried, distilled

and stored over magnesium sulphate. It was passed through an
alumina column immediately before use.

Dioxane (b.p. 101-1050) was digested with dilute hydrochloric
acid then dried with potassium hydroxide pellets. It was
fractionated and stored over sodium wire.

Cyclohexane (b.p. 81°) was passed through an alumina column

before distillation and stored over sodium wire.

These solvents were deoxygenated by passing a stream of dry
nitrogen gas through them for two hours and then storing under

nitrogen.

2.3. The synthesis of phenylpropiolyl peroxide

Ethyl-a, B-dibromo-B-phenylpropionate was synthesised from

ethyl cinnamate (262 g. 1°49 moles) and bromine (263 g. 1°65 moles)
in cold carbon tetrachloride according to the method of Abbott.32
The yield of crude material was 97%; m.p. 69-70° (Litf, 65=71°)

This was used for the next stage without further purification.

Phenylpropiolic acid was prepared32 by dehydrobromination of

ethyl-a, B-dibromo-f -phenylpropionate (1187 g. 1°L5 moles) with
ethanolic potassium hydroxide (365 g. 6°52 moles). Recrystallisation
of the crude acid (92%) from carbon tetrachloride gave colourless

needles m.p. 135-136%, (Lit:, 135-136°).
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In subsequent preparations, the literature scheme was
modified. After boiling with ethanolic potassium hydroxide,
the solvent was removed by distillation and the residue dissolved
in cold water. This was acidified with concentrated hydrochloric
acid and the phenylpropiolic acid extracted with ether. This
gave consistently higher yields of the acid (ca. 95%).

The acid was also prepared from cinnamic acid (1L8 g.
1°0 mole) by the addition of bromine (160 g. 1°0 mole) in boiling
carbon tetrachloride according to the method of Reimer.33 The
a,B-dibromo-B-phenylpropionic acid so formed was dehydrobrominated

as above to yield phenyl propiolic acid in 95% yield.

Phenylpropiolyl chloride was prepared by refluxing phenyl-

propiolic acid with excess thionyl chloride for two hours and
removing the excess thionyl chloride by distillation. The
residue (75% yield) was redistilled b.p., 86—900/O°6 m.m.

(Lite, 115-116°/17 m.m.).

Phenylpropiolyl peroxide was prepared from the acid chloride

by the method of DeTar and WellsBu((a) below) and from phenyl-
propiolic acid (b) by the method of Greene35 et al.

The peroxide was stable when pure and kept cold. It was
stored at -20°. On warming the solid above room temperature or
on grinding or scraping, detonation was immediate. A spontaneous
autoaccelerative decomposition, preceded by bubbling and frothing
of the sample, occurred on two occasions when impure, yellow

peroxide was allowed to warm to room temperature. This was
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accompanied by the release of acrid fumes and the deposition
of tar.

In view of the danger involved, preparations were carried
out behind a perspex safety shield. Goggles and rubber gloves
were worn when handling the solid material.

The melting points quoted for the various peroxides are

those temperatures at which a violent decomposition took place.

a) A solution of phenylpropiolyl chloride (10 g. 0°06 moles)
in ether (50 ml.) was added dropwise over a period of 1 hr., to
a solution of sodium peroxide (10 g. 0°13 moles) in ice-water
(300 ml.). The reaction flask was cooled in an ice-water bath
to maintain the temperature below 50.

During the addition a yellow opaque oil settled out. The
mixture was transferred to a separating funnel and shaken
vigorously for a few minutes. The organic material was extracted
with ether (100 ml.), washed with cold aqueous sodium bicarbonate
(50 ml.), water (50 ml.) and dried. The volume of solvent was
reduced to ca. 30 ml. hy passing a stream of dry nitrogen gas
through the solution.

The white solid peroxide was separated by decantation of the
mother liquor, washed by decantation with ether (20 ml.) and dried
by removal of solvents in vacuo (1 m.m.).

Yield, 1°0 g. (6%). Purity, 96%.

The low yield obtained in the above experiment persisted

throughout a series of experiments with varying quantities of acid
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chloride and sodium peroxide. Changing the solvent to the low
boiling trichloro fluoromethane and using hydrogen peroxide36
instead of sodium peroxide resulted in an impure yellow product.

These investigations were not pursued further because of

the dangerous nature of the impure product.

b) Hydrogen peroxide (99°9%; 1°5 ml. 2°28 g. 0°067 moles)
and redistilled methylene chloride (25 ml.) were added to an
ethereal solution (10 ml.) of N, N'-dicyclohexylcarbodiimide
(2°L48 g. 0°01ll moles) in a conical flask immersed in an ice bath.
The temperature was maintained below 5O during the careful, slow
addition of finely powdered phenylpropiolic acid (2 g. 0°01ll moles).
After stirring the mixture for & hr., the dicyclohexyl urea
(2+55 g. 95%).was removed by filtration with a sintered glass
funnel and washed by slurrying with methylene dichloride (3 x 25 ml.),
the washings being added to the f iltrate. Ether (100 ml.) was
added to the filtrate and the whole washed with cold saturated
aqueous ammonium sulphate (3 x 25 ml.), cold 10% sodium
bicarbonate solution (2 x 25 ml.), saturated sodium chloride solution
(2 x 25 ml.), and dried.

The volume of the organic phase was reduced to ca., 50 ml. by
passing a stream of dry nitrogen through the solution. The mother
liquor was decanted and the solid peroxide, after washing by
decantation with methanol (5 ml.) and ether (5 ml.), was freed of
all solvents in wvacuo (1 m.m.). Further concentration of the
mother liquor in a similar mamner resulted in deposition of more

solid.
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Yield, 1°2 g. (60%). Purity, 99°8% m.p. 92-93°
(Lit3! 94°). (Found: G, 7h-LO; H, 3+91.
C) gl 00), requires C, Tl L8310 Hye 32 L47%) 0 videe (CHO1,) 2225 (s)
(6=¢); 1760 (s) em™* (C=0)

The melting point cited is that of Muramoto | et al.
published in a communication with appeared after the completion
of this work.

In view of the good yield and purity of the product, this
method was employed in all subsequent peroxide preparations.
However, owing to the hazardous nature of the product, preparations

were not undertaken where the total yield of peroxide would exceed

5 8.

2.li. Peroxide estimat ion

38

The peroxide purity was estimated by iodometric titration.
The method outlined below was also used for the analysis of the
kinetic experiments.

The peroxide (gg., 0*05 moles, weighed accurately) was
dissolved in chloroform (25 ml.) in a 250 ml. conical flask. The
flask was flushed with dry nitrogen for 30 secs., and a solution
(20 ml.) of 0°0005% ferric chloride hexahydrate in glacial acetic
acid and solid potassium iodide (ca., L g.) were added. The
flask was swirled gently, stoppered and placed in the dark for
4O-45 mins. Water (ca. 100 ml.) was then added. The flask
was swirled to dissolve all the potassium iodide and the liberated

iodine was titrated with 0°'0lN sodium thiosulphate solution to
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starch end point. The colour change was brown to colourless.
It should be stressed that the above procedure applies for
solutions containing approximately 0°05 moles of peroxide. The
reaction period in the dark (namely L5 mins.,) was found to be
necessary after shorter periods (e.g. 10 mins.) had resulted in
inconsistent titres, suggesting incomplete reaction with the
potassium iodide, Weights of peroxide in excess of this figure
require a longer reaction time in contact with the potassium

iodide.

2.5. The synthesis of p-substituted phenylpropiolyl ﬁeroxides

2.5.1. p-chloro-, p-bromo-, and p-methylphenylpropiolyl peroxides

p-Chlorocinnamic acid (83% yield; m.p. 2&00; Litf, 2uo-2u2°)

was prepared by the method of Koo39

et al., from malonic acid
(100 g. 0°9% moles) and p-chlorobenzaldehyde (67 g. 0°L48 moles) in
pyridine (200 ml.) with piperidine (7 ml.).

The acid (72 g. 0°39 moles) was esterified by boiling for
6 hrs., with ethanol (300 ml.) containing concentrated sulphuric
acid (20 ml.). The product was extracted into ether which was
washed with water and dried. On evaporation of the solvent the
ester separated as a colourless oil which was taken up in cold
carbon tetrachloride and treated with bromine as described for the
parent ester. The yield of crude ethyl-a,B-dibromo-B-p-chloro-
phenylpropionate was 8l%.

The crude material (12 g. 0°33 moles) was dehydrobrominated
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in ethanol (600 ml.) and potassium hydroxide (8l g. 1°5 moles),
yielding p-chlorophenylpropiolic acid (80%; m.p. 192-3°. Lit99
193-5°).

p-Chlorophenylpropiolyl peroxide was prepared from the acid

in 50% yield and 99% purity by the method described above for the
parent peroxide, with the exception that the acid was introduced
as an ice cold solution in ether. m.p. 109%: rivrs (GHGlB);

2250 (s) (0=C); 1750 (s) cm:T (6=0).

p-Bromophenylpropiolyl peroxide (Yield 4O%; m.p. 12303

i.r. (GHC1,); 2250 (s) (0=C); 1750 (s) om. L2 (G20) ) Lahd

p-methylphenylpropiolyl peroxide (Yield 50%; m.p. 1090;

R (GHGlB); 2250 (s) (c=6); 1750-(s) ems T (6=0) were prepared

similarly.

2.5.2. p-methoxyphenylpropiolyl peroxide

Some difficulty was encountered in the preparation of
p-methoxyphenylpropiolic acid.

The attempted preparation and dehydrobromination of ethyl-a,
B-dibromo-B-p-methoxyphenyl propionate resulted in formation of an
impure oil with weak‘ﬁmax. 2250 cmst suggesting little if any
acetylenic nature. This supports the observationul that a ,8-dibromo-
B-methoxyphenylpropionic acid gives poor ester formation in
ethanol and concentrated sulphuric acid.

Moreover, treatment of p-methoxycinnamic acid (60 g. 0°3L

moles) in boiling carbon tetrachloride (1+2 1.) with bromine (55 g.

0*3l moles) and dehydrobromination of the resulting dibromo acid
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(m.p. 150°) with (i) ethanolic potassium hydroxide and
(ii) lithium chloride in dimethylformamide gave unexpected
products.

(1) a,Bédibromo—f—methoxyphenylpropionic acid (10L g.
0°31 moles) was boiled for 2l hrs., in ethanol (500 ml.)
containing potassium hydroxide (78 g. 1°L moles). The bulk of
the ethanol was distilled off and the residue poured into ice-
water (500 ml.). The organic material was liberated by
acidification with hydrochloric acid (Sp. Gr. 1°18) and extracted
into ether (3 x 200 ml.). The extract was washed with water ( 3.x
100 ml.), dried, and the solvent removed under reduced pressure
to yield a white solid, p-methoxy-B-bromostyrene. 75% yield;

i.r. (nujol); 3050 (m); 960 (s) (trans substituted C=C);
1610 (s) cm:l (Ph conjugated with C=C). n.m.r. (GD013)'T 3
6°20 (s. OMe); 2°3-3'6 (m. Ph and olefinic H). m.p. MB—SOO
(Li%:, '50°).

(ii) The dibromo acid (5 g. 0°02 moles) was dissolved in the
minimum quantity of dimethylformemide and lithium chloride (2°6 g.
006 moles) added. The mixture was heated under nitrogen on a
boiling water bath for L hrs. The solvent was removed on a
rotary evaporator and the residuel oil dissolved in aqueous sodium
bicarbonate solution. Acidification with concentrated hydrochloric
acid yielded a white solid which was filtered off and dried in the
oven at 60°.

The product was identified as trans-B-bromo-l-methoxycinnamic

acid (78% yield). m.p. 138° (Lit:, 139°) i.r. (nujol); 1790 (s)
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(acid carbonyl); 1630 (m) cmfl (6=6). nD.m.r. (TFAL.)T 620 (5,
OMe); multiplet in aromatic and olefinic region and acid proton
downfield.

In view of the above, attention was turned to the preparation
using the methyl ester. This was prepared from p-methoxy-
cinnamic acid (110 g. 0°62 moles) suspended in anhydrous methanol
(1-8 1.) by bubbling anhydrous hydrogen chloride gas through the
suspension, for approximately 20 mins.

The mixture was refluxed for L hrs. during which time
complete solution took place. Approximately 1 1. of methanol
was distilled off and the residue cooled. White needles were
depositel and collected by filtration. Yield 99%.

The ester (80 g. 0°L2 moles) was treated with bromine (80 g.
0°5 moles) in cold carbon tetrachloride (LOO ml.) and the
resulting dibromo compound(lQO g. 0°06 m) dehydrobrominated in
ethanol (100 ml.) containing potassium hydroxide (15 g. 0°27 moles).
The yield was 31%; m.p. 142-3° (Litf, 132y

The peroxide was prepared from the acid as described before for
the p-chloro-compound. Yield 50%; m.p. 75°. i.r. (GH013);
2250 (s) (c=6)s 1760 (s) cm:l (C%O).

2.6. Gas-liquid chromatography

2.6.1. Preparation and purification of materials

Phenylacetylene had b.p. 142-3° (Lit?, 1212

Diphenylacetylene, tolan, was recrystallised from ethanol.

M. 620 il 6255
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Biphenyl was recrystallised from light petroleum (boiling
range u0—600) and had m.p. 71°. (Litf, ?10).

q-methylstyrene had b.p. 167-169° (Lite, 167-170°).

o
q-li-dimethylstyrene, b.p. 690/10 fHonis L1k s 218l=52)% swas

supplied by Dr. I.H. Sadler.

Hexachloroethane was recrystallised from ethanol/ether and

had m.p. 185-6°. (Lit., 186-7).

Bicumyl (85% yield) was prepared by the decomposition of
benzoyl peroxide (2 g. 0°008 moles) in cumene (75ml.) at 1re° for
lL hrs. and recrystallised from light petroleum to give colourless
needles m.p. 120°. (Litf, 1.20°2)s

1,li-diphenylbuta-1,3-diyne was prepared by the method of

Campbell andEglintonLpg from phenylacetylene (2 g. 0°02 moles),
cupric acetate (5°5 g. 0°027 moles), pyridine (10 ml.) and methanol
(10 ml.). Yield 60%. It was recrystallised from ethanol and had
m.p. 87°. (Lit¥? 87-88°).

1l,3-diphenylpropyne was prepared according to the method of

Jacobs and Dankneru'3 by adding phenylacetylene (L5 g. O°lli mole) in
dry ether (50 ml.) dropwise to a stirred ethereal solution of
methylmagnesium bromide (0°5 mole) and refluxing the mixture for

1 he, Cuprous chloride (0°'lL g.) and cupric chloride (0°L g.)

were added and the mixture refluxed for a further 30 min. Bengzyl
bromide (70 g. 50 ml. O°ly mole) in ether (50 ml.) was added drop-
wise to the stirred solution and refluxed for L6 hr. After cocoling
in ice, cold aqueous hydrochloric acid was added caubiously and the

organic material extracted with ether. The extract was washed with
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water, aqueous sodium bicarbonate, water, dried and distilled.

Yield; 31 g. LOB. b.p. 155-160°/5 m.m. (Lit%; 140-145°/3 m.m.).

Diazomethane in ethereal solution was prepared from

p-tolylsulphonylmethylnitrosamide (2°1l g. 0°0l mole) in ether

(30 ml.) and potassium hydroxide (0°l. g. 0°007 mole) in ethanol

(10 m1.). The diazomethane was distilled out of the mixture as

an azeotrope with ether using a water bath. The ethereal solution

was stored at -200.

2.6.2. Instrumentation

All the quantitative and the bulk of the qualitative gas-
liquid chromatographic analyses were carried out on a Griffin D6
chromatograph employing a gas density balance detector. Peak
areas were calculated with a "Kent chromalog" integrator.

Some qualitative analyses were performed using a Perkin-Elmer
Fll gas-chromatograph with a flame ionisation detector.

The gas density balance has the advantage that the only
property of the sample governing the detector response is its
molecular weight. The peak area (A) corresponding to any given
compound can be directly related to the number (n) of moles by
equation (J’.).}‘m

l'l:(M'—lfrén') s s s s s s 0880 (i)

where m = molecular weight of carrier gas; M = molecular weight
of compound eluted and k = a constant depending on apparatus

construction and operating conditions.
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Thus, for a single injection of a mixture of compounds:
A. -m
A:L_E;IS__)Y e B e e e s 0B ee (ii)

s A

o[

where subscript (s) refers to an added internal standard and

subscript (i) to the ith component. Thus, the composition of the

mixture can be calculated directly from the peak-area ratio Ai/AS

and detector calibration is therefore unnecessary. This formula

is independent of sample size and operating conditions.

The composition of a given mixture was determined by gas-
liquid chromatography after the addition of a known weight of an

internal standard and the application of equation (ii). In all

cases the peak-area ratio was taken as the mean of three

determinations.

2.6.3. Measurement of retention times

Instrument: Griffin D6.

Column: 5% Neopentyl glycol succinate on 80/100 mesh acid

washed and silanized Chromosorb P. Length, 2 m.
n
Nitrogen inlet pressure: 15 1lb./o .

Relative retention times at 80°.

Cumene 02l a-methylstyrene 0°58

Phenylacetylene 0°*L2 Hexachloroethane 0°68

o ll-dimethylstyrene 1°00 (20°*1 min.)
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Relative retention times at 180°

Methyl phenyl propiolate 1°3 bicumyl el
biphenyl 1°0 (6°*5 min,) tolan 2557
bibenzyl 2l 1,3-diphenylpropyne 6°7

Instrument: Perkin-Elmer F11.

Column: 1%% Silicone gum on 80/100 mesh Chromosorb W.
length, 2m.

Nitrogen inlet pressure: 30 1lb./m".

Temperature 2005,

Retention time of diphenyl diacetylene: 3°0 mins.

2.7. The products of the decomposition of phenylpropiolyl

peroxide in various solvents

The reactions were carried out in apparatus under nitrogen.
A solution of the peroxide (2 g. 6°9mmoles) in the solvent (100 ml.)
under investigation was placed in a flask surrounded by an outer
vessel containing methanol (b.p. 65°). On refluxing the methamol,
a uniform reaction temperature of 650 was achieved. The reaction
flask was connected to a gas burette which constituted one arm of
a manometer, thus, enabling measurement of any gaseous products.
The levels of water in the two arms of the manometer were equili-
brated before reading the initial and final volumes. The water
in the gas burette was surmounted by 5 ml. of silicone o0il to

prevent carbon dioxide absorption by the water. The final volume
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was read once the apparatus had cooled to room temperature.

On cooling, the reaction mixture was transferred to a 250 ml.
standard flask and made up to the mark with ether. 2 x 5 ml.
samples were withdrawn by pipette and used for gas-liquid
chromatographic analysis (See Tables III and IV below). The
remainder was transferred to a separating funnel and any acid
formed in the decomposition was extracted with aqueous sodium
hydroxide solution in the usual manner. (See Table III).

The ether layer was washed with water and dried. Evaporation
of the ether on the rotary evaporator left an organic residue
which was treated differently according to the solvent being

studied, as described below.

Table IIT. Production of phenylpropiolic acid and carbon dioxide

during decomposition of phenylpropiolyl peroxide

Solvent Phenylpropiolyl Phenylpropiolic Carbon
peroxide acid dioxide
g. m.moles g. % m.moles | ml. me.moles
Cumene 24000 69 B p e e I 870 0 0°00
Chloroform |2°32 7°9 0°80 35 518 80 3°57
Toluene 2+36 81 THCE 2 REREElN 2] 6°99 L2 1-88
Benzene 2520 746 o045 20 3°08 L6 2+ 06
Carbon Tet. |2°50 86 0°00 0 0°00 81 3+61

® Volume corrected to N.T.P.
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Table IV. Production of phenylpropiolic acid estimated by

ZeleCoe analysis*

TGV e e
Cumene 0°1380 0° 1545 1°219 0°1795 65
Chloroform 0°1599 0°1299 0°+625 0*07T7L 2l
Toluene 0°1675 01307 1°090 0°1359 L2
Benzene 0*1569 0°+1583 0°L10 00619 20
Carbon Tet. 020 = 0°+1620 0°000 00000 0

*A known weight of biphenyl was added to each tube to act
as an internal standard. The contents were treated with an
ethereal solution of diazomethane to convert the acid to its

methyl ester.

Examination of the organic residues

Table V summarises the products present by gas-liquid
chromatographic analysis either of the bulk organic residue or of

the sample removed for this purpose.
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Table V. G.l.c. examination of products

Cu Ch To Be C.Tet.

Phenyl acetylene A A <00l A A
tolan - = - A -
diphenyl diacetylene A A A A A
bicumyl A - - - -
bibenzyl - = <00l - =

biphenyl - 2 = A =

hexachloroethane - <0°07 - - <007
1,3-diphenylpropyne - - Q27 — =

Abbreviations: Cu: cumene; Ch: chloroform; To: toluene;

Be: benzene; C.Tet: carbon tetrachloride.
A: Compound absent from reaction mixture

: Compound not expected (nor found) in reaction mixture.

The figures are expressed as mole per mole starting material.

The residue from the reaction in cumene was examined in the
most detail. Gas-liquid chromatographic analysis of the 5 ml.
sample indicated the presence of a-methyl styrene. This was verified
by an independent experiment, performed on a small scale. The
a-methyl styrene was estimated using a,l-dimethylstyrene as internal
standard, and was found to be 0°0l mole/mole peroxide.

All the solvents were removed from the residue in wvacuo. (0°1
m.m. for 6 hrs.). The resulting viscous solid was examined by

i.r. and n.m.r. spectroscopy, i.r. (CHGlB); 2250 (s) (c=C);
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1750 (m) 1710 (s) emy L (C=0)s5 shems P (0D013) L2 80L(d) s
(Phenyl protons); 810 (s); 8°80 (d) (aliphatic protons)

The spectroscopic evidence suggested that the compound was
impure cumyl phenylpropiolate as did the hydrolysis of a sample
(0*2 g.) with dilute aqueous sodium hydroxide. The i.r. spectrum
(CHGlS) of the acidic component confirmed it was phenylpropiolic
acid. The spectrum of the alcoholic component contained no
acetylenic function.

The column chromatography of the residue from a second
experiment resulted in hydrolysis of the product. On silica gel,
eluting with petroleum (b.p. L0-60°) which contained a progressively
increasing proportion of ether, phenylpropiolic acid was obtained
in ca., 50% yield.

The residues from the other reactions consisted of tars
which were not separable by column chromatography as this, both
on silica gel and neutral alumina, caused hydrolysis and

retention of the products on the column.

2.8. The kinetics of the decomposition of phenylpropiolyl peroxide

in various solvents

2.8.1. Introduction

The kinetic runs were carried out by the following procedure.
A stock solution of the peroxide of known concentration was
prepared. Aliquots of this were transferred by pipette to a
series of glass tubes which had been flushed with nitrogen.
(The tube dimensions were: lengbth, 15 cm., internal diameter,

7 MeMe) o
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The tubes were gently flushed once more with nitrogen,
sealed and placed in a thermostatically controlled oil bath.
The tubes were removed at regular intervals and plunged into a
chloroform bath at 0° to terminate the reaction. The contents
were quantitatively transferred, by rinsing with chloroform, to
a 250 ml. conical flask and the peroxide content of each
determined by iodometric titration as described previously.

The initial concentration at zero time (to) was determined,
for each run, by the estimation of the peroxide concentration in

an aliquot of the original solution.

2.8.2. Preliminary experiment in cumene

05552 g. (1+°918 m.moles) of peroxide was dissolved in
cumene (50 ml.). 1 ml. aliquots were used.

Co = 0°0355 oo, Imtreer

Table VI. Decomposition of phenylpropiolyl peroxide in cumene

at 50°

Hours ml. ml. ave.ml. % ¢ x 10° Co/C lnco/C
0 7412 7409 7°10 100°0  3+55 1°000 0°000
05 626 615 6+20 87°5 3&:110) s 0135
1 579 55 G 818 2988 12265+ 0%236
15 L4-86  L+80 L83 680 202 1+16).  ©-38k
2 L+25 ly°30 1+ 28 3%l 22 1588 = 0°))63
2£5 S50 3475 321 52+,  1+86 1°910 0647
3 339 335 337 IS 5o 200 1299510269

35 LR le) e 3220 L45+0 159 2%238 0°806
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Key to Tables: VI - VIII.

ml.: Volume of 0°0lN sodium thiosulphate solution

Co: Peroxide concentration in moles.litre_l at to
C: Peroxide concentration in moles.litre"l at time ©.
% Percentage peroxide remaining at time t.

Graph No.I indicates that the peroxide has a half-life (t%)
of 2°8 hrs. at 50O and also that approximately first-order
kinetics are being followed. It was considered that a higher
temperature and correspondingly shorter half-life would give

more useful results.

2.8.3. Kinetic studies in solutions of varying concentration
at 65°

The decomposition of phenylpropiolyl peroxide in.the
five solvents studied in section 3.7 was reinvestigated in order
to elucidate the kinetics, particularly any induced decomposition.
For each solvent, three solutions of different initial peroxide
concentration were used and labelled CA’ CB and GG in order of
increasing peroxide concentration. A plot of lnGO/G against ©
was constructed for each solution in the usual manner.

In addition, from the plots of %Q/ﬁl VS. %ﬂ/ﬁ%; %75% vs.

1t il .

/Jqﬂj g /Q O Ve« /I/Cc, the constant a in equation (viii) in
section 3.3 was deduced. Using this value for a, a plot of

in [(a + /G)/ /C'] versus t was constructed for each value of C

(viz., ©

s> Cg and GG). Where possible, an estimate of the first-



1n Co/C

1n Co/C

1:0
09
08
047
06
0'5
0L
0+3
02

0*1

1+0
09
0°+8

Q>

0°5

oL
03

35

"' Gra Q.h I

. Decomposition og (PhCECGOz)E
in cumene at 50,

1 1 1 i
1:0 20 340 L+0
Time (hrs.)

Graph IT
Decomposition of (PhCz—:CGOa)2 P

in Benzene at 65°. ////ﬂ5,,/’

&
N\

1 1 1 1 1 [l 1 1 i 1 i 1
5 10 15 20 25 30 35 4O 45 50 55 60
Time (Min.)



36

order rate constant was calculated as explained in section 3.3.
The results are given in detail for the decomposition in

benzene. The results for the other solvents are summarised.

Table VIT The decomposition in benzene
Solution Peroxide Benzene Aliquot Co T
No. g. ml. size (ml.) %
min.
Cp 0°23 L5 2 0°018l L6°5
GB 0°56 50 1 0°0362 L1+0
GC 0°58 30 1 0°*061); 350

% Estimated from the plots of 1n196 versus t for the three
solutions. Graph II.

Solution A

>
Minutes ml. % G, =10 Co/C 10* 7 /8 1/¢/5;

0 3l 1000 Te=iBlg 1000 0°000 QrL37 729
5 6+70 Qi 0 1°68 1095 0+092 0°+130 7°69
10 6°+10 832 1+53 1262 0°+18L 0-12l 8°07
15 5-82 795 146 1r 261 0230 Q:7L2A: 8+ 26
20" 5% s - Aagh = IR OSPOIT ORI - 85k
25 5200 682 126 11460 0°380 0°112 8°93
30 L5 60°5 1o 1:658 0°505 0°105 9°52
o W e 1 T o < TR ok s DT MO L 1 ST A
§5 - §77 _ Blr5 - 0sql " Asg58 L 0seys - 0F097 . 10731
60 3+28 L6 0°+82 2+2l1 0°+810 0°091 10°99
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Soclution B

Minutes ml. % ch102 Co /0 1n038 S e
B B

0 7+22  100°0 362 1+000 0°000 0°193 5+18

5 668 92° |y 3°3) 1-082 0°081 0°183 5eli6

10 6-11 Oli°5 306 1+1682 0°167 0°175 571

15 5°56 768 2=78 1°302 0°265 0°167 5299

20 5+15 -2 257 1-108 0+341 0160 625

25 T3 651 2°36 1°538 0128 0°15L  6°49

30 I+ 32 59+8 2+16 1678 0°516 0°Ll7 6°80
37*5 3-85 5322 1293 1875 0629 0°139 715

L5 B2 57 118-6 1>76 22059 O3 QL33 1°52

60 3:13 1132 149 21130 0°890 0-122 8:19

Solution C

Minutes ml. % CCxlO'2 Co/C lnco/c ,/G_G' 1&—%\
0 12-23 10070 6+1) 1+ 000 0+000 0+248 li+03
1073 87°7 5:38 Tish b 0°132 0232 ly* 31

10 9+65 78+5 L*83 1o 0242 0°+219 lie 56

15 9:00 735 li*51 1+361 0°31L 0+212 > 72

20 8-21 669 L*11 119l 0°* 01 0°203 11°93

25 7*33 6021 3°69 1665 0°508 04192 5°21

30 693 566 347 1770 0*571 0°186 5°38
37°5 6°12 50°5 3+10 1+980 0°681 0°176 568

L5 G956 553 2°719 2+200 0°787 0167 5299

60 51 36°5 2°2 2+738 1°008 0°150 6:67
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Graph ITI
l i 1 L3 s
Plot of JTG_ Vs, —732 for the decomposition

of (PhC=CGO,), in Benzene at 65°.
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The plots of %QfEI versus %Qrﬁz for benzene are given in
graph III and these can be taken as representative of the rest
(except cumene). As discussed in section 3.3, the slope (m) and
intercept (c) of the best straight 1line through these points was
calculated by the method of least squares on a KDF9 computer using
a programme supplied by Dr. Lowe of this department. From the
point of coincidence of each of the three lines with the line
:Zﬁ%_::%9§é the constant a was calculated.

The results for cumene are given in table VIII, and those for

chloroform, toluene and carbon tetrachloride in table IX.

Table VIII The decomposition in cumene
Solution Peroxide Cumene Aliquot t%
No. g. ml. size Co L
(ml p ) Mmllle
Cp 0°20 L5 2 0*01L41 L2
Cg 0°56 50 1 0°0368 25
Cq 0+58 30 1 0°0576 i B¢

The plots of lncgé versus t for the three cumene solutions

are given in graph IV.
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Graph IV
Decomposition of (PhCECGOE)2 in Cumene at 65°

(D=CA; B=GB; A=GG

>

1n Co/C

i e

1 1 1 1 i 1 1 1 1 | 1 i

10 20 30 « 11O 50 60
Time (Min.)
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The half-lives in minutes for each solution in table IX
are given below. These were obtained from the plots of 1n09h

versus .

Chloroform Toluene Carbon Tet.
A B C A B C A B C
30 320 2)p28 lili28.4 3620 3322 5822 5025 L1-l

Table X summarises the results for all the solutions except

cumene, as in this case, the slopes of the plots of %Qaﬂ versus
1

%?51 were greater than unity, giving a negative value for a as
2

explained in section 3.3.

Table X. The slope (m) and intercept (c) of the best straight
line through the points 1/ /C] vs. l//Ca. Also, the

corresponding value for the constant a,

Solution No. m (-c) a
Benzene

C v. B 1181 + 0°025 0398 + 0°134 0*L55 + 0°31
Bv. A 1+206 . 0018 1078 % (02123 9192 + 0205
Cu¥e A 1-427 + 0°018 1°542 + 0°096 0+277 + 0202
Toluene

A v. B 0°845 + 0°023 0°612 + 0°169 0°253 + 0°08
B ¥..0 0+847 + 0°031 0°189 + 0°17L 0+810 + 0°L7
A V. C 0°718 ¥ 0+02y  0°+728 ¥ 0°174 0+388 ¥ 0°09
Carbon Tet.

B &y, 56 0+09L + 0°033 1:296 + 0+238 0°0L5 + 0°03
G w. A 1-107 ¥ 0°066 2%8lT+ 0°36L 0°038 * 0°02
Av.B 0°939 ¥ 0°026  1°172 ¥ 0°-228 0°052 ¥ 0°03
Chloroform

A v. B 0*L48 + 0°009  0°435 + 0-106 -1+269 + 0°268
By @ 0°593 ¥ 0°015 0:239 + 0°085 1701 ¥ 0°L491
L P 8 0266 E 0009 0°020 + 0109 =370 + 32°0
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The data for 1n (a +./C)/ /G versus t is given for the

value of a indicated for each of the solutions GA’ Cp and Cy for

the solvents benzene, toluene, carbon tetrachloride and chloroform,

in Table XI.

Table XI. The values of 1n (a +.,C)/ /G

Benzene
a 0°192 0192 0°277
mins.| 2% /Ca e AT IhestyCp | B8 YOk in SO
10y JCn /% o | [/C /¢
0 |2-498 0- 88l 1°996 0°691 24115 0° 7.7
5 |2°480 0+907 2508 . @716 2+19l 0°78l
10 |2-5,8 0°936 2+098 0+7L1 2:268 0818
15 |2°585 0-948 2+150 076l 2°315 0+838
20 |2-642 0971 2°200 0°+786 2+118 0°+878
2hes2 el 0+996 2+-2)1 0°+809 2-12 0894
30 |2=821 1+036 2+305 0°-83l 2+1,88 0+912
37+5 | 2862 1052 2+ 380 0°*865 2°570 0+9Lly
L5 | 2+980 1:092 212 089l 2+660 0°+978
60 |3+105 17132 2° 56l 0°9L2 2+ 850 1+048
Toluene
a 0°388 0253 0388
mins. Eﬁ;ﬁigé' 1n® +jCA a + JbB 102 +ij a f jbc 12 +-/GG
& Sa 5% 1% || 1% /8¢
0 |3°050 T T 1°970 0-676 2+175 0775
7*5 |3°160 1°150 2:018 0°709 2+268 0°+820
15 |3+300 1+192 211.30 0° 755 2390 0°870
22+5(3+)135 1235 2°165 oAl 2+508 0919
30 |[3°607 1-28) 2+285 0°826 22599 Oifa52
37+5|3-742 1°320 25390 0870 28720 0*997
L5 ~|3+920 1+363 2+1.70 0°+90L 2EG20 1-038
60 [l=200 1-438 21659 QST 22979 1-090
75 | L+560 1+515 2° 795 1°029 3250 1+180
9% |L-840 1579 2°960 1-088 3519 1261
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Carbon tetrachloride g = o-oh5
Mins.|a + [C) 1, A+ [Opla + Jop . a +/cg| a +/cg T
Jex i /°B /Cs [ CR
0 |1+318 0274 1-2,5 0218 1172 0°+160
75 | 1+326 0°+281 1+260 0+230 1°188 Q191
15 |3L=2349 0299 15272 0-2l1 1°206 0°185
22+5/1°36l 0°+310 1+291 0-256 1°219 0°195
30 |1°+382 0°323 1°306 0267 1+225 0°+203
37+5| 1400 0°336 1°320 0276 1s2L2 0°+266
L5 |1-l20 0+3Ll 1+338 0°+290 1+252 0+ 226
60 |1-LL5 0+368 1°368 0-312 1:279 0-2l;
75 | 1°L65 0+381 1°389 0327 1306 0°266
90 |1°+L96 0°401 112 0°*345 1341 0+29l
Chloroform a = 1*701
mins.|a + jCA 1n® +/Cy | &+ /Cg a +ij a + /G a +JCC
ST G G o=re C LT
/Ca /Ca JCB JCs /¢ JC¢
0 (L3=70 2:612 7°250 1°981 L340 1°469
75 |1L+81 2699 T°8L0 2+059 lL*610 1+529
15 |[15-80 2+ 752 8+ 110 2+135 5:035 1636
22+5(17-01 22835 9+040 2+200 5+360 1680
30 |18°28 2°*900 9+500 2250 5+730 1+749
3751949 2+ 960 10°08 2+310 6+ 050 1°799
L5 |20-L41 3+015 10°6l 2+362 6+325 1°868
60 |23-21 3+140 116l 2°1458 7+050 1950
75 | 26+09 3260 12+ 80 2+542 7+ 560 2021
90 |[28°+15 3+332 1l 00 2:639 8-1140 2°095

Graph number V illustrates the results for benzene.

slopes of these lines and the corresponding values of k

in table XII.

k

The

are given

was calculated (where possible) from the slopes

as explained in section 3.3, equation (vii).
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Graph V
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Table XIT The slope (and corresponding value for k )

of In(? +\/@)[/6=versus B

Solvent Curve Slope x 105 k-x 1OLL
CA 7+59 1552
Benzene CB 7°00 1°40
CC e 3 A e
CA 845 169
Toluene OB curve -
CG 8°16 163
GA curve -
Carbon Tet. GB curve -
GG 280 0°56
Chloroform All three were curves

No figure for k 1is given where the plot resulted in a curve.

The significance of this is discussed in section 3.3.

Cyclohexane

A similar series of experiments in cyclohexane proved
inconclusive. The graph of 1ln C?E against t contained an initial
sector which was not linear. This "induction period", which was
of approximately five minutes duration, was present in all the
kinetic runs examined. The results for a typical run are given

in the table overleaf.
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mins. 0 b 10 15 20 25 30 35

G 0+01L47 0+01L47 0°01Lk2 0+0088 0*0053 0°+0041 0°*0030 0°0020
1n Co/C 0°000 0°000 0°037 0°516 1°029 1+283 1°605 1°885

2.9. The kinetics of the decomposition of phenylpropiolyl peroxide
in the presence of an inhibitor

Introduction

The decompositions detailed in section 2.8 gave linear plots
for 1n036 versus t up to approximately one half life, thereafter,
the curves deviated from linearity suggesting the occurance of
higher order kinetics arising from an induced decomposition. In
order to investigate this and render the decomposition as near first-
order as possible, experiments were undertaken with varying
concentrations of added inhibitor.

In the kinetic experiments in sections 2.9 and 2.10,a
peroxide concentration of 0°05M was used throughout and the reactions

were run at 65'0O unless otherwise stated.

2.9.1. The decomposition in the presence of styrene inhibitor

Solutions in both dioxane and chloroform were investigated;
the results for dioxane are summarised in table XIII and those

for chloroform in table XIV.
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Table XITI. Decomposition in dioxane + styrene inhibitor

2 mamahenoy

15 15 22°5 30 5 (el

L5 60

8 oxlE g1
1nCo/C 0°000

leO2 L*79

0*2  1n6o/c 0+000

2*h2 | AvE3 - A*AE.  geos =
027hy  1:208 1495 1268l -
3793 . 3*0ls  2eBb . 23l o 1588
0198 0°*L454 0°+626 0+806 0°-935

lv
l-

03, 1235
079 1-262

£
I = Molar concentration of inhibitor

The results are illustrated in graph VI. The

t1 from 6°9 to 26*0 mins., on increasing the styrene
=

from zero to 0*'2M indicates the effectiveness of its

powers.

inc

rease in

concentration

inhibitory

Table XIV. Decomposition in chloroform + styrene inhibi tor

TRy o /7 45 Zoss 35/ FpeEe Uiml 6o - 75 9%
6x16 5+2l, lis66 106 3'59 ,5t2T 258l 2456 2410 1382 1°53
0°1 1nco/c 0000 0118 0+25l 0+378 0-489 0612 0715 0+896 1+059 1+230
6x10° L:55 L+07 3°58 318 282 2:l4) 2+18 1°78 1-50 1°25
02 1nco/c 0°000 0110 0°239 0°359 0°L476 0°622 0°737 0°936 1-111 1+292
cx102 L+60 3°86 3-28 2+77 2°38 2:05 1:82 146 120 0°95
0'3 1ngo/c 0-000 0°175 0338 0°506 0°659 0+810 0°925 1°130 1+3L5 1570

The plots of

1nCo/C versus t are shown in graph VII and the

resulting half-lives in the table below.

Styrene concentration (M) 0 01 02

t1 (mins.)

1
IS

36°5 L3-3 L3°5

843
ST
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Grayh VI

Decomposition of (Phcsccog)2 in dioxane.

8}
1l

uninhibited

0*2M styrene
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_ Graph VII

Decomposition of (PhCECCOE)a in chloroform + styrene
@ = uninhibited B = 0'1M styrene; 0°'2M styrens.

& = 0'3M styrene

1n Co/C 5

05 | o

1 1 I 1 1 1 1 1 —

10 20 30 L0 50 60 70 80 90

Time (Mins.)
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24962, The decomposition in the presence of 3,li-dichlorostyrene
inhibitor

The results with styrene indicated an optimum inhibitor
concentration. A series of experiments was carried out in
chloroform and the results are summarised in table XV.

The half-lives obtained from the plots of 1nCo/C versus t

(see graph VIII) are given in the table below.

Inhibitor b1 Average ti
°°n°?ﬁ§ration (mins.) (where applicable)

00 36°5 36°5

0+025 5320 535 533

0° ol 56:2  5le2 552

005 577 560 56-8

0°06 56°5 555 56°0

0+075 Sh-8 548

0+10 5248 52+8

020 bt 3 L7e3

A plot of inhibitor concentration versus b% is shown in
graph IX. The optimum is 0°0%M 3,li-dichlorostyrens.
The solutions listed in table XVI were investigated using

this concentration of inhibitor.
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Graph VIII

Decomposition of (PhCECCOe)2 in chloroform
© = uninhibited

=

0*05M 3,1+—dichlorostyrene .

1n go/e /’

10 20 30 1,0 50 60 70 80 90

Time (Min.)
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Graph IX

t% vs. concentration of 3,lL-dichlorostyrene (M).

2
60r
50f - \
U5k
LOoL
q
35
30 i 1 [ 1 i 1 1 i i i 1 !
0 0+*02 o*0oL . 0°06 0+086 0+10 0*12
(M)
Graph XI
In k vs. 1/T for the decomposition of:
in g'O @ : phenylpropiolyl peroxide
@ : p-methylphenylpropiolyl peroxide
-2'0F & ¢ p-methoxyphenylpropiolyl peroxide

‘ﬂ“““ﬂnhh
198
330 340 350
1/7 x 10° (°K)

L 1

1 i
310 320
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Table XVI. The decomposition in wvarious solvents in the

presence of 3,li-dichlorostyrene inhibitor

Mins. O 757 oL15" U500 ERC=aR0L ) ol 5 60, - 7B 90

0x10° 5'00 116 3+27 2463 2:22 1+83 1+64 1°30 1°11 0°93

Cu  1n6o/C 0+000 0°182 0-L2L 0+6l) 0°810 1°005 111l 1-347 1°50L 1°685

0x10° 5'00 L5l 407 3'55 3°19 2+79 2°57
1InCo/C 0°000 0°102 0°205 0°340 0+451

no

*10 1°74 1°53

To 582 0+666 0°868 1°056 1185

o

6x10° L9k Le49 L4+06 3+66 336 2+9 2:81 2-34 202 1-80

CCl) 1nco/c 0000 0°096 0°193 0°299 0°383 0°516 0+56L 0+7l6 0+89L 1°010
2

Mo
o

Cx10 i =9lp eEAETRNBE 33 - 2087 C2e6EE 2e gl 1o dislis 3¢ 23

Be.  1nCo/C 0°000 0°113 0°262 0°385 0°5Ll 0:606 0°729 1°022 1°225 1°369

Cu: Cumene; To: Toluene; CClu: Carbon tetrachloride;
Be: Benzene.

The plots of 1nCo/C versus t are shown in graph X, and the

corresponding half-lives and k values are summarised in the table

below.
Solvent Cumene Toluene Carbon Tet. Benzene
t1(mins.) 252 e 560 12

=

k x 104 Iy* 580 241110 2059 2+800
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GraEh X

Decomposition of 0*05M (PhC=CCO

1n Co/C

05

gho
0*05M 3,l4-dichlorostyrene.

© = cumene; 0 = Toluene

A = carbon Tetrachloride; X = Benzene

o-

- : L 1
10 20 30 1O 50 60 70 60 9

Time (Min.)
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2.9.3. Estimation of the energy of activation (Ea) for the
decomposition of phenylpropiolyl peroxide

The energy of activation was estimated by the application
of the Arrhenius' equation to the data from the decomposition of
the peroxide in solution in chloroform at various temperatures.
(See section 3.l).

The solutions contained 0°05M 3,l-dichlorostyrene inhibitor.
Thg results for the decomposition at 65:0° have been given already,
(table XV). Those for L2°0 + 0°1° and 260 + 0:1° are given in
table XVII.

Table XVII. Decomposition at 12°0° and 26°0° in chloroform +
3,Uu-dichlorostyrene (0°05M)

Hours 0 5 10 15 20 25 30 35 4O L5

, Cx10° 5°1l L-34 352 320 2+68 2:34 2:02 183 1:70 1°55

L2 1nCo/C 0°000 0°171 0°278 0°L47L 0°6L49 0°785 0°930 1°035 1°108 1-118

Days 0 2 n 6 8 10 12 15 18 =i

_ 0x10° 5°06 LS 407 3°55 3:22 2:90 2-56 2+2 1°98 1+7k

& 1nCo/C 0*000 0129 0°219 0°*35L 0°L5L 0°559 0:682 0°820 0°9LO 1-068

The half-life estimated from the plot of 1lnCo/C versus t for
each solution enabled k to be calculated. The data is summarised

in the table below.

Temp . °K 1/T x 107 t%(hrs.) k Lnk
299 3+ 3L 300 6+l x 1077  -1L°260
315 3+175 20°95 9:18 x 10_6 -11-598

338 2+959 0°95  2-03 x 104+ -8-502
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The plot of 1lnk versus t is shown in graph XI. The slope
is 1*Lb6 x lOu, giving E_ = 291 Keal .molest

2.10. Kinetic studies on p-substituted phenylpropiolyl peroxides

The p-substituted peroxides were studied in chloroform solution.
The concentration of the solutions was 0°05M.

The results for the decomposition of p-chlorophenylpropiolyl
peroxide are given in table XVIII.

Table XVIII. Decomposition of p-chlorophenylpropiolyl peroxide
in chloroform at 65:0°. No inhibitor

Mins. 0 75 15 c2h SO et 15 60 75 90

6x102  L-60 3°76 3°29 287 2:5L 2+32 2°10 1469 1+40 1-2l

1HCo/6 0000 0°202 0°338 0472 0-59lL. 0168150763 04999 1-1.90 1310

From the plot of 1nCo/C, t1 = 37'0 mins.

L
2

The decomposition of the peroxides in the presence of 0°05M
3,l-dichlorostyrene was investigated. The results for p-chloro-,
p-bromo- and p-methylphenylpropiolyl peroxides are summarised in

table XIX.



62

Graph XTI

Decomposition of p-substituted peroxides
© = 0°05M p-chloro (+0+05M inhibitor)
ln Co/C 9=0'05M p-methyl (+0°05M inhibitor)
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Table XIX. Decomposition of p-substituted peroxides in
chloroform + 0'05M 3,li-dichlorostyrene inhibitor
Mihas. O 7:8. 18 2286 @6 37i5, lis2 60l 756 - 90
2
cx10~ 508 L°60 l+18 376" 3°4B  3¢15 2:8l 2*38: 2+10 1°89
1ncoé0 0°000 0+098 0°19L 0+297 0-377 0:L477 0°580 0°756 0:882 0°985
Cl 0x10° 506 L°54 L*10 3+71 3+46 3°06 2+8l 2+L42 2-10 1°-80
1nCo/C 0°000 0111 0°212 0°309 0°378 0°50l 0°577 0°736 0°879 1°031
cx10° L4+80 L=39 L+06 3:69 3°36 3°06 oaTly. 2vag, Be02, 1s76
o 1n00£b 0*000 0°089 0°166 0+262 0°356 0°-451 0°559 0696 0861 1°005
Cx10™ L=80 1#38 =05 369 337 3206 2875 2439 2°01 1°76
1nCo/C 0°000 0°090 0°170 0+262 0+352 0*451 0°558 0*696 0°870 1°005
6x10° =90 21 3°78 3012 275 2+40 2-15 1+62 1229 098
e 1nCo/C 0°000 0°150 0°258 0°L451 0°579 0°713 0°82l 1109 1-33L 1-618
CEL0= “L~85 " L*15 3yl 323 taVgs tadlg  etie v 132 ot oy
1nCo/C 0+000 0°+14O0 0:267 0°+405 0°540 0672 0:809 1-042 1+303 1:610

The half-lives, and corresponding k , from the plots of

1nCo/C versus t are given in the table below.

(See graph XII).

k x lOusec_l

Peroxide t1(mins.) Ave.bty

2 2
p-chloro 55+0 566 558 2207
p-bromo 58°0 580 580 1499
p-methyl Riplei2 382 T 306

The decomposition of p-methoxyphenylpropiolyl peroxide was

investigated in more detail.

The effect of varying proportions

of inhibitor is summarised in table XX.



Table XX.

The decomposition

6L

of p-methoxyphenylpropiolyl

peroxide

i Mins.

0

2

L 6 8

10

12

1l

16 20

cx10°

1nCo/C

CxlOZ

00l 1nCo/C
Cx102

0205 1nCo/C

cx10°

0°06 1nCo/C

6x10°
0°10 1160/0
Gx102

050 1nco/c

bt T 3%92.0.30 37 42583 201031398, 1357
0+18l 0°335 0°510 0°+67L 0°866

0*000

L 65
0*000

L+ 80
0-000

L= 76
0°000

L.+ 50
0*000

457
0°*000

Ly
OI

3-
O-

o

(o=t 5

00
150

97
189

ek
"1L7

*T9
*170

>3
*190

2
0

(®]

2)

‘46 280 238
*296 0°508 0670

263 RAE2 42536
*282 0530 :0* 710

V37 e 2vgy 23T
*346 0°LT7L 0°698

26 2+70 2°2l
*322 0°512 0696

26 2457 2420
339 0°574 0733

2'01
0-839

1297
0°+889

2415
0°*796

1:90
0+861

180
0933

1

=

—

=

=

*100

*70
-0L40

*70
*0LO

o‘?l
*020

61
*030

“L45
+149

d> 3
1:281

1-43
1+220

il
125220

147
1+180

1+36
1200

1-220
1* 330

14Tl 00
1-420 1-

1416
1=286 .1

=

1219 “@2
1* 395

[

1+231° 0°
1+ 370

=

1* e
1-382

= O

1-02 0O
150l 1-

5
795

86
*690

79

* 803

93

635

P15
*790

69
900

The half-lives are listed in the table below.

Inhibitor concentration (M) B 00k

t1 (mins.):
2

7+80. §-08

0+05
7+90

0°*06
8+10

0°10
8-05

0-50
730

The results indicate that the added inhibitor has no effect

on the rate of decomposition of p-methoxyphenylpropiolyl peroxide

and this, coupled with the greatly increased rate compared with the

other p-substituted derivatives suggests a different mechanism of

decomposition.

corresponding to t

L
2

(See section 3.5).

= 80 mins. is 1°*L45 x 10~

3

sec.

i

The first order rate constant
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An estimation of the energy of activation (Ea) was obtained
for the p-methyl- and p-methoxy- derivatives.

This was obtained by decomposing each in chloroform containing
0*05M 3,L4-dichlorostyrene at two different temperatures, namely,
65+0° and 56-0°, The results obtained at the higher temperature
have already been tabulated, those for 26°0° are given in table XXI.

Table XXI. The decomposition of p-methyl- and p-methoxy-
phenylpropiolyl peroxides at 26°0°.

Days 0 2 Iy 6 8 10 12

cx10° 559 L'59 3:82 286 251 2-0l 1-7k
p-methyl

1nCo/C 0°000 0°198 0°378 0+670 0°800 1°+009 1°170

Hours 0 I 8 12 16 20 2l

CxI0°  L097  4%62 . 2sBh - 159% 1eha . IT07  orEl
p-methoxy

1nCo/C 0°000 0°318 0°636 0°+94l 1°250 1°538 1°900

The half-lives and corresponding k values are given in the

tables below. (See graph XI page 55).

p-methylphenylpropiolyl peroxide

Temp . °K 1 fPiox 103 ?%(hrs.) k (secfl) 1nk
299 330 168 Tl 0 ci3e676
338 24959 063 3:06 x 104+ - 8092

Hence, E, = 28'9 Kot holos
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p-methoxyphenylpropiolyl peroxide

Temp. K /T x 107 t1(mins.) k (secfl) 1nk
2
299 334k 53l 2+16 x 1072 -10°7L43
338 2+959 8+0 145 x 107> - 6°536

Hence , Ea = 217 Kcal.mole:l



SECTION 3

Discussion
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3.1. The synthesis of phenylpropiolyl peroxide and p-substituted
analogues

The synthesis of phenylpropiolyl peroxide from phenylpropiolyl
chloride and sodium or hydrogen peroxide gave very low yields
(ca. 6%) of impure material.

The method of Greene and Kazan- utilising the reaction between
N,N'-dicyclohexylcarbodiimide and the free acid in the presence of
98% hydrogen peroxide gave good (ca. 60%) yields of high purity
(98-99%) peroxide.

2PhC=CCO,H + H,0, + 2R-N=C=N-R

—_ (Ph050002)2 + 2R-NHCONHR

(R = eyclohexyl).

It is noteworthy that in the absence of hydrogen peroxide,
phenylpropiolic acid reacts with dicyclohexylearbodiimide to form
the acid aphydride.®”

This method was adopted for all the peroxide preparations
including the p-substituted derivatives. The synthesis of the
latter necessitated the preparation of the substituted phenyl-
propiolic acids, none of which could be obtained commercially.

These were synthesised by the following route:

X-PhCHO + CH,(CO,H), {,—% X-PhCH=CHCO ,H

X-PhOH=CHCO,H —2i0f> X-PhCH=CHCOES.
H

X-PhCH=CHCO,Et t Bry 5 X-PhCHBrCHBrCO,Et
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KOH
X-PhCH - =

X =C1l, Br, Me. (In para position).
Since the use of the free acid and the ethyl ester lead to

unexpected products (see section 2.5.2.), the p-methoxy analogue

was prepared from the methyl ester.

3.2. The products of the decomposition of phenylpropiolyl peroxide
in various solvents

Phenylpropiolyl peroxide was decomposed in cumene, chloroform,
toluene, benzene and carbon tetrachloride in order to investigate
the reaction products.

The carbon dioxide and phenylpropiolic acid produced, in

moles per mole of starting material are summarised in the table

below.
Carbon Phenyl propiolic
=RIVERL dioxide acid
Cumene 0+00 155
Chloroform 0°L45 0°61
Toluene G2l 0°+86
Benzene (8 B O°ld
Carbon Tet. 0*L2 0°00

The low carbon dioxide yields, 0°0-0°‘L5 mole per mole starting
material, are in accord with the absence of products arising from

the reaction of a phenyl ethynyl radical (PhG=C") either with the
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solvent to produce phenylacetylene or by dimerisation to produce

1, -diphenybuta-1l,3-diyne. The latter compound was absent from

all the reaction mixtures and phenylacetylene was only present in

the case of toluene and then only in very small yield (<0°0l. mole).
The absence of phenylpropiolic acid from the reaction in

carbon tetrachloride confirms that acid production arises only by

reaction with a solvent molecule and not by aryl hydrogen

abstraction. If the latber were the case, the carbon tetrachloride

reaction would have yielded the acid by an induced decomposition:

PhGEC002 + 2

[l
=C-C-0-

\J 0 0
(i

PhCEccogH + o . CEG—? ?—GEC—Ph
00

Bibenzyl (<0°0l mole) from toluene and hexachloroethane
(<0*07 mole) from chloroform and carbon tetrachloride were the
only products observed from the dimerisation of two solvent
derived radicals. Again, the yield was very small, suggesting
chain termination by this process is not a ma jor pathway.

The absence of bicumyl from cumene is in part explained by

the production of «-methylstyrene (0°01 mole) by the sequence:

53 CHs

Ph-C-H + PhCECCOé — PhC;GGOQH + Ph-Q-CH3 (i)
|
CH

3
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CH Ph CH Ph
Igéfw ol |3 |
Ph—-g-—CH3 '(|}—CH3 = Ph—C=GH2 + H-C-CH3 (i1)
|
CH3 GH3

The disproportionation reaction (ii) is analogous to that
foundu'6 in the decomposition of azocumene where both the coupling
(94-95%) and the disproportionation (5-6%) products of the cumyl
radical are observed.

The ester, cumyl phenylpropiolate, indicated by i.r. and
n.m.r. analysis of the residue from the cumene reaction could
arise from the combination of cumyl and phenylpropiolyl radicals,

but more probably results from an induced decomposition of the

type:
= j
I [ il
Ph—OsC—G—?RQ-G-CecPh PhC;C—G—O—CMeaPh
*CMe ,Ph + &
PhGEGGOé

This type of induced decomposition has already been observeduT

with di-isopropylperoxydicarbonate in cumene.

0 0 0
I I I
MeZCHw—O—C—qﬁg—G-O—CHMeg Me,CHO-COCMe Ph
&,
CMe,Ph : 9 +
'o-c—OCHMe2

The 1,3-diphenylpropyne (0°27 mole) produced in toluene is
in keeping with the figure (0°2 mole) reported by Muramot037 et al.,
and probably arises from an induced decomposition involving

addition of the solvent derived radical to the acetylene linkage:



Ti

0 0 0 0
| 1
PhC=C-C-0-0-C-G=CPh PhG" =G~ ~0-0-C ~C=CPh
PhCH * '
5 CH,Ph
PhC=CCH,Ph
+
; .
| |
PhC=C-C-0" + CO, «— *G-0-0-C-C=CPh

The reaction scheme below was deduced from the reaction
products observed in the various decompositions studied.

(P1_'1€35(Jl',.‘C}2)8 —> ZPhCECGOé (i)

PhC=CC0; —> PhC=C" + CO, (ii)

PhC=CCO5 + RH —> PhC=CCO.H + R (iii)
PhC=C* + RH —> PhC=CH + R® (iv)

(Ph050002)2 + R® —> PhC=CCOR + PhC=CCO (v)

PhC=C* + R* —— PhC=CR (vi)
2R*® — R2 (vii)
2ZR° —> RH + olefin (viii)

The major pathway in all cases is step (iii)
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3.3. The kinetics of the decomposition of phenylpropiolyl
peroxide in various solvents

A preliminary investigation of the decomposition of phenyl-
propiolyl peroxide in cumene at 50° indicated that only
approximately first-order kinetics were being obeyed.

Equation (i) represents the first-order rate equation;

I8P Y Byb o dsmraassisns 02)

(where Co = concentration of species at time zero; c¢ = concentration
of species at time t and kl = first-order rate constant).

The application of this to the data from the above experiment
gave a line which deviated slightly from linearity indicating higher
order kinetics and therefore induced decomposition of the
peroxide was suspected.

In order to investigate further the kinetics of the
decomposition of the peroxide, the scheme outlined below was applied.
This is analogous to that prc)posed13 for the induced decomposition
of benzoyl peroxide in various solvents. Its applicability to the
decomposition of phenylpropiolyl peroxide at 65'0O in cumene,
benzene, toluene, carbon tetrachloride, chloroform and cyclohexane
was examined.

The kinetic equations employed were:-

Ky
P s S on (5
k, L0
m =225 RR (iii)

k3 -
R+P— X+R (iv)
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where, P = peroxide; R = any free radical bringing about induced

decomposition (i.e. assumes all radicals are equally reactive,

which need not necessarily be the case), and X = Product(s) of the

chain decomposition.

The concentration of free radicals at the steady state is

expressed by making the usual approximation:

el o 2N
7 T klP —kQR = 0 (v)

oo H = /klP/kE'

Thus the rate of decomposition of peroxide is given by,

k
=dP = 1 3/2

& 3/2 i
= kP + kP / (vi)

where k; = ki, fkl/kz

Equation (vi) on integration yields,

a + [P q el i
N s = e s —=— (vii)
7 I
£y
where a = = (viii)
i

The value of the constant & in any solvent may be determined
by using the data from two runs with different initial concentrations
of peroxide and with samples taken at the same time intervals in the
two runs. After the same time,the value of the right-hand member of
equation (vii) is the same for both runs and the logarithmic terms

may be equated. If P1 and P2 are the peroxide concentrations at



Th

equal times in the two runs, then:

a + [P a+ [P
- ‘—“——l:i = 1n —__;_i:é +

1 In C e
(Pl /PE'
i.e
1 =
- G (x)

c

If the system follows the scheme then a plot of 1/ /P, versus
1/ ‘jfg should be a straight line from whose slope and intercept a
may be calculated.

From equation (vii) a plot of 1n [(a + JP)/ /P] versus t
should also be linear and from whose slope the first-order rate
constant kl may be calculated.

An alternative solution of equation (x) is offered by the
fact that a series of lines defined by this equation should be
coincident. Moreover, as 1/ /P could be plotted against
iy ‘/?é the point of coincidence should lie on the line y = X.

The lines under consideration may be represented by the

equations
c, -1
L = o
ot i clx + e 0
-1
=y EeSTF "2 =10
i 2 B

c,-1
—Y+C3X+—%=O

These lines are coincident if and only if the determinant,

A below, is zero.
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-1 0y (Gl—l)/a -1 04 C;-1 -1 ¢4 C,
=5 . _ = L g |
A 16, (C5-1)/a =3 |-1 ¢, Eo-l =2 | =1 €, Gy
=L G. {(G.-1)/fa 2, = .
e ( 3 )/ 03 03 1 1 03 03

As two columns in the last group are the same,/\ = 0 and
hence the three lines will be coincident. Similarly, it may be
shown that they coincide with the line x = y, the point of
1

coincidence being x =y = - 0

In the present investigation, three solutions (labelled CA’
CB and CC) of differing initial peroxide concentration were used
for each solvent, enabling three lines to be constructed for

1/ /P] versus l/Jf?é.

With the exception of cumene these lines were coincident in

the third quadrant. As this point was so close to zero as to be
almost indistinguishable from it, in the case of chloroform, and
the results for carbon tetrachloride gave almost parallel lines,
a more accurate estimate of the point of coincidence was obtained
by calculating the best straight line by the method of least
squares. This was performed on a KDF 9 computer using a programme
supplied by Dr. Lowe of this department. From the slope (m) and
intercept (c) so obtained a value for a was calculated. The
figures are summarised in table X section 2.8.3.

No figure .is given for cumene as the slopes of the three

curves of 1/ /Py versus 1/ /P, were >1, resulting in a negative

value for a and an unreal value for ln [(a + /P)/ /P] when a > /P.
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In this case, the best straight line was not calculated and the
investigation was carried no further.

The figures of 0*L455 and 0:810 calculated for a for benzene
and toluene respectively were disregarded due to the magnitude of
the error term. From the other two figures in each case, plots
of In [(a + J/P)/ [/P'] versus t were constructed using J/P' from
each of the solutions GA’ CB and CG‘ From the slopes of the
resulting three graphs for each solvent a value of kl was found.

Two values only were obtained for toluene as one plot was curved.

In the case of carbon tetrachloride, the values of a were very
small and similar. An average value of a (0'0L45) was taken and
this gave three plots, calculated as described for benzene and
toluene, only one of which was linear. The value of kl calculated
from this was 5°6 x 107° secit

The wide variation in the value of a obtained for chloroform
is attributed to the fact that the lines obtained for 1/ jF1
versus 1/ /fg were not strictly linear. The only meaningful a
value, namely 1°701 gave three curves when substituted in equation
(vii). No value for k, was found.

As mentioned in the experimental section, cyclohexane gave
unsatisfactory results for the initial plot of 1lnCo/C versus t and
was not investigated. further.

The average values of a and k; found are summarised below:

Benzene Toluene Carbon Tet.
a 023k 0°320 0°*0L5
k. x 10%sec™t 116 1-66 0°56

1




T

In a recent brief communication37 on the decomposition of
phenylpropiolyl peroxide in toluene at TOO a value for kl of
59 x 10_5 is given. The results obtained in the present study
at 65° are considerably higher than this for k, with the exception
of carbon tetrachloride.

Although no experimental details are given in the communication,
a kinetic scheme and experimental technique similar to those used

3/2,

here are indicated. The kinetic equation quoted, rate = klP + kgP
suggests that the induced decomposition was studied rather than

an inhibited decomposition using galvinoxyl or a similar radical
trapping technique. This is also suggested by the concentration
range of peroxide solution used (i.e. 0°01l - 0*10M) which is similar
to that of the present study. The excess stable free radical
techniqueao requires concentrations of the order 10_5M.

The discrepancy between the results suggests that the scheme
is not altogether satisfactory as does the non-uniformity of the
results of the present study.

The scheme assumes that the higher order kinetics arise from
an induced decomposition brought about by radicals normally present
as a result of decomposing phenylpropiolyl peroxide, a situation
already verified by Nozaki and Bartlettl3 for benzoyl peroxide in
various solvents. (It should be noted, however, that these authors
gave no details for the decomposition in cumene, suggesting perhaps
a similar situation to that of the present study.)

The radicals R, in the scheme, in this case come exclusively

from peroxide decomposition and the further assumption made is that
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every other product of the reaction can be formulated as arising
in a similar manner. Any chain transfer with the solvent is
envisaged as producing radicals comparsble in reactivity to those
already present. If this were true then only the products and
not the kinetics would be affected.

The fact that of all the solvents studied only benzene and
possibly toluene give results compatible with the scheme suggests
this assumption is incorrect. If induced decomposition is taking
place under the Influence of radicals formed by transfer with the
solvent - a situation known to be present in cumene by the presence
of a-methyl styrene in the products - there is no reason to believe
that a trichloromethyl radical from chloroform and a benzyl radical
from toluene should be equal in reactivity and indeed the results

suggest the opposite.

3.4. The kinetics of the decomposition of phenylpropiolyl peroxide

in the presence of an inhibitor, at 65'00.

In order to eliminate the induced decomposition discussed
above and render the kinetics as near first-order as possible, the
effect of varying quantities of inhibitor on the reaction rate was
studied, using a fixed concentration of peroxide throughout (viz.,
0*05M) .

13

The work of Nozaki and Bartlett on the decomposition of
benzoyl peroxide in dioxane in the presence of styrene as inhibitor

prompted a similar investigation with phenylpropiolyl peroxide.
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The half-life for the decomposition was found to be 6°9 mins., in
the case of the uninhibited reaction and 26-0 mins., in the
presence of a 2'6 molar excess of styrene.

The three-fold increase in the half-l1ife in the presence of
styrene confirmed the inhibitory nature of the latter. However,
the short half-life (ca. 7 mins.) of the peroxide in dioxane
rendered it an unsuitable solvent for the investigation.

In a similar investigation in chloroform an optimum inhibitor

concentration was indicated by the results:-

Styrene concentration (M) 0 01 0-2 @=3

t%(mins.) 365 358 i35 31°7

Too great an inhibitor concentration resulted in an increase
in the reaction rate.

3,4-Dichlorostyrene resulted in an even larger increase in the
half-l1ife indicating that it was a more efficient inhibitor. More-
over, a four-fold excess of the inhibitor did not increase the rate

above that for the uninhibited case, as can be seen from the table

below: -
Inhibitor _
concentration (M) O 0°025 0°*0l 0°05 0°06 0°075 O~1L0! 020
t1 (mins.) 3645 533 552 5628 5620 S8 | G2 73
=2

From the plot of inhibitor concentration (M) versus t% (mins.)

(Graph IX) an optimum inhibitor concentration of 0°05M was evident.
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This corresponded to equimolar quantities of peroxide and inhibitor.
The data for the decomposition in the presence of this
concentration of inhibitor gave a plot of 1nCo/C versus t which
was almost linear and which gave a first-order rate constant of
2+°03 x lO_”Becfl
The decompositions studied in the previous section were re-
investigated in the presence of 0°'05M 3,l4-dichlorostyrene (i.e. the
optimum inhibitor concentration for chloroform). The half-lives
and first-order rate constants calculated from the plot of
InCo/C versus t for these decompositions are given in the table
below. Also given are the values of kl (where applicable)

calculated previously.

Solvent Chloroform Cumene Toluene Benzene Carbon Tet.
t%(mins.) 56+8 252 iy i L1-2 560
k, x 10t 2+03 458 2+l 2-80 206
Ry 10l S & 1466 116 056

®
From section 3.3.

The discrepancy between kl as calculated by the two methods
can be attributed to the short-comings of the scheme in section 3.3
already discussed and to the fact that the optimum inhibitor
concentration in solvents other than chloroform may not be 0°05M.
The energy of activation for the decomposition of phenyl-

propiolyl peroxide was obtained by application of the Arrhenius!
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equation (xi) to the data from the decomposition in chloroform

at various temperatures (See section 2.9.3.)

dink _
57

(k = 1st order rate constant; R = gas constant = 1°99 cal. deg.

Ea/RTE (xi)

mole_l; T = temperature in °K).

On integration this gives:-
Ink = -Ea/ﬁT + 1nA (xii)
Ea was calculated from the slope of the graph (No.XI) of lnk versus &t.
Slope = -1°46 x 10%;  1nA = -8-35
s Ba/R = 1406 x 1074

« B

a =199 x 146 x 1074 29-1 Keal.mole:

1l

This figure compares favourably with that of 30 Kcal.mole_l

3 1,2

for benzoyl peroxide~ and similar figures for related peroxides.

An estimation of the accuracy of the terms T and kl in
equation (xii) indicates that a 1° difference in temperature alters
Ea by L% whereas a ten-fold difference in k only alters the
value by 2%. Obviously, the 1limiting figure for an accurate
estimate is the wvalue for T. For this reason, the reactions were

carried out in a thermostatically controlled bath, the temperature

being controlled to + 0+1°.
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3.5. The decomposition of p-substituted phenylpropiolyl peroxides
in chloroform at 65:0°.

The decompositions of the p-substituted peroxides were
investigated in chloroform with a view to constructing a Hammett
g1hplot analogous to that already discussed for benzoyl peroxide.3
(Section 1.2.2.)

A preliminary decomposition of p-chlorophenylpropiolyl peroxide
without added inhibitor gave t% S (20 ming. This is similar to
the parent peroxide (viz., 36'5 mins.). Moreover, the decomposition
of the p-chloro- and p-bromo- peroxides in chloroform with 0°®05M
3,4-dichlorostyrene inhibitor gave half-lives of 55°'8 and 58°0 mins.
respectively which again were similar to the corresponding figure
for the parent compound (56°8 mins.).

A small increase in the rate was observed with p-methylphenyl-
propiolyl peroxide, t% in this case being 37°7 mins.- However, the
p-methoxy analogue had t% = 8°0 mins., and this figure remained
constant over an inhibitor concentration range of 0°0 to O°5M.

The results are summarised in the table below:-

Peroxide Parent p-Cl p-Br p-Me p-MeO
t%(mins.) 568 558 58+0 377 8+0
kl X lousec_l 2°03 2007 199 3+06 1L4°5

The figures indicate that all, except the p-methoxy compound,
appear to be undergoing a similar type of decomposition. The

electron attracting chlorine and bromine substituents have not
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altered the rate appreciably whereas the electron repelling methyl
group has slightly increased it. This latter is in keeping with
the observation for benzoyl peroxide with electron repelling groups
(g.v. section 1.2.2.).

The observed rate for the p-methoxy compound suggests the
possibility of a different pathway for the decomposition and the
possibility of a non-homolytic decomposition cannot be ruled ou.t29
(See section 1.2.3.). If the rate enhancement were simply due to
the ability of the triple bond to increase the electron transfer
from the p-methoxy group to the central 0-0 bond and hence weaken
this by increased dipole-dipole interaction, a similar effect
should be observed with the p-methyl compound. That this is not
the case supports the view that an alternative mechanism is in
operation. This is also indicated by the independence of the
rate on inhibitor concentration, and by a consideration of activation

energies. These are summarised below:

Peroxide Parent p-Me p-MeO

)

E_ Kcal.mole 291 28+9 21+7

The figures for the parent and p-methyl compound are analogous
to those for benzoyl and related peroxides undergoing homolytic

scission. That for the p-methoxy compound is considerably less.
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3.6. GConclusion

Phenylpropiolyl peroxide undergoes an induced decomposition
in a variety of solvents as indicated by the deviation from
linearity of a plot of 1nCo/C versus t, the increase in rate
with increase in peroxide concentration and by the observed
products of the reactions.

Further study is necessary to elucidate fully the kinetics
of the decomposition both of the parent peroxide and its p-
substituted analogues as it does not seem to be as straightforward
as the scheme proposed in section 3.3.

A quantitative product study similar to that already under-
taken for benzoyl per*oxidelLa would enable a more accurate and
detailed kinetic scheme to be drawn up and hence the derivation
of a more realistic kinetic equation.

Alternatively, decomposition in the presence of galvinoxyl
as a radical scavenger would give the first-order rate constant
directly by spectroscopic measurementeo of the decrease in intensity
of the galvinoxyl absorption. However, this would give no indication

of the kinetic pathway.



PART IT

Stereospecificity in free radical reactions.




SECTION I

Introduction
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1.1. The concept of bridged radicals

A bridging mechanism to account for the observed stereo-
chemistry has been p].ﬂoposedlLg for both addition and substitution
reactions involving free radicals. However, in the majority of
cases, alternative explanations are not ruled out by the

experimental results.

1.2. Addition reactions to Olefins

The addition of hydrogen bromide to olefins under non-polar
conditions is one of the classical free radical reactions.

Both Hey50 and Kharashsl independently proposed a free radical
chain mechanism for the anti-Markownikoff addition of hydrogen

bromide to allyl bromide:-
Br® + BrCH,CH,=CH, —> BrCH,CHCH,Br

BPCHE'CHCHEBr + HBr —> BrCHEGHZCHgBr + Br"®

Initial dissociation of the hydrogen bromide may be effected
by peroxide decomposition or by photolysis with U.V. light, the
direction of addition being determined by the stability of the
intermediate radical52 or the strength of the new bond formed.53
Termination steps are probably radical-radical combinations.

While the synthetic applications of the reaction have been
explored extensively,Eu'the mechanistic details were overlooked
until Goering, Abell and.AycockES observed a stereoselectivity in

the addition of hydrogen bromide to l-bromocyclohexene and l-methyl-

cyclohexene yielding cis-1-2-dibromocyclohexane and cis-l-methyl-2-
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bromocyclohexane respectively. This prompted the investigation

of the stereochemistry of free radical addition reactions and re-
opened the question of the mechanism.

The original proposals of Hey and Kharash give no suggestion
of stereospecificity and, in general, addition reactions of free
radicals to olefins are expected to proceed by way of planar
radical intermediates, with products determined largely by
thermodynamic control.

A substantial number of hydrogen bromide additions now have
been shown to proceed stereospecifically by a trans addition of the
elements of hydrogen and bromine and to be independent of thermo-
dynamic stability in the isomer produced. These include both
cyclic and non-cyclic olefins.

Several rationalisations have been offered to account for
the preference for trans addition. Goering55 et al. suggest a
bridged or at least resonating bromine atom, holding both carbons
of the double bond in fixed conformation until hydrogen abstraction
completes the structure from the side opposite the bromine bridge.
This bridging mechanism is analogous to that proposed and recently
verified56 for the ionic addition of bromine to double bonds.

A second possibility is that the hydrogen abstraction step
follows the bromine atom addition to the pi bond so rapidly that
changes in conformation of the initially formed bromoalkyl radical
do not have a chance to take place.E? (Path (i)).

Path (ii) illustrates the formation of a complex57’58 between

the olefin and the hydrogen bromide. Formation of such an inter-
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mediate ensures that collision with a bromine atom gives a
simultaneous attachment of the attacking bromine and breaking of
the H-Br bond of the complexed hydrogen bromide. This step bonds

the hydrogen and frees a new bromine atom to continue the chain.

. Br
. B Br %
éc=c§ A g —
H Br (1) { RN
H Br
lHBr
Br Br
¥ Br® \ v
-~ G c—— BT -——0 — C~-2
< t (ii) < BN
H H = Br Br H H

g

The Goering' model to account for:-

- r Br
HBr
Br + Br' —> f::::;Z}I 7 z::::;
Br Br

is proposed as a three membered cyclic intermediate with possible

structures: -

=5 il Hove "EE"?_ e
BT, : B Bri’ *Br
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An immediate ob jection to structure A is the nine electrons in

the outermost shell of the bromine. (cf. the bromonium ion Br+

‘with eight). The other structures satisfy Pauling's59 conditions
for the formation of a stable three-electron bond.

Evidence for or against the three proposed rationalisations
is so far inconclusive.

Support for the classical free radical intermediate comes
from the work of Le Bel60 on the addition of hydrogen bromide to
2-bromo-2-norbomene (I). Reactions of norbornene derivatives
differ from those of the monocyclic analogues as a result of steric
interaction due to the bridged structure. Approach of a bromine
atom would be expected from the least hindered or exo side of the

molecule.

v Br®

i Br

The chain transfer step also involves a choice between an exo
or an endo approach of hydrogen bromide. Approach from the exo
side (II) would be less hindered and would give rise to trans-2,3-
dibromonorbornane. Approach from the more hindered endo side (I11)

would give rise to exo-cis-2,3-dibromonorbornane.
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Br AL
HBr

] 4 &

II

The observed product ratio ig II:III = 5:2.

The lack of stereospecificity arises from steric repulsions
present in the molecule. These repulsions make the chain
transfer step much slower than in the case of monocyclic olefins -
allowing sufficient time for interconversion to occur resulting in
a mixture of products.

The results eliminate the possibility of a pi-complex which
would be expected to collapse stereospecifically and also the

possibility of a non-classical free radical (IV).

Iv

Such an intermediate radical would give rise to 1,7-dibromo-
norbornane by chain transfer at C-l. No such compound was detected.
The bridged radical mechanism requires that all hydrogen

bromide additions are stereospecific. That this is not the case
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has been shown by the room temperature addition to l-bromo-
cyclobutene, l-bromocyclopentene and l-bromocycloheptene in which
the percentage of cis isomer present in the products is 79%, 9L%
and 91% respectively.

These results are interpreted in terms of a classical free
radical intermediate and the variation in selectivity attributed
to a balance between mechanistic preference for a trans addition
and steric inhibition to formation of the resulting cis isomers.

The addition”! of hydrogen bromide to cis- and trans-2-bromo-

2 butene at -80° gives 100% of the product resulting from trans

addition.
Br H Br
_—
CH by : CH3
3 CH; =
Erythro
CH3 H B
\c i c/ Br CH,
= HBr
7 e CH H
Br CH 2
3 H
Threo

As the temperature is raised the stereospecificity decreases

so that at room temperature roughly the same mixture of products is

' 2
obtained from either olefin. Skell6 suggests that the results
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are best explained with an unsymmetrical bridged radical inter-
mediate, resonance stabilisation of the X-halo radical resulting

in greater radical character at the bromine bearing carbon.

CH
3 CH CH

Br' 3\\ 7 Er

CH
7
| & T 4B
vBI’ d \.f" \ Nb'

3
!
C
<7
H

H Br Br CH H
G &
3 Br
CHBGHaC(BP)20H3 !

2,2-dibromo butane

Erythro-2-3-dibromo
butane

However, the authors of the paper propose the alternative
explanation that as the reaction at low temperature is carried out

in liquid hydrogen bromide, a considerable excess of the adding
reagent 1s present allowing an intermediate free radical every chance
of finding a molecule with which it could undergo chain transfer
before interconversion occurred. As the temperature is raised,

the concentration of adding reagent is reduced to a point where some
of the intermediate radicals have time to interconvert before
encountering a molecule of hydrogen bromide with which they could
undergo transfer.

63

The light initiated irreversible addition™-~ of bromotri-
chloromethane to both cis- and trans- but-2-ene at 0—250 yields

the same mixture of products and is attributed to an equilibrium
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of diastereoisomeric radicals being set up rapidly before dis-
placement with addendum can occur. (ef. scheme (V) = (VI) for
the addition of methane thiol).

The addition of bromotrichloromethane to cis- and trans-
stilbene to give the same product,6u assumed to be the thermodynam-
ically more stable erythro isomer, can be explained similarly.

The stereochemistry of the addition of sulphur containing
compounds to olefins has been investigated and reviewed.65 Free
radical thiol additions are generally less stereoselective than the
additions of hydrogen bromide and additions to cyclic systems
(except bridged bicyclic) show a preference for trans addition
although complete stereospecificity has not been reported. Examples
are66 the 9L4% trans addition of thiophenol to l-chlorocyclohexene
and the 70% ftrans addition of thiolacetic acid to l-methylcyclohexene.
cis addition is reduced by increasing the thiol:olefin ratio,

The stereochemical results are rationalised by a mechanism
involving classical radicals with the lack of stereospecificity
attributed to slow chain transfer steps, as in thiol additions a
series of compounds which is less reactive as chain transfer agents
than hydrogen bromide is encountered.

Methyl mercaptan67 undergoes photoinitiated addition in a
stereospecific trans manner to cis- and trans-2-butene in the
presence of dueterium bromide whereas in the absence of this, the

same isomeric mixture is obtained for both olefins.
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CH, CH, CHy-S H___CH, o e v
\ / CH,SH : 3
il ¥ ol
H/ H 3 4 CH 2
v 3
VII
CHESD
CH3 H CHB-S GHB H
\ A CH,SH >
/C ='§ —_—
N H
H CH 0H3
3
VI
VIII
£ : DBy
n presence of DBr:- V  —— VII

VI —> VIII

The above observations support the competitive theory as
steric control arises from the rapid reaction of the diastereo-
merically related 3-methyl-2-butyl intermediate radicals (V) and
(VI) with deuterium bromide before isomerisation can occur.

Various other addenda have been observed to add stereo-

65

selectively including dinitrogen tetroxide which adds to cyclo-
hexene yielding 58% trans-2-nitrocyclohexyl nitrite and to cyclo-
pentene to yield 84% trans-2-nitrocyclopentyl nitrite. Addition
to l-methylcyclohexene yielded stereospecifically l-methyl-trans-

2 nitrocyclohexyl nitrite and this is attributed to steric and

conformational considerations in the classical intermediate radical.
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Abell and Piette68 have recently studied the photoinduced
addition of hydrogen bromide or deuterium bromide to aliphatic
olefins at 7?OK, by e.s.r. spectroscopy and explain the spectra
obtained from (the symmetrical aliphatic olefins) cyclopentene,
cyclohexene, cis-hex-3-ene and cis- and trans-but-2-ene in terms of
a bromine bridged radical, or an equilibrium of classical radicals
(IX) in which the bromine atom oscillates at a fredquency greater
than or equal to the magnitude of the hyperfine interaction

(5 x lO7 B Pialla)

The spectrum from vinyl cyclohexane is explained in terms of

a classical radical (X).

é—GH
RQH-?HR = R?H—gHR : ﬁ SBr
Br Br
IX X

In the solid state, the addition of hydrogen atoms should
also be possible and in view of this and theoretical factors,

Symons69

considers that the spectra arise from allyl radicals
formed by hydrogen abstraction from the olefins, and not from
bridged radicals formed by addition of bromine. It must also be
remembered that results in the solid phase need not bear any
relation to the situation in the liquid phase at the more usual
working tempergtures.

Radical chain additions to substituted cyclohexenes of known

fixed conformation have recently been investigated.
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< s 028
The addition of hydrogen bromide to 2-chloro-l-t-butyl-

cyclohexene gives a single product, cis-3-chloro-cis-lL-bromo-t-

butylcyclohexane.

Br

H + HBr —_——

gl

The addition62 of hydrogen bromide at -78° in pentane to
l-chloro-l -t-butyl cyclohexene (XI) results in 95-98% diaxial
addition to produce trans-3-bromo-trans-l-chloro-t-butylecyclo-
hexane (XII) and the formation of a small amount (ca. 5%) of cis-
3-bromo-trans-li-chloro-t-butyleyclohexane (XIII). In these cases
it is necessary to explain why bromine atoms appear to attack almost
exclusively on one side of the double bond when the equatorial t-
butyl group does not significantly shield either side. Skell and
Readi062 propose that the formation of the minor adduct (XIII)
results from initial bromine bridging on the side of the double
bond cis to the t-butyl group. The transfer of a hydrogen atom
to this bridged form (XIV) would give cis-3-bromo-cis-L-chloro-t-
butyleyclohexane (XV). The fact that (XV) is not detected is
explained by the bridged form opening to a classical radical and
the product (XIII) resulting from accessibility of hydrogen bromide
approach and product stability which both influence the hydrogen

abstraction to occur preferentially to the axial position.
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Formation of the major adduct (XII) requires initial bridging
of bromine on the side of the double bond trans to the t-butyl
group. Reaction to abstract hydrogen then occurs rapidly with the
bridged intermediate (XVI). However, the alternative process of
bridge opening and reaction of the classical radical to give axial
hydrogen preferentially is not ruled out by the results.

Diaxial opening by attack of hydrogen bromide at C-L is
possible for (XVI) but not for (XIV). If (XIV) did react it would
produce (XVII), a compound not observed. For (XIV), the lower

energy path is ring opening to the classical radical.

(6118
HBr
Br
0 Gl —7L)
Br
XIV XVIIT

Similar results (Table I) have been obtained in the

additions of methanethiol and thiolacetic acid to the substituted

cyclohexenes (XVIII).

XVIII



i
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Table I. Addition of RSH to 1,2-substituted-li-t-butylcyclohexenes

R X ¥ Temp. Initiator Ref.
Me H Cl -78 hv 70
AcO H Me Various™ hy Tl
Me H H & hv T2
AcO cl H i ATBN 13

%
The temperatures employed ranged between -70° and 100°. The
slight differences observed in product isomer ratios within this

range were within experimental error.

In all cases, the predominant product was the less stable
axially substituted isomer (XXII) arising from trans addition of
RSH. Skell rationalises this observation by an analogous mechanism
to that proposed for the addition of hydrogen bromide to the same
system, namely, a bridged sulphur intermediate radical.

The other authors, assuming that the attacking RS® radical
approaches perpendicularly the carbon-carbon double bond, a view
already proposednL and supported by molecular orbital calculations,?E
suggest that the predominance of axial isomer (XXII) in the product
apises from the intermediates involved in the al ternative routes
(a) and (b) for attack at C,. (Similar routes are available for
attack at Cl)‘

The radical (XIX) in route (a) in which the final product is

the equatorial isomer (XX) assumes the twist-boat form which is

conformationally less stable than the chair form intermediate (XXI)
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involved in path (b). Hence, (b) is the preferred route -
resulting in predominance of axial product (XXII). The hydrogen
bromide addition discussed above may be explained in the same way.

Similar conformational factors are also proposed76 to account
for the predominant formation of the axial isomer (XXIV) in the

light induced addition of mercaptans to trans—ﬁ&e—octalin (XXIIT)

at uOO.

XXIII

RSH

SR

XXIV XXV

R = Me or Et.
Thus, stereoisomeric preferences in radical additions to
cyclohexenes can be explained on the basis of conformational factors
and it is not necessary to postulate the formation of bridged

intermediate radicals.
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1.3. Halogenation of substituted slkanes.

The photobromination?T of alkyl bromides is highly selective,
giving 8L-9L4% of the vicinal dibromide isomer. In the case of
bromocyclohexane, the trans-1-2-dibromocyclohexane is the major

product.

BI’
- 'BI‘

A neighbouring group effect involving a bromine bridged

Br

radical - analogous to that already discussed - is envisaged; a
similar explanation is invoked by Skell78 to account for the highly
selective photobromination of cis-li-bromo-t-butylecyclohexane (XXVI)

to yield trans-3-cis-li-dibromo-t-butylecyclohexane (XXVII). The

trans-ll-bromo-t -butylecyclohexane (XXVIII) is much less selective to

attack by bromine atoms and yields a mixture of products.
Br

Br Bp* / Br
' XXVIT
Br’

XXVI \N ﬁBP
Br

The attack of bromine on the bridged radical is envisaged as

22 00
o}
H

taking place at C-3 and not at C-4 as in the latter case a boat-form
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transition state would be required. Attack at C-3 follows the

lower energy path maintaining the more stable chair form in the

transition state, leading to the diaxial produdt.

In both cases, alternative explanations are available. The

possibility that a concerted process is taking place has been over-

looked. Such a process would give rise to cyclohexene and re-

addition of bromine to this would yield the observed product.

QBr 7
{) H

? _— = ‘Q::::zﬁf,Br

a
HD‘ + Br* B?"%}}’
Br L H

In the case of the t-butylcyclohexanes the preferred

substitution can also be explained on steric grounds.

Br

XXVI XXV.IIT

Examination of space filling models shows that the axial

hydrogen atoms on C-3 and C-5 are the least sterically hindered
in the cis compound (XXVI) whereas in the trans compound (XXVIII)
all the hydrogen atoms are considerably hindered to bromine attack

and in this case a variety of products results.
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The photobr'orrlination?9 of (+)-2-methyl-1l-chlorobutane

(XXIX) is stereospecific to the (-)-l-chloro-2-bromo compound (XXX).

MeBr
Br, Et- c GH2
Me01 Meg1 /2 61
Et- 0 CH2 Br, mt- C—CH2
Br
H 2 ¥9?1
Br
XXIX XXXT XXX

The existence of the bridged radical XXXI is questioned by
Haag and Heiba80 who report an example of stereoselective
bromination in which bridged radicals cannot be intermediates,
namely, the liquid phase photobromination of (+)-l-cyano-2-methyl-
butane (XXXII) which proceeds with high selectivity at the tertiary

carbon to yield (+)-2-bromo-l-cyano-2-methylbutane (XXXIII)

Me Me
Et-l ‘-CH2 -C=N -B'U_) Et'?-CHz“C:N
H Br
XXXIT XXXITTI

This observation is compared directly with.Skell's79 result
for the photobromination of (+)-l-bromo-2-methylbutane (XXXIV) to
give exclusively 1,2-dibromo-2-methylbutane (XXXV) via a bridged
radical which under the influence of bromine concentration and

temperature isomerises to an open chain from which racemises.



102

Me Me
Me B Br T
DR By — 2y | By : Ly
|2 ! 5 Et H,
;i BB
XXXIV - i lBrg
%e
Et—?-GHaBr + Br'
Br
XXXV

In the case of the cyano compound, the observed stereo-
selective bromination rules out a planar radical as intermediate
and neighbouring group participation leading to a cyano bridged
radical seems unlikely. An alternative explanation involving
short-lived non-planar radicals is envisaged, where the radical
formed initially by hydrogen abstraction has a pyramidal

configuration and chain transfer with bromine occurs before

racemisation.
%e Br2 ¥8 Br2 ve
Et—?-GHECHN _ Et—g—OHg—CHN _— Et—?—GHg-GHl\I
H Br

The same authorssl re-examined the radical rearrangements

82

investigated by Skell et al. in which radical chain chlorination
of i-propyl and n-propyl bromides with t-butylhypochlorite yield

& common product, l-bromo-2-chloropropane,

CH.CH,CH.Br b
372re BuOCl CH,CHC1CH Br
GH,GHBrGH,

and i-butyl and t-butylbromides yield l-bromo-2-chloro-2-methyl-

propane.
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Br
i
Me-C-Me
i
Me £ Cl
Bul |
= ___u_C_l__> Me—C'-GHzBr
| Me
Me—G—GHaBr
|
Me

Skell proposes that rearrangement arises by bridging of the

intermediate radical.

Me

£ Me Me
| BulO* b w ]
Me—(IJ—Me —_ Me—?—CHg _ Me—G-?H2
B \,
5 RE Br
XXXVI
I‘FB Me
|
Me—(ll—GH2 Me—(?—{l}He
B Cl CLBr
XXXVII XXXVIIT

The compound (XXXVII) not observed by Skell was isolated by
Haag and Heiba who suggested that the classical radical (XXXVI)
is an intermediate and that the product (XXXVIII) arises at least
in part from bromine atom elimination and re-addition to the

double bond. This was supported by photochlorination of

Me }-l&e
| :
Me-C -GHé —_—> IVIe--C=CH2 4+ By
|
Br
Me Me

| : 1
Ma—G=GH2 + Br —_— Me—EJ-CHZBr
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¥8 Me
I
Me-G—CH2Br + t-BuOCl —— Me—G—CHéBr
s |
Cl
t-butylbromide at -780 in the presence of allene as scavenger for
free bromine atoms ultimately yielding bromochloropropenes in
2% yield at the expense of (XXXVIII).
%e Me
| -
Me—(lJ—CH2 A H20=C=G‘H2 e Me-C=CH2 + ch—?H:GH
Br Br

2

In view of the very fast addition of Br" to isobutylene,
both of which are generated in a solvent cage, the actual
contribution of this mechanism is considered to be greater than
the minimum L2% suggested above. Moreover, the ratio of rate
constants for chlorine transfer (kt} and bromine elimination (kd)

is found to be <1 and as the ratio XXXVII/XXXVIII can be expressed

&3 =

i
XXXVII/XXXVIII . t/kd [-Buocl]

the preferred route is elimination (with concomitant re-addition
to give the observed product).

June ja and Hodnett83 photochlorinated t-butyl bromide at EMP
in carbon tetrachloride and observed only one product, namely,
l-bromo-2-chloro-2-methylpropane- the same as that found by Skell.
They propose a bridging mechanism and rule out the elimination and
re-addition reaction on the grounds that any isobutylene formed by
loss of bromine from the radical (CH3)2GBI='CH2 would add a molecule

of chlorine very quickly to form the dichloro-compound, none of which
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was observed.

Energy and statistical considerations make this argument

gquestionable.

The energies of activation for chlorine addition to a double

bond and for hydrogen atom abstraction by chlorine are very small

and similar. Therefore, as chlorine addition requires attack of

a chlorine atom on the isobutylene, which is present in a large

excess of t-butylbromide, statistically the latter should be

preferentially attacked. This also accounts for the absence of

the dichlorocompound.



SECTION 2

Discussion
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2.1. The object of the research

Since the information available concerning the existence, or
otherwise, of bridged free radicals is, in the majority of cases,
not clear cut, it seemed worthwhile to investigate the possibility
of synthesising systems designed to distinguish between the
formation of classical or bridged radicals on the basis of
reaction products.

The compounds (XXXIX) and (XL) opposite, (where Y = -CHO,
-N=N~-, or -002-002-) should give rise to the radicals (XLXVI) and
(XLXVII) respectively under the appropriate conditions. Three
pathways are avallable for the formation of the bromohydrocarbons
by reaction with a hydrogen donor RH:

(a) Direct hydrogen abstraction from RH by a classical radical
leading in each case to a single product, either trans-3-t-butyl-

l-bromocyclohexane or 3,3-dimethyl-l-bromocyclohexane.

(b) The formation of a bridged free radical which opens diaxially
upon reaction with RH. This would yield a single product trans-
3-t-butyl-l-bromocyclohexane from radical (XLXVI) since the
conformation is fixed by the t-butyl group. In the case of
(XLXVII), two products, 3,3-dimethyl-l-bromocyclohexane and l,l-
dimethyl-l-bromocyclohexane would arise since diaxial opening may

occur at either position.

(c) Elimination of bromine followed by re-addition at either end
of the cyclohexene so produced, followed by hydrogen transfer with
RH, This process would result in the formation of two products

in both cases.
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Thus, a study of the reaction products should indicate the
reaction pathway and therefore attention was directed towards the
synthesis of the compounds (XXXIX) and (XL) and methods of
identifying, separating and estimating the possible reaction

products, the alkyl bromocyclohexanes.

2.2. The attempted syntheses of trans-l,l'-di-t-butyl-cis-2,2"-

dibromoazocyclohexane and trans-l-t-butyl-cis-2-bromocyclo-

hexane-l-carboxaldehyde.

The system (XXXIX) was studied first as the information
gained from it would dictate the subsequent course of the investi-
gation; i.e. if two products are formed in the final reaction,
then path (c) operates and the investigation of the system (XL)
would yield no further information on bridging.

It is important that the bromine in (XXXIX) be axial.to
facilitate bridging. Li-t-butyl-2-bromocyclohexanone synthesised
by the method of AllingerBu'is known to have the bromine in this
position. However, treatment of the axial bromo-ketone so
prepared, with hydrazine hydrate in an attempt to form the
corresponding azine consistently resulted in the formation of tars.
This precluded the reduction of the azine to the hydrazine with
lithium aluminium hydride and subsequent oxidation of this with
mercuric chloride to yield the azo compound.

The scheme opposite summarises attempted syntheses of L-t-

butyl-2-bromocyclohexane-l-carboxaldehyde (XLVI).  L-t-butyleyclo-
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hexanol (XLI) was oxidised with sodium dichromate and glacial
acetic acid in the presence of benzene to extract the organic
material. Treatment of the purified ketone (XLII) with potassium
cyanide and hydrochloric acid yielded the cyanohydrin (XLIII) which
was not isolated but immediately dehydrated, by boiling with
thionyl chloride in benzene solution, to give the unsaturated
nitrile, L-t-butyl-l-cyanocyclohexene (XLIV). Systematic
variation of the experimental conditions indicated an optimum

yield of (XLIV) after ca., 60 hours boiling. Insufficient dehy-
dration resulted in regeneration of the ketone during the work up.

The nitrile was isolated and purified before the ultra-violet
catalysed addition of hydrogen bromide at -78° in n-hexane solution.
The structure of the product from this stage, trans-l-t-butyl-cis-
2-bromo-l-cyanocyclohexane (XLV) was verified by n.m.r. spectroscopy
and the reaction ig discussed in more detail in section 2.3.

The final stage of this route, namely reduction by the
inverse addition of lithium aluminium hydride to an ethereal
solution of the nitrile (XLV) was attempted using both a solution
and a suspension of the reagent in ether. In both cases the
starting material was recovered unchanged. A similar result was
obtained using lithium triethoxyaluminohydride.

The reaction of the unsaturated nitrile (XLIV) with lithium
aluminium hydride gave the same result, however, l-t-butylcyclo-
hexene-l-carboxaldehyde (XLX) was prepared from the nitrile by
hydrolysis to the acid (XLVII). Treatment of this with thionyl

chloride gave l-t-butylcyclohexene-l-carbonyl chloride (XLVIII)
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which with ethyleneimine and triethylamine gave the intermediate
substituted aziridine (XLIX). This was reduced to the aldehyde
with a suspension of lithium aluminium hydride in ether. Equimolar
quantities of the aziridine and the reducing agent kept the
formation of the by-product of the reaction, l-t-butyl-l-hydroxy-
methylcyclohexene to a minimum (ca., 10%) and gave the best yield

of (XLX).

The final stage of this route proved impossible. The addition
of hydrogen bromide to the aldehyde (XLX) and also to -t-butyleyclo-
hexene-l-carboxylic acid (XLVII) and li-t-butylcyclohexene-1-carbonyl
chloride (XLVIII) under a variety of conditions resulted in recovery
of starting material in every case, thus ruling out alternative
routes to the aldehyde as summarised opposite.

The lack of addition to the acid was unexpected as crotonic
acid is reported85 to add hydrogen bromide satisfactorily. Moreover,
the expected adduct, trans-L-t-butyl-cis-2-bromocyclohexane-1-
carboxylic acid was obtained later by the mild hydrolysis of the

corresponding amide.

2.3. The addition of hydrogen bromide to lL-t-butyl-l-cyanocyclo-

hexene; lL,li-dimethyl-1l-cyanocyclohexene and lL-t-butylcyclohexene

The addition of hydrogen bromide to l-t-butyl-l-cyanocyclo-
hexene (XLIV) at -78° in n-hexane solution yielded lL-t-butyl-2-
bromo-l-cyanocyclohexane (XLV) as the ma jor product under anhydrous
conditions. However, on one occasion, lL-t-butyl-2-bromocyclo-

hexane-l-carboxamide (XLXIV) was the major product sugges ting that
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the introduction of water after the addition had taken place would
result in a good yield of the amide. This was found to be the
case. The reaction was thus used as a preparation of both
compounds depending on the conditlions. That the amide was formed
after the addition was verified by the observation that hydrogen
bromide would not add under these (or any other) conditions to
L-t-butylcyclohexene-l-carboxamide. The volume of water added was
found to be critical as too little resulted in a smaller yield of
amide whereas larger volumes resulted in a mixture of the amide, the
nitrile and the unsaturated acid, L-t-butyleyclohexene-l-carboxylic
acid (XLVII); the latter being formed by hydrolysis of the nitrile
by the agueous acid mixture.

In separate experiments, the compounds, L-t-butyl-l-cyanocyclo-
hexene; L-t-butyl-2-bromo-l-cyanocyclohexane and the amide (XLXIV)
all gave the unsaturated acid (XLVII) on hydrolysis with 50% (v/v)
sulphuric acid. Lower concentrations of the sulphuric acid did
not effect reaction. The structures of the adduct (XLV) and the
amide (XLXIV)were assigned by n.m.r. spectroscopy. The spectra
are illustrated in figures (i) and (ii) and can be compared with

that obtained by Ske11%%

for trans-l-t-butyl-cis-2-bromo-l-chloro-
cyclohexane.

The equatorial hydrogen on C, in this compound has a signal
at 5°4,C whereas that for the axial hydrogen on the same carbon in
trans-L-t-butyl-trans-2-bromo-l-chlorocyclohexane 1s at &*37Ts
which is in keeping with the obsorvation86 that an axial hydrogen

absorption occurs at a higher field than that of an equatorial
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hydrogen on a similarly substituted carbon atom.

The absorption at 5°l U is almost unsplit (ef. fig. (i))
whereas that at the higher field value is a broad based complex
multiplet. Again these support the observationsa7 that as a
consequence of greater coupling constants between axial protons,
these are characterised by absorptions with a significant degree
of splitting, being often a multiplet of seven or eight peaks with
large base width..g8 Equatorial protons show absorptions which are
fairly sharp, essentially unsplit with a relatively narrow base.

Figures (i) and (ii) have a signal corresponding to one proton
in the region 5°'1-5*5 U with a narrow base and little or no splitting.
The structures of the compounds have been assigned on the basis that
this is due to an equatorial hydrogen on Coe

The remaining peaks in the spectra are due to the t-butyl
group at 9°3 T and the reference standard tetramethylsilane at
10°0 T in both figures. The peak at L7 T in figure (ii) is
due to the amine function and that at 7°2 T in figure (i) to the
axial proton on Cqp -

The infra-red spectra of the compounds showed strong absorptions
in the region <6900mf% indicating the presence of an axial bromine.

In order to investigate further the products and mechanism of
the addition of hydrogen bromide to L-t-butyl-l-cyanocyclohexene,

a series of experiments was performed on a small scale in hexane
solution both at —?80 and at room temperature, in the presence and

absence of ultra-violet irradiation and also with a radical

inhibitor (hydroquinone).
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The yield of adduct (XLV) was found to vary sigiificantly
with conditions; the greatest yield (78%) being achieved under
similar conditions to those of the preparative scale reaction,

i.e., ultra-violet irradiation at —780 under free radical
conditions.

The results in the absence of ultra-violet and in the presence
of an inhibitor at room temperature and -78° indicated that the
adduct is also formed via an ionic pathway although the yield is
very much less. However, it is noteworthy that the axially
substituted isomer is the preferred product both by the free radical
and ionic pathways. If this is rationalised by a mechanism
involving a bromine bridge (cf. Skell) then the addition of the
negatively charged bromide ion would also redquire a bridge.

The alternative explanation involving the perpendicular
approach of the bromine atom to the double bond is more realistic.
This is illustrated below for l-t-butyl-l-cyanocyclohexene and

L, -dimethyl-1-cyanocyclohexene.

Br

CN H CN

As discussed in section 1.2, the bromine atom approaches the

double bond perpendicularly from above as this results in the more
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stable chair form intermediate radical. Approach in a similar
manner from below would result in the twist-boat form. At the
low temperature of the reaction, the energy difference between

the two possible transition states may be large enough to dictate
exclusively the pathway involving the chair form. In the t-butyl
compound this would result in the exclusive formation of the
axially substituted isomer.

No addition of hydrogen bromide to l,li-dimethyl-1-cyanocyclo-
hexene could be obtained and the lack of addition in this case
suggests that the steric inhibition of the axial methyl group
prevents bromine atom approach from the top. Thus, synthesis of
L, h-dimethyl-2 -bromocyclohexylformyl peroxide by the route described
in section 3.5 for the t-butyl analogue was not possible.

The addition of hydrogen bromide to L-t-butylcyclohexene
resulted in a mixture of 3- and L-t-butyl-l-bromocyclohexane.
N.m.r. spectroscopy indicated that the bromine was exclusively

axial.

2.l4. The synthesis and decomposition of di-trans-li-t-butylcyclo-

hexylformyl and di-trans-L-t-butyl-cis-2-bromocyclohexyl-

formyl peroxides

The unsuccessful synthesis of the aldehyde and azo analogues
of the l-t-butyl-2-bromocyclohexane (XXXIX) diverted attention to
the synthesis of di-trans-lL-t-butyl-cis-2-bromocyclohexylformyl

peroxide.
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Treatment of Irans-l-t-butyl-cis-2-bromocyclohexane-1-
carboxamide with saturated aqueous potassium nitrite in sulphuric
acid gave a low yield (18%) of trans-lL-t-butyl-cis-2-bromocyclo-
hexane-l-carboxylic acid (XLXI). The structure was verified by
n.m.r. analysis (see fig. II1I). The low yield persisted through-
out a series of experiments with varying quantities of sulphuric
acid and potassium nitrite. The preparation was carried out below
100; increase in temperature caused dehydrobromination of the
product yielding a mixture of (XLXI) and the unsaturated analogue
Li-t-butylcyclohexene-1l-carboxylic acid. In view of this, and the
previously observed dehydrobrominations during hydrolyses of the
nitrile and amide, (discussed in section 2.3), alternative methods
of hydrolysis were not possible.

li-t-butyl-2-bromocyclohexylformyl peroxide (XLXV) was
prepared in EQ% yield from the acid (XLXI) with hydrogen peroxide
and dicyclohexylcarbodiimide.

The possible products of the decomposition of the peroxide,
namely, the 3- and l-t-butyl-l-bromocyclohexanes, were prepared
from the corresponding alcohols with hydrobromic acid in sulphuric
acid.

These isomeric bromocyclohexanes could not be separated by gas-
liquid chromatography, however, treatment with silver tetrafluoro-
borate in dimethyl sulphoxide and triethylamine, converted the
bromides to the corresponding ketones. Separation and identification
of these was achieved by g.l.c. analysis.

The generation of radicals of type (XLXVI), (section 2.1.)
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requires the loss of carbon dioxide from the acyloxy radical
produced by thermal decomposition of l-t-butyl-2-bromocyclo-
hexylformyl peroxide. This necessitated finding a suitable
solvent in which this reaction could take place and which would
give the maximum yield of the required radical.

In selecting the solvent, a balance had to be reached between
this process and that involving hydrogen abstraction by the acyloxy
radical to produce the acid. That is, the solvent had to possess
a hydrogen of suitable reactivity to allow loss of carbon dioxide
before abstraction occurred. Competing with the hydrogen
abstraction step would be the dimerisation of the radical (XLXVI)
produced.

As li-t-butyl-2-bromocyclohexylformyl peroxide was in short
supply, preliminary experiments were performed using the parent
compound, lL-t-butyleyclohexylformyl peroxide. The reaction
conditions giving the optimum yield of t-butylcyclohexane were
found for this on the assumption that similar conditions would
hold for the bromo analogue.

The decompositions in chloroform, carbon tetrachloride and
toluene at 80° and benzene at 55° resulted in a 30% yield of
li-t-butyleyclohexane-l-carboxylic acid and very small (<5%)
yields of t-butylcyclohexane. In cyclohexane at 80° the acid
production was again 30% but the hydrocarbon yield was greater
(25%) . The introduction of methyl thioglycollate resulted in
a similar acid production and varying amounts of hydrocarbon

depending on the concentration of thiol in the mixture. In pure
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methyl thioglycollate, no t-butyleyclohexane was formed and the
acid production was increased to 60%. The optimum conditions,
giving 50% t-butyleyclohexane and 30% acid, were in cyclohexane
containing 10% methyl thioglycollate at 80°.

A similar series of experiments was carried out using
L-t-butyl-2-bromocyclohexylformyl peroxide. In view of the
results obtained with the parent peroxide, cyclohexane containing
varying proportions of methyl thioglycollate at 80° was the solvent
system initially investigated. However, the low acid yields
(15-20%) and the observation of very low yields (<2%) of 3- or
i-t-butyl-l-bromocyclohexane suggested that this peroxide was not
behaving in an analogous manner to the parent compound under
similar conditions.

The decomposition in cyclohexane at 65° gave an increased
yield (38%) of acid, indicating that the higher temperature is
required for carbon dioxide loss. This reaction also yielded
li-t-butylcyclohexene, -a product observed (13%) as its 1:1 adduct
with methyl thioglycollate in the decomposition of the peroxide
in a 1:1 mixture of cyclohexane and methyl thioglycollate at 80°.

In the decomposition in cumene at 80° the acid production
was very much lower (6%) but any l-t-butylcyclohexene present could
not be separated from the solvent by g.l.c. analysis. In none of
the above experiments was any 3- or lL-t-butyl-l-bromocyclohexane
observed.

The results indicate that though some elimination of bromine

from (XLXVI) is taking place this does not seem to be followed by
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re-addition to the double bond so formed. The fairly low acid
production and absence of bromo compounds from the reaction
mixtures studied (by g.l.c. analysis), suggests that under the
conditions employed the bulk of the radicals (XLXVI) is dimerising.

A preparative scale reaction to isolate these products and
further adjustment of the experimental conditions to give the
maximum yield of the radicals (XLXVI) without concomitant

dimerisation are necessary to complete the investigation.



SECTION 3

Experimental
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3.1. Introduction

Liquids and solutions were dried over magnesium sulphate
before distillation or solvent removal.

Infra-red spectra were recorded on a Unicam SP200 instrument.
Samples were examined at room-temperature (17-23°) as nujol mulls
or as solutions in chloroform, or carbon disulphide.

Nuclear magnetic resonance spectra were recorded on a Perkin-
Elmer R10 (60 m/c) instrument. Samples were examined at 33° as
pure liquids or as solutions (5-20%) in deuterochloroform or carbon
tetrachloride. Chemical shifts (') are expressed relative to
that for tetramethylsilane which is taken to be 10 p.p.m.

Abbreviations used in the quoting of spectroscopic data are;
i.r.: (s), strong absorption; (m), medium; (w), weak.

n.m.r.: (s), singlet; (d), doublet; (m), multiplet.

The literature values for physical constants marked with an

asterisk (i.e. Lit?,) were taken from "The Dictionary of Organic

Compounds"; Eyre and Spottiswood; London, 1965.

3.2. The synthesis of lL-t-butyl-2-bromo-l-cyanocyclohexane

L-t-butylecyclohexanone was prepared by the method of Warnhoff89

et al. L-t-butylecyclohexanol (62lg. L moles) was dissolved by
heating in benzene (2*3 1.) and the solution placed in a 10 1.
flange-neck flask, fitted with a dropping funnel, stirrer and
thermometer. To a solution of sodium dichromate (L.76g. 1°82 moles)

in water (2 1.) was added sulphuric acid (648 ml. sp.gr. 1°8l) and
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glacial acetic acid (200 ml.). The oxidising mixture was added

to the alcohol over a period of i hours, the temperature being
maintained at 8-10° throughout by immersion of the reaction vessel
in an ice bath. The mixture was stirred for a further 3 hrs.,
after the addition was complete.

The aqueous layer was separated and extracted with benzene
(2 x 500 ml.). The extracts were combined with the benzene layer
and the whole washed in turn with water (500 ml.), sodium bicarbonate
solution (LOO ml.), sodium chloride solution (400 ml.) and dried.
Removal of benzene on the rotary evaporator yielded the crude solid
product which was melted and distilled, under nitrogen, through a
'Dixon ring' column. Yield 78%. b.p. 106°/17 m.m. (Lit?29 106-
108°/18 m.m.)

li-t-butyl-l-cyanocyclohexene was prepared by a method based

upon that of Ruzicka and Brugger.91 The experiment was carried
out in the fume cupboard. A solution of sodium cyanide (300g.

61 moles) in water (300 ml.) was added to l-t-butylcyclohexanone
(L00g. 0+65 moles) in ether (400 ml.). The mixture was cooled in
an ice bath and hydrochloric acid (300 ml. sp. gr. 1*19) added over
a period of 3 hours with stirring.

The ether layer was separated and washed with water. The
combined ether extracts were dried and the solvent removed on a
water bath. The residue was taken up in benzene (200 ml.), dried
and thionyl chloride (120 ml.) added. Dehydration was achieved by

refluxing for 60 hours. (This period was arrived at after various
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unsuccessful experiments had yielded a large proportion (ca., 50%)
of the original ketone in the final product).

The mixture was cooled and poured into ice-water. The benzene
layer was separated, washed with aqueous sodium hydroxide until the
washings were alkaline and then water until neutral to universal
indicator paper, dried and the benzene removed on the rotovapor.

The dark coloured residue (80g.), which solidified on
standing, was taken up in petroleum (60/80°), decolourising charcoal
(2g.) added, and boiled for 15 mins. After cooling, filtration
yielded colourless crystals which were washed with petroleum and
dried. Successive crystallisations yielded a total of 70g. (67%)
-t -butyl-l-cyanocyclohexene. m.p. L5-46°. (Found: ¢, 80°92;

H, 10253 N, 9-06. 011H17N requires C, 80°92; H, 10'50; N, 8°58%).
i.r. (CHOly); 2250 (s) (0=N); 1645 (s) (0=0); 1390 (s) cm:-
(t—butyl). Nn.Mm.r. (CClu); T 345 (m) (olefinic H); 7°80 (m)
(methylene protons); 9°10 (s) (t—butyl).

Li-t-butyl-2-bromo-l-cyano-cyclohexane was prepared by a method

based upon that of Skell and Readio.62

li-t -butyl-l-cyanocyclohexene (10g. 0°06 mole) was dissolved in
dry n-hexane (130 ml.)' in a conical flask fitted with a dry-ice
condenser and immersed in a dry-ice/acetone bath at S8 The
flask had been previously flushed with nitrogen. The mixture was
stirred and excess hydrogen bromidelgas condensed into the flask.
After irradiating with ultra-violet light for 2 hours, the mixture

was allowed to reach room temperature and the excess hydrogen
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bromide removedly the passage of a stream of dry nitrogen.

A white solid which had separated was removed by filtration
and dried (1‘Og.). The hexane solution was washed with water,
aqueous sodium bicarbonate and dried. Evaporation of the hexane
yielded 12°*5g., of residue which solidified on cooling. Recrystall-
isation from n-hexane yielded trans-l-t-butyl-cis-2-bromo-1l-cyano-
cyclohexane. 7°6g. 51%. m.p. 65-66°. (Found: G, 5ly21.9;

Hy, 7°77. CqqH,gNBr requires C, 5h*1L; H, 7°36%). i.r. (¢s,)
2250 (s) (C=N); 1390 (s) (t-butyl); 660 (s) cma T (axial bromine).
62)

2

n.m.r. (CGIM) T 5°25 (d) (Proton in equatorial position on Cs
72 (m), 8°0 (m) (aliphatic protons); 9°12 (s) (t-butyl). (See

section 2.3 and fig. (i))

The experiment was repeated using 20g. (0°12 mole) of the
nitrile in 100 ml. n-hexane. The mixture was stirred overnight
to rémove excess hydrogen bromide, this time in the absence of
nitrogen, and worked up as before. The yield of lL-t-butyl-2-bromo-
l-cyanocyclohexane was 6°5g. (22%). The white solid material
insoluble in n-hexane (10°'7g. 33%) was identified as trans-l-t-
butyl-cis-2-bromo-cyclohexane-l-carboxamide. m.p. lu90.
(Found: ¢, 50°18; H, 7°28. Cq1H,ONBr requires C, 50'L2;
H, 7°63%). i.r. (nujol); 3380 (s), 3480 (s) (NH); 1660 (s)
(c=0); 139 (s) cm: (t-butyl). n.m.r. (EDC1;) T 3°90 (s) (NH,);
l*95 (s) (Proton in equatorial position on 02); 80 (m) (aliphatic
H); 9°10 (s) (t-butyl). (See fig. (ii).

Tn the second experiment described above, the major product

was the amide. Modification of the procedure enabled the experiment
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to be used as the amide synthesis.

The unsaturated nitrile (15g. 0°09 mole), was dissolved in
n-hexane (150 ml.) at -78° and ligquid hydrogen bromide added as
described previously. After irradiating with ultra-violet light
for L hours, water (5 ml.) was added and the mixture stirred at
room-temperature overnight. Two layers separated. The upper
(hexane) layer was washed with water (30 ml.), aqueous sodium
bicarbonate (2 x 30 ml.), water again, dried and evaporated to
give a mixture (Lg.) of starting material and amide.

The lower layer was dissolved in chloroform, washed with
water, sodium bicarbonate solution, dried and evaporated to give
the amide (1l5g. 63%).

The above conditions were found to be the optimum for amide
production. A smaller volume of water resulted in a decreased
yield whilst a larger volume (e.g. 10 ml.) resulted in hydrolysis
to the unsaturated lL-t-butylcyclohexene-l-carboxylic acid by the
resulting aqueous acid mixture.

In order to study the product composition and the possible
mechanism, a series of reactions was carried out on a small scale
in hexane solution. The reactions were performed both at room-
temperature and at -78°, both with and without ultra-violet light
and in some cases in the presence of hydroquinone to inhibit the
free radical mechanism.

The reactions at -780 were carried out as described above,
those at room-temperature were performed by bubbling hydrogen

bromide gas through a solution of the nitrile in a quartz test tube.
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Immediately the reaction period was over, a known weight of
1,l4-dichloronaphthalene was added as an internal standard for the
g-l.c. estimation of lj-t-butyl-l-cyanocyclohexene and the adduct,
li-t-butyl-2-bromo-1-cyanocyclohexane . The excess solvent and
hydrogen bromide were removed by bubbling nitrogen through the
solution and the residue dissolved in chloroform prior to g.l.c.

analysis.

The results are summarised in the table below.

Hatib 1 o : Account-
umber Temp. U.V %;ﬁ? A A' B %B ey T
1 20 No 0°75 1'88L 0-077 0°848 L5 50  0°000
2 20 No 0°75 1°269 0°+34L 0°336 28 Bl Le2TS
3 -78 No 2+*25 1+838 0°+287 0°586 32 50 0-18l
L -76 Yes 2825~ 13900 0:218.:1:38L 13 8L 0*000

A and A': m.moles of li-t-butyl-l-cyanocyclohexene present at

start and finish respectively.
B: m.moles of adduct (l-t-butyl-2-bromo-l-cyanocyclohexane).
I: m.moles of hydroquinone inhibitor.

The accountancy by g.l.c. analysis is poor in the cases of
the reactions performed in the absence of ultra-violet, as is the
yield of adduct. The accountancy in the reaction performed under
free radical conditions (No.lL) in the presence of ultra-violet
is consistent with that already observed in the preparative scale

reaction previously described..
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3.3. Hydrolysis of the nitrile with aqueous acid.

(1) L-t-butyl-l-cyanocyclohexene (5g. 0°03 moles) was hydrolysed
to u~tJbutylcyclohexene—l—carboxylic acid by refluxing in 50% (v/v)
sulphuric acid (200 ml.) for 3 hours. The product was
recrystallised from n-hexane. Yield, 3'Lg. (60%). m.p. 192-193°.
(Found: ¢, 72°63; H, 9+77. C1,H,g0, requires C, 725l ;

H, 9°87%). 4i.r. (csa) 2600 (w) (bonded OH); 1685 (s) (C=0 in q,
B-unsaturated acid); 1650 (m) (6=C); 1390 (m) em-T (t-butyl).
N.Me>. (CDClB); T 2°78 (s) (olefinic H); 7480 (m) (aliphatic

protons); 9°10 (s) (t-butyl); acidic H 200 c.p.s. downfield.

(ii) The acid was also obtained by refluxing l.-t-butyl-2-bromo-
cyclohexane-l-carboxamide (lLg. 0°02 mole) for 3 hr., with 50%

(v/v) sulphuric acid (200 ml.). The yield was 50%.

(iii) The hydrolysis of l-t-butyl-2-bromo-l-cyanocyclohexane
(2:0g. 0°008 mole) was achieved by refluxing with 50% (v/v) sulphuric
acid (200 ml.) for 3 hr. Again the product was the unsaturated
acid (50% yield).

The acid was used for the preparation of the corresponding

acid chloride and amide.

li-t-butyleyclohexene-1l-carbonyl chloride (33g. 81%) was

prepared by refluxing lL-t-butylcyclohexene-l-carboxylic acid
(37g. 0°2 mole) with thionyl chloride (200 ml.) for 2 hours. The
excess thionyl chloride was removed as an 8zeotrope with benzene
under reduced pressure. The acid chloride was distilled using

a vigreaux column. DePe 1620/35 m.m. i.r. (Liquid film);
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1740 (s) (€=0); 1640 (s) (c=¢); 1390 (s) (t-butyl); 705 (s)
and 660 (s) cm?l (c-c1). n.m.r. (GCIM); T 260 (m) (olefinic H);
770 (m) (aliphatic H); 9:10 (s) (t-butyl).

L-t-butyleyclohexene-1-carboxamide (7-8g. 80%) was prepared

from the acid chloride (11'5g. 0°'06 mole) in benzene (50 ml.) and
excess ammonium hydroxide (sp. gr. 0°:910). The product was
recrystallised from ethanol. m.p. 183-1840. (Founds ©, 72*49;
H, 10°22. C,,H, NO requires C, 72°88; H, 10°57%). 4i.r. (CHGl3);
3420 (s) (NH2); 1680 (s) (a,B-unsaturated ¢=0); 1640 (s) (C=C);
1390 (m) em:t (t-butyl). n.m.r. (CDO14)5 T 3°30 (m) (olefinic H);

120 (s) (NHZ); 7'60-8'80 (m) (aliphatic H); 9°+12 (s) (t-butyl).

3.4. The reduction of nitrile to aldehyde

The reduction of the nitrile function was attempted using
three reagents.

i) Lithium triethoxyaluminohydride

The reagent was prepared according to the method of Brown92

et al. by adding dry ethanol (12°8g. 16 ml.) dropwise to a suspension
of lithium aluminium hydride (3°85g. 0°1l mole) in ether (100 ml.)
at 0°.
li-t -butyl-l-cyanocyclohexene (5g. 0°03 mole) was added to
the mixture at 0°. The semi-solid mass was stirred for 1 hour.
The excess lithium aluminium hydride and the complex with ethanol

were destroyed by the addition of methanol. The greyish suspension
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was filtered, the filtrate taken up in ether, dried and the ether
evaporated. The resulting residue was examined by i.r. analysis

and found to be starting material ('8 g.)

ii) Lithium aluminium hydride

The reduction was carried out by the method of Smith and
93

Rogier. A solution of lithium aluminium hydride (0*Lg. 0°+015
mole) in ether (200 ml.) was prepared using a Soxhlet extractor

and refluxing for 75 hrs. under nitrogen. Li-t-butyl-l-cyano-
cyclohexene (5:6g. 0°0OL mole) was dissolved in ether (200 ml.)

and the lithium aluminium hydride solution added dropwise with
stirring. The mixture was stirred for a further |} hrs. under
nitrogen, hydroquinone (0°lg.) added and the solution acidified
with 10% sulphuric acid. Extraction with ether gave a quantitative
recovery of starting material.

The experiment was repeated by adding a suspension of lithium
aluminium hydride (0°*2g. 0*005 mole) in ether (LO ml.) to L-t-butyl-
l-cyanocyclohexene (2g. 0°012 mole) in ether (60 ml.). The
mixture was stirred at room temperature for 1 hr., then refluxed
for 15 hrs. The excess lithium aluminium hydride was destroyed
by the cautious addition of water and the mixture acidified with
10% aqueous sulphuric acid. The product was extracted with ether.
Again, a quantitative recovery of starting material was obtained.

Similarly, when l-t-butyl-2-bromo-l-cyanocyclohexane (2g.
0*008 mole) in ether (100 ml.) was treated with a suspension of
lithium aluminium hydride (0°'08g. 0°002 mole) under the same

conditions, the starting material was returned unchanged.
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In none of the above reductions was any amine detected.

iii) Reduction via the acyl aziridine

1-(L4-t-butyleyclohexene carbonyl) aziridine was prepared by
the method of Brown and 'I‘sukarnott:).gj'L li-t-butyleyclohexene-1-
carbonyl chloride (33g. 0°17 moles) was dissolved in ether (10 ml.)
and added dropwise,over the period of 1 hour, with stirring to an
ice-cooled solution of ethyleneimine (7°*lg. 8°'5 ml. 0°17 mole) and
triethylamine (16°5g. 22°6 ml. 0°17 mole) in ether (100 ml.). The
mixture was stirred for a further 30 minutes and the precipitated
triethylamine hydrochloride removed by filtration and washed with
ether.

The combined ethereal phases were cooled to 0° in an ice-salt
bath and a suspension of lithium aluminium hydride (1°9g. 0°05 mole)
in ether (100 ml.) added over a period of 30 min. The mixture
was stirred for a further 60 min., and 5N sulphuric acid (100 ml.)
added dropwise,

The ether layer was separated and the aqueous phase extracted
with ether. The ether extracts were washed with water, aqueous
sodium bicarbonate, water again, dried and the ether evaporated.
G.l.c. analysis of the residue (21°5g.) showed two peaks in the
ratio 1:9, the major component being the reguired aldehyde. The
mixture was purified by column chromatography using silica gel
(350g.) and eluting with ether.

The first fractions (total volume 300 ml.) contained only

o
li-t -butyleyclohexene-1-carboxaldehyde (18+*5g. 68%). m.p. 170 .
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(Found: C, 79°L6; H, 10°92, C,1H,g0 requires C, 79°62;

B} 107538 ). VA8 (C85); 1690 (s) (c=0, a,B-unsaturated aldehyde);
1645 (s) (c=C); 1390 (s) oma T (t-butyl). n.m.r. (CDCl3);

T 3.15 (m) (olefinic H); 8:00 (m) (aliphatic H); 9+10 (s)
(t-butyl).

The second 300 ml. eluate contained a mixture of the aldehyde
and l-t-butyl-l-hydroxymethylcyclohexene in the ratio 1:6. The
aldehyde was removed from the mixture as the bisulphite addition
compound, leaving the alcohol, l‘Og. (14%) . (Founa: ¢, 785363
H, 11°33. C;7H,,0 requires C, 78°51; H, 11°98%). i.r. (liquid
£ilm); 3350 (s) (OH, primary alcohol); 1680 (w) (C=C); 1390 (s)
em>t (t-butyl). n.m.r. (CDC15) T L+29 (s) (olefinic H); 6°00 (s)
(GH2 ad jacent to OH); 7°'65 (s) (OH); 8°00-9°00 (m) (aliphatic
CHQ); 9:10 (s) (t-butyl).

3.5. The peroxide syntheses

L-t-butylcyclohexylformyl peroxide was prepared by the method
35

of Greene and Kazan.

A solution of lL-t-butyleyclohexane-l-carboxylic acid (2g.
0°'011 moles) in redistilled methylene chloride (25 ml.) was added
dropwise to an ice cooled mixture of dicyclohexylcarbodiimide
(0*2l4g. 0°01l moles) and hydrogen peroxide (98%. 1°3 ml. 1°9g.
0+*05 mole) in ether (25 ml.). The mixture was stirred for 1 hr.,
the temperature being maintained below 50. The precipitated

dicyclohexylurea was filtered off (2°0g. 90%) and washed with cold
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methylene chloride (3 x 20 ml.) by slurrying. Ether (100 ml.)

was added, the solution washed with cold saturated adqueous ammonium
sulphate (2 x 25 ml.); cold 10% aqueous sodium carbonate (3 x

25 ml.) and cold saturated aqueous sodium chloride (2 x 25 ml.).
After drying, the ether was removed under reduced pressure at room
temperature, depositing the white solid peroxide which was
recrystallised by taking up in the minimum quantity of cold
chloroform and adding double this quantity of methanol. Purity
98%. m.p. 68-70° (Lit?3 75°) 1i.r. (CHC1,) 1760 (s) (Peroxidic
C=0); 1390 (s) cm:l (t-butyl).

li-t -butyl-2-bromocyclohexylformyl peroxide was prepared in
an analogous manner. The parent acid was prepared from the amide
by the method of Carter and Slater.96 li-t -butyl-2-bromocycl ohexane-
l-carboxamide (8-0g. 0°03 mole) was digsolved in sulphuric acid
(30 ml. sp. gr. 1*8L) and cooled in an ice salt bath. A saturated
solution of sodium nitrite was added dropwise with stirring,
maintaining the temperature below 20°,unt il the reaction mixture
became semi-solid. The mixture was poured into ice water
(200 ml.) and the organic material extracted with ether (3 x 50 ml.).
The ether layer was washed with water, dried and evaporated,
yielding 6°0g. (75%) unchanged amide.

The alkaline aqueous layer was acidified with hydrochloric
acid (sp. gr. 1°19) and the liberated acid extracted with ether.
The ether was washed, dried and evaporated, yielding l-t-butyl-2-
bromocyclohexane-1-carboxylic acid.  1-lLg. (18%). m.p. 188-189°

(From ethanol-water). (Found: .Gs. 500593 - H, 7:19;5..Br, 29°35.
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C11H190oBr requires ¢, 50°30; H, 7°23; Br, 30°18%). i.r. (nujol);
2700 (m) (bonded OH); 1710 (s) (C=0); 1390 (m) (t-butyl);

675 (w) em:l (C-Br). n.m.r. (ch13); T 500 (d) (Equat. H);

8:10 (m) (aliphatic CHy,); 9°18 (s) (t-butyl); acidic proton

100 c.p.s. downfield. (See section 2.3 and Pl s “(FL1) s

The acid (0°5g. 0°002 mole) in redistilled methylene chloride
(8 ml.) was added to an ice-cooled mixture of dicyclohexylcarbo-
diimide (0°L2g. 0:002 mole) and hydrogen peroxide (98%. 0°73g.
0*5 ml. 0°013 mole) in ether (5 ml.). After stirring for 1 hr.
at a temperature below 50, the dicyclohexylurea (0°36g. 90%) was
removed by filtration and washed by slurrying with methylene
chloride (3 x 5 ml.). Ether (20 ml.) was added and washed as
before. The ether was removed on the rotavapor yielding the
peroxide (0°3g. 60%). Purity 99%. m.p. 93-95°. i.r. (CHCls)
1770(s) (6=0); 1390 (m) em:l (t-butyl).

3.6. The preparation of li- and 3-t-butyl-l-bromocyclohexane

L-t-butyl-l-bromocyclohexane was prepared from l-t-butylecyclo-

hexanol (50g. 0°32 mole) by refluxing with a mixture of 8%
hydrobromic acid and sulphuric acid (sp. gr. 1°98), total volume
600 ml., for 30 minutes. The lower acid layer was separated

and discarded. The organic phase was taken up in ether (200 ml.),
washed with aqueous sodium carbonate, (2 x 50 ml.), water (2 x

50 ml.), dried and the ether removed under reduced pressure.

The residue was distilled under nitrogen to give a yield of
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358. (50%). . bep. 105°%/1h mom. (Lit! 80-81°/l w.iis ), Lore (liquid
£ilm); 1390 (s) (t-butyl); 680 (s) and 650 (s) em:® (axisal
bromine). n.m.r. (GD013) 535 (m) (Equatorial proton); 8°L8 (m)
(aliphatic CH,); 9°+15 (s) (t-butyl).

The spectroscopic evidence indicates the compound is cis-l-

t-butyl-l-bromocyclohexane with the bromine in the axial position.

(See section 2.3 and fig. (iv).

3-t-butyl-1l-bromocyclohexane was prepared in an analogous

manner.

3-t-butylecyclohexanone was prepared by the reduction of m-t-
butylphenol according to the method of Benkeser | et al. The
phenol (20g. 0°13 mole) was placed in a 500 ml. flask under nitrogen.
The addition of lithium metal (10°*6g. 1°'5g. atom) and ethylamine
(200 ml.) caused a vigorous reaction to take place turning the
reaction mixture blue-black. After stirring for 73 hr., ethanol
(35 ml.) was added over a period of 2 hr., and the mixture allowed
to stand overnight. The undecomposed lithium was removed with
forceps and solid ammonium chloride (L4g.) added. The resulting
viscous paste was poured into water, shaken, and extracted with
ether (3 x 100 ml.). The combined extracts were washed with
water (2 x 100 ml.), dried and the ether removed under reduced
pressure. The residue was distilled to give 3-t-butylcyclo-
hexanone (12°0g. 60%). b.p. 115°/15 m.m. (Lit?? 92-95°/10 m.m.)
i.r. (Liquid film); 1720 (s) (C=0); 1370 (s) cm:® (t-butyl).
n.m.r. (CDCl3);T‘?'T-8'9 (m) (aliphatic protons); 9°10 (s)

(t-butyl).
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3-t-butylcyclohexanol was prepared by the reduction in

methanol (20 ml.) of 3-t-butyleyclohexanone (5g. 0°03 mole) with
sodium borohydride (0°37g. 0°01 mole) in water (10 ml.). The
temperature was maintained between 20-30°. The product was
extracted with ether, and distilled to give 2°5g. (50%) yield.
b.p. 106-108°/12 m.m. (Lit?Y 103°/10 m.m.). i.r. (Liquid £ilm);
3500 (s) (OH); 1390 (s) emaT (t -butyl). n.m.r. (CDC13);

T 7°08 (s) (0H); 8°00-9°00 (m) (aliphatic CH,); 9°10 (s)
(t-butyl).

3-t-butyl-l-bromocyclohexane was prepared from the alcohol

(2°0g. 0°01 mole) with 48% hydrobromic acid in a similar manner

to that described above. wt. = 2°0g. (71%). Db.p. 1060/lu.m.m.
(Lit?? 80—810/u.m.m.). i.r. (Liquid film); 1390 (s) (t-butyl);
680 (m) om; + (axial bromine). n.m.r. (CCLM); T 5-°31 (equatorial
H); 7°59-8'60 (m) (aliphatic CHZ); 9-00 (s) (t-butyl).

Again the spectroscopic evidence suggests axial bromine.

li-t-butyleyclohexene was prepared by the dehydrobromination

of Li-t-butyl-l-bromocyclohexane (10g. 0°*L5 moles) by refluxing
for 20 hrs., with potassium hydroxide (L4Og. 0°71 mole) in ethylene
glycol (250 ml.). The product (5°0g. 80%) had b.p. 168°
(z1t28 169°).

The addition of hydrogen bromide, with u.v. initiation,to
li-t-butylcyclohexene gave a mixture of the isomeric bromides;
Li-t-butyl-l-bromocyclohexane and 3-t-butyl-l-bromocyclohexane.

N.m.r. spectroscopy indicated exclusively axial bromine.
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3.7. The synthesis of l,li-dimethyl-1-cyanocyclohexene

This was prepared in a similar mammer to the t-butyl

analogue.

ly,lj-dimethylecyclohexanone cyanohydrin was kindly supplied
by Dr. A.J. Bellamy.

A solution of the cyanohydrin (llg. 0°09 mole) in dry
benzene (100 ml.) was refluxed Ffor 3 days with thionyl chloride
(120 ml.). On cooling, the mixture was poured into ice-water
(500 ml.), the benzene layer separated, washed with aqueous sodium
hydroxide, water, dried and distilled. The residual oil was
distilled at reduced pressure yielding l ,li-dimethyl-l-cyanocyclo-
hexene. 9+30g. (75%). b.p. 60°/1°0 m.m. (Found: C, 79-82;

H, 9°81; N, 10°L45. C gH, 5N requires G, 79+95, H, 9:69, N, 10°36%).
i.r. (liquid film); 2250 (s) (c=N); 1640 (s) (c=C); 1390 (s)

cm:l (Dimethyl). N.M.P. (CDGlBJ; T 3'42 (m) (olefinic H);
7°70-8*00 (m) (aliphatic CH2); 9:02 (s) (dimethyl group).

The attempted addition of hydrogen bromide to the unsaturated

nitrile.

The reaction was carried out in a similar manner to that for
the t-butyl analogue.

The nitrile (12'0g. 0°'09 mole) was dissolved in n-hexane
(150 ml.) at -78°., Liquid hydrogen bromide was condensed into
the solution and the mixture irradiated with ultra-violet for
6 hours. After stirring at room temperature overnight, the
organic material was extracted with ether, washed and dried. A

quantitative recovery of starting material was obtained.
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A similar result was obtained on carrying out the reaction
at room temperature in chloroform solution in the absence of

ultra-violet and in n-hexane with ultra-violet.

3.8. Hydrogen bromide additions

The addition of hydrogen bromide to l-t-butyleyelohexene-1-
carboxylic acid; L-t-butyleyclohexene-1l-carboxamide ; -t -butyl-
cyclohexene-l-carbonyl chloride and l-t-butyleyclohexene-1l-carbox-
aldehyde was investigated.

The reactions were attempted using procedures similar to
those described for the addition to L-t-butyl-l-cyanocyclohexene.
In all the experiments summarised in the table below, the starting

material was recovered unchanged.

g. mole Temp. t(hr.) Solvent (ml.) U.V.
Acid.

2+0 0*011 20 n THF (30) Yes

2*0 0-011 20 5 Ether (100) Yes

120 0°005 -78 i Hydrogen bromide Yes

2*0 0°+011 -78 2 Hydrogen bromide Yes

2*0 0°+011 -78 3 Hydrogen bromide Yes

2°0 0°+011 20 2 Chloroform (20) No
Amide

20 0°012 20 15 Chloroform (20) No

20 0°:012 -78 20 Hydrogen bromide Yes
Acid Chloride

%0 0°+010 20 0°*2 n-Hexane (50) Yes

250 0+010 20 20 n-Hexane (50) Yes

2+0 0°+010 -78 3+*5 n-Hexane (75) Yes
Aldehyde

12 0007 20 3*0 n-Hexane (30) Yes

3+5 0+ 021 -78 1*5 n-Hexane (100) Yes
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3.9. Gas-1iquid chromatography

Purification of materials

Biphenyl was recrystallised from light petroleum (h0*600)
end had m.p. 71° (LitT, 71°).

Hexachloroethane was recrystallised from ethanol/ether and

had m.p. 185-6° (Lit, 186-7°).

1,4-dichloronaphthalene was recrystallised from ethanol and

had m.p. 67° (Litt, 67-8°).

Methyl thioglycollate had b.p. 51°/20 m.m. (Lit?? 19°/16 m.m.)

Bicyclohexyl, had b.p. 103°/12 m.m. (Lit., 233°).

t-butyleyclohexane had b.p. 168° (Lit%?o 169-70°).

Relative retention times

The isomeric 3- and lL-t-butyl-l-bromocyclohexanes could not
be separated on the columns and conditions used. Conversion to
the corresponding ketones by the method of Lemal and Fry,lOl
enabled these to be identified on 5% bentone/7% APL.

The bromo compound (0°270g. 1°20 m.moles) was added to
silver fluoroborate (0°23lLg. 1°20 m.moles) in dimethylsulphoxide
(10 ml.). The mixture was stirred for 1 hr., and excess triethyl-
amine added. After stirring overnight the mixture was heated on
a boiling water bath for 30 min., filtered into cold water and the
ketone extracted with ether.

The g.l.c. analyses were performed on a Griffin D6 chromato-

graph. For a discussion of instrumentation see page 26.

The table below lists relative retention times, for 2. Hia
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colums, with a nitrogen inlet pressure of 15 1b./a ".

The columns used were:

NPGS: 5% Neopentyl glycol succinate on 80/100 mesh acid washed

and silanized chromosorb P.

PPE: 15} poly-m-phenyl ether (5 ring) on 80/100 mesh acid washed

and silanized chromosorb P.

A/B: 5% Bentone/7% apiezon L grease on 80/100 mesh acid washed

and silanized celite,

The Relative retention times are summarised in the table below.

Column NPGS NPGS NPGS PPE PPE PPE A/B
Temperature 180 149 80 180 134 80 134

i-t-butyl-1-cyanocyclohexene 0+92
l4-t -butyl-2-bromo-l-cyanocyclo-

hexene GaES
1,4-dichloronaphthalene 173
L=t -butyleyclohexene-1-carbox-

aldehyde 0*73
li-t-butyl-1l-hydroxymethylcyclo-

hexene 1-06
li-t-butyl-l-bromocyclohexane 042 040 1°00
3-t-butyl-l-bromocyclohexane 042 0*L0 1°00
biphenyl 100 “1~00 1-00
methyl thioglycollate 0°25 0*53 0°08
methyl-l-t-butyl-2-bromocyclo-

hexane-l-carboxylate 251
methyl-li-t-butyl-1l-cyclohexene
carboxylate 0°*38

bicyclohexyl Q21 0#29
hexachloroethane 0+15
t-butyl cyclohexane Odly 2° 1
li-t-but ylecyclohex-1l-ene 0*09
a-Li-dimethylstyrene 100
toluene - 1°00
bicumyl
Li-t-butylcyclohexanone 100
3-t-butyleyclohexanone 0°89

1:1 adduct of HSCH-CO.Me + l-
1;—butylcyc:lohe}%l.%ng]yI 0°63
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3.10. Peroxide decompositions

The generation of radicals of type (XLXVI) (See page 106)

requires the loss of carbon dioxide from the corresponding alkoxy
radical produced by decomposition of the appropriate peroxide.
This necessitated finding a suitable solvent in which this reaction
could take place. As urt-butyl—2-bromocyclohexylformyl peroxide
was in short supply, attention was turned to the parent compound,
li-t-butylecyclohexylformyl peroxide.

The conditions giving the optimum yield of the L-t-butyl-
cyclohexyl radical were found for this on the assumption that
similar conditions would hold for the bromo analogue.

A series of experiments was carried out by dissolving the
peroxide in the solvent under investigation, sealing in a tube
under nitrogen, and decomposing in a thermostat oil bath for
12 hours.

The product composition was investigated by g.l.c. analysis
after treatment with diazomethane, the addition of suitable
internal standards and removal of solvents.

The reactions are summarised in the tables below.

Preliminary decompositions:

Temp. Solvent (ml.) Peroxide Biphenyl
2. m.mole g m.mole
55  Chloroform (5) 00690 0°189 0°0223 0°1L5
55 Benzene (5) 0+062l Q=l7a 0+0220 0°+1L45
80 Carbon Tet. (5) 0°*0683 0°-186 0°0215 0°+1L40
80 Chloroform (5) 0+0686 0186 00207 0+135
80 Toluene (5) 0°0671 0+18l 0+0258 0+168
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In the above, the acid production was similar (ca., 30%)
in each case. Little (<5%) or no t-butyleyclohexane was

detected. Some (<5%) bicyclohexyl from the dimerisation of

solvent derived radicals was detected.

Decompositions in cyclohexane at 80°.

Solvent system Peroxide Biphenyl a-li-dime thyl t-butyl
(ml.) g. m.mole g m.mole styrene cyclo-
g, m.mole he;ane

Cyclohexane (5) 0*0636 0*174 0°0230 0+149 0°0568 0°1.30 25
Cyclohexane (5) : : - ; ; ;
HSCchoeMB(O'l) 0*0597 0+*163 0°0222 0°145 0°0635 0°-480 26
Cyclohexane(5) : : ; ; ; :
HSCH2002M9(0'5) 00576 0157 0°024l 0°159 0°0503 0°379 50
Cyclohexane (2°5) : - . . - .
HSCH2002H(2'5) 0+*0531 0+145 0°0223 0°*145 0°0541 0°L10 20
HSGHECOQMe(l) 0°0139 0038 0°0105 0°068 0°0341 0°258 0

The acid production (gg., 30%) remained constant throughout.
The optimum yield of t-butylcyclohexane was obtained in cyclohexane
containing 10% methyl thioglycollate. The reaction in neat
thioglycollic acid resulted in a higher (60%) acid production and
no t-butylcyclohexane.

A similar series of experiments was carried out with l-t-
butyl-2 -bromocyclohexyl peroxide. The results are summarised

in the table below.
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Solvents (ml.) Temp. Peroxide Bcid LL-t-butyl
cyclohexene
g. m.moles m.moles % m.moles %
cyclohexane (1) 80 0*0500 00956 0°*0306 15
cyclohexane (2) 80 0°+0436 0°-083l 0°0320 19
cyclohexane (5) 8o 0-0436 ©-083l 0-0280 17

cyclohexane (5) )

methyl thioglyco- 80 00387 0°0739 0026l 18
llate (0°5)

cumene (0°*5) 80 0°0095 0°0180 0°0021 6
cumene (1) 80 0=0123 P*0235 00012 5
cyclohexane (1) 65 0*0089 0°0170 0°0068 38 0°0005 3

methyl thiogly-

collate (0°'5)

cyclohexane (0°5) *
80 0+00L9 0°0093 0°0038 21 0°:002L 13

’ Estimated as the 1:1 adduct of methyl thioglycollate.

In the first two experiments there was only a trace (< 3 %)
of any bromo compound and no l-t-butylcyclohexene. In none of the

others was any 3- or L-t-butyl-l-bromocyclohexane found.
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