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KINETICS AND MECHANISMS OF SOME FREE RADICAL REACTIONS

ABSTRACT:

This thesis consists of four parts. The main two parts

provide more kinetic data on free radical addition reactions.
This data is used to extend existing theories.

The data obtained in the first part filled an important

gap in kinetic data for radical addition reactions. These
data of perfluoro-ethyl radical addition to ethylene and fluoro-

ethylenes provided data for an increasing branching in the
series CFg • , CF^CFg-, (CF^^CF* and (CF^^C- Radicals and in
addition for an increasing chain length in the series CF^ • ,

CFgCFg-, CFgCF2CF2* and CF^(CF2)2CF2* radicals. The new data
followed the sequence expected and established that the reson¬

ance stabilisation of the adduct radical in radical addition

reactions to olefins is of minor importance. Instead there is
a complex interplay of polar, steric and bond strength terms,
all of which are necessarily inter-related in governing the rate
and orientation of free radical addition reactions.

The second part involved the addition of trifluoromethyl
radicals to acetylene, alkyl and fluoroalkyl substituted

acetylenes. The results showed similarity in the rates and
orientation of addition to acetylenes and the corresponding sub¬
stituted ethylenes. This reveals that the substituents have

very similar effects on the reactivity of the double and triple
bonds. On the other hand, the Arrhenius parameters were

significantly higher for the addition to acetylenes compared to
the addition to ethylenes. This confirmed th^ transition theory
predictions. The work also offers a study of the stereospecificity
of the addition reaction with acetylenes.

The third part involves the addition of trifluoromethyl
radicals to 1,3-butadiene, isoprene, trans-piperylene and vinyl-

acetylene. The stereospecificity of the addition reaction with

1, 3-butadiene was studied.
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The fourth part deals with the topic "homosolvolysis", a

study of the homolysis of carbon-halogen, carbon-metal, metal-
metal and metal-halogen bonds using di-t-butylnitroxide and

2,2,5,5-tetramethylpyrrolydine nitroxide as solvents.
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GENERAL INTRODUCTION



The fission of a chemical bond (X-Y) can proceed in two

different ways; either heterolytically or homolytically. In the

first case the two electrons in the bond are redistributed so that

one of the fragments takes both electrons in the bond and acquires

an overall negative charge (Y or X ) while the other fragment has

an overall positive charge (X+ or Y^) ie. giving ions. In the

second case each fragment acquires one electron from the bond

thus giving free radicals (X* + Y"). Photolysis or pyrolysis of a

relatively weak bpnd in a molecule results in free radicals, these

being the products of bond homolysis. A radical is best defined

as an atom or an electrically neutral group of atoms with one unpaired

electron. Radicals may also be generated by electron transfer,

usually via metal ions (transitional metals mainly) of suitable redox

+ .3+ 2+ 3+
potential eg. Cu , Ti , Fe or Co

Free radicals are generally produced as reactive intermediates

during the course of a chemical reaction. Although the majority of

free radicals display a transient nature, a few number are persistent

or stable. Ingold and Griller in their classification of carbon

radicals proposed that the adjective "persistent" be used to describe

a radical that has a life-time significantly greater than methyl

under the same conditions and that "stabilised" should be used to

describe a carbon-centred radical, R' , when the R-H bond strength

is less than the appropriate C-H bond in an alkane. Under a

specified set of experimental conditions, the persistence of a radical

can be quantitatively described by the rate constant for the bimolecular

or unimolecular process by which the radical decays. Also the
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half-life time of the radical gives a measure of its persistency.

Thi's is a more convenient parameter as in some cases the decay

kinetics are unknown or the decay involves reaction with other

material.

There are a number of factors determining the persistency

of a radical. The extent or the ability of a group attached to the

radical centre to delocalise the unpaired electron as with the
f

benzyl radical. Such effect diminish the tendency of the radical to

undergo reactions by decreasing the spin density at the radical

centre which in turn increases the persistency of the radical in question.

Bulky groups attached to or close to the radical centre decrease the

tendency of the radical to participate in bimolecular processes eg.

disproportionation or dimeri sation. The persistency of a radical

can be attributed to steric rather than electronic factors. Firstly,

from the fact that the persistency of the triphenylmethyl radical

cannot be attributed to the delocalisation of the unpaired electron as

this produces a "stablised" (as with benzyl radical which shows a

similar delocalisation) and not a persistent radical. This was found

by considering the E (radical stabilisation energy) values for the
s

transient cyclohexadienyl and the triphenylmethyl radical, in which

one gets E^C^H.,) greater than E ^(Ph^C)2. Secondly, the difficulty
3

of dimerisation of the triphenylmethyl radical, and it was found that

the dimer is; H

and not hexaphenyl ethane. Also the radical environment is important.

A third factor involves the geometry of the radical centre.
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Alkyl radicals are generally planar as shown by physical and

chemical techniques as is the case for the corresponding carbonium

2
ions, in which the carbon atom is sp -hybridised and the unpaired

2
electron is in a p-orbital perpendicular to the plane of the sp

orbitals. Deviation from planarity usually decreases the persistency

of a radical.

In the majority of reaction systems the presence of free

radicals can be inferred chemically from the nature of reactants

and products. Physical techniques are applied where possible to

detect the presence of a radical. The most widely used of the

physical techniques is esr spectroscopy. The analysis of an esr

spectrum not only allow the structure of the radical to be deduced,

but also its conformation and spin densities at various positions

in the case of a delocalised radical. Chemically induced dynamic

nuclear polarisation spectroscopy (CIDNP) is also another method

to detect radicals. This is carried out in the cavity of a nuclear

magnetic resonance spectrometer.

Free radicals commonly undergo four types of reactions.

The first are unimolecular reactions which comprises mainly

radical fragmentation, rearrangement and cyclisation. Secondly

bimolecular reactions between two radicals through combination

or disproportionation. Thirdly bimolecular reactions between

radicals and molecules through addition or abstraction. Finally,

is the electron-transfer reactions of radicals in which radicals

undergo oxidation or less commonly reduction by the transfer of

an electron.

Many radical reactions proceed through a chain process.
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This consists of an initiation, a propagation and a termination step.

Although this work is mainly concerned with the addition step, some

knowledge of the nature and rate of the other reactions is important.

Alkyl radical addition commonly takes place as a propagation step.

This is a very important reaction in radical polymerisation and the

synthesis of small molecules. The addition reactions with olefins

have been extensively investigated and to a much lesser extent those

with alkynes and dienes.

Addition reactions by a free radical mechanism to unsaturated

4
centres were first studied by Kharasch and co-workers who noted

that the addition of hydrogen bromide to unsymmetrical olefins

proceeded abnormally in the presence of light or added peroxide

resulting in "anti-Markownikoff" addition products ie. the orientation

of addition was opposite to that produced with the reactant alone in

the dark. Theoretical explanation of this phenomena was put forward
5 6

by Kharasch and co-workers and Hey and Waters . Both sets of

workers postulated that the reaction was self-propagating initiated

by addition of bromine atoms. In 1940, Mayo and Walling in a brilliant

7
review made an attempt to explain the orientation of radical addition

reactions. When this review was written a comprehensive

under standing of the electronic theory of organic chemistry was not

yet reached. The normal Markownikoff' s addition was explained

in terms of "resonance stabilisation" of the intermediate carbonium ion:

:ci CH=CH + H+ > :ci CHCH
•• L. •• D

. t
:C1 = CHCH,

• • 5

(resonance
stabili sed)
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Mayo and V/ailing's hypothesis was that the "anti-Markownikoff"

addition involved the initial addition of the bromine atom , so

producing the more stable of the two possible bromo alkyl radicals.

It was unfortunate that by analogy with the explanation for

ionic addition, most authors have attempted to assess this stability

in terms of resonance theory:

1C1 CH=CH_ + Br*
Z

:ci "CH-CH.Br
•• L

4\

.+ w -

: Cl CH-CH Br
• • Z

(resonance stabilised?)

The second canonical form of the intermediate adduct radical involves

separation of charge and is unlikely to make a major contribution by

resonance stabilisation of the odd electron to the overall heat of

formation of the adduct radical. This will be small compared with

the contribution due to the bond dissociation energy of the new bona

formed. Hence the prediction made by the Mayo and Walling hypothesis

is inadequate when it is restricted to considering the stabilisation of

the odd electron, but it must be emphasised that at the time the

hypothesis was put forward this interpretation was in complete accord

with the facts then available.

8
The importance of polar effects was then investigated. Waters

suggested that free halogen atoms are electrophilic in character, and

9
would then attack the point of highest electron density. Barton then

analysed this conclusion and suggested that free radicals preferentially

attack sites of electron density very different from that of the

unsubstituted system.
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10
Price was able to show that the normal concepts of polarity

could be used to explain the reactivities of monomers in radical

copolymerisation studies. These conclusions were considered by

Mayo and Walling in a second review , in which they discuss the

important role of both polar and steric effects.

12
However Haszeldme and his group made further studies on the

radical addition reactions to olefins. They seemed to show that those

polar effects could not be used to explain the orientation of radical

adddition to unsymmetric olefins. Extensions to the resonance

hypothesis were put forward by Haszeldine, who postulated that

radical stability decreases as the number of hydrogen atoms attached

, , , • • ,12d
to the carbon atom carrying the lone electron is increased

13
Szwarc who was very active in this field tackled the problem

through the consideration of transition state studies. A review by
14

Cadogan and Hey in 1954 summarised previous work and the authors

concluded that no satisfactory theoretical interpretation of the

experimental observations was available due to the lack of quantitative

data. The qualitative data of previous studied lacked an appreciation

of the diverse possible fates of the intermediate adduct radical and

a thorough product analysis which are necessary to validate any

conclusions drawn about the orientation or rate of addition. Tedder

1 5
and Walton in 1966 made the first attempt to obtain kinetic data

for radical addition to both ends of unsymmetrical olefins. They

were studying the gas phase addition of trichloromethyl radicals

to fluoroethylenes and trifluoropropenes. The data obtained in

this study manifested that the resonance stabilisation interpretation

of the Mayo and Walling hypothesis as an overail-simplified and
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erroneous approach to the problem. They found a reasonable

correlation between experimental activation energies and the atom

localisation energies calculated by the Hiickel method.

The kinetics of the addition process have been studied in

solution and in the gas phase. In solution, the rates were measured

competitively relative to the abstraction from the solvent itself.

This was the approach adopted by Szwarc and his group in extensive

studies of methyl radical addition to olefins. However the

important advantage of the gas phase is that wide ranges of temperature

can be studied and activation parameters readily determined. These

activation parameters are in principle capable of complete

interpretation using existing theory, whereas activation parameters

determined in solution are very difficult to interpret because the extent

of solvation and indeed the very structure of the solvent, changes with

changing temperature.

In 1973 Cadogan''' in a review of radical chemistry, extended

the resonance stabilisation approach by estimating radical stability

in terms of hyperconjugative delocalisation. Kerr and Parsonage^
presented the most important compendium in which they collected

and critically assessed all kinetic data available up to 1971 for
1 8

gas phase addition reactions. In 1976 Tedder and Walton presented

19
a review article followed by a recent review this year (which

included results from part (1) of this thesis) in which they showed

that resonance stabilisation of the adduct radical in radical addition

reactions to olefins is of minor importance. Instead, there is a

complex interplay of polar, steric and bond strength terms , all

of which are necessarily inter-related in governing the rate and
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orientation of free radical addition reactions.

The main two parts of this thesis were an attempt to provide

more kinetic data to offer a broader experimental basis to such

theories and to extend the scope to study the radical addition reactions

to acetylenes.

Part (1) of this thesis deals with pentafluoroethyl radical

addition to fluoroethylenes.

Part (2) deals with trifluoromethyl radical addition to acetylene

and substituted acetylenes.

Part (3) deals with tirfluoromethyl radical addition to dienes

and vinyl acetylene.

Part (4) is a marked departure from radical addition reactions.

Part (4) deals with the topic "homosolvolysis" , a study of the

homolysis of weak bonds in compounds by persistent free radical

solvents.



PART (I)

ADDITION OF CAF ' RADICALS TO FLUOROOLEFINS
Z 5



INTRODUCTION
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In 1950, trifluoromethyl and pentafluoroethyl radicals
20

were produced by the photolysis of the corresponding iodides

This led to an extensive investigation of the addition of

radicals to unsaturated centres. Haszeldine and co-workers

carried out a number of studies on the addition of CF^ radicals
12

to olefins • The method applied by Haszeldine is discussed

in Fhrt (II) introduction and results are discussed in the general

introduction. The work by Haszeldine was rather qualitative

and no kinetic data were reported.

Szwarc, who was very active in this field, studied the

kinetics of CF^ radical addition to a number of unsaturated centres.
The method applied is also discussed in Part (II) introduction as

well as to the approach used to put the work on an absolute scale.

Szwarc has interpreted his results in terms of the transition state

theory. It was noticed that replacement of hydrogen atom by a

methyl group or a chlorine at the site of addition decreases the

Arrhenius pre - exponential term by a factor of five. This was

explained in terms of a restricted rotation of the CF^' radical in
the transition state. A reasonable correlation between the

activation energies and ionisation potentials for a series of methyl-
21

substituted olefins was obtained
, Szwarc also gave evidence

for the strongly electrophilic character of the trifluor omethyl

34 35
radicals . A secondary deuterium effect study led him

to conclude that the incipient R-C bond (R=CF^ or CH^) is
relatively long and that the configuration around the reactive centre

remained unaltered (ie. planar) in the transition state.

The rate of addition of CF * , CCl,, n-C F " and n-C F "d 3 3 7 d (



10

radicals to ethylene was determined by Sangster and Thyne

The rate and Arrhenius parameters were put on an absolute

scale relative to those for hydrogen abstraction from hydrogen

sulphide which were available. The difference in reactivity

between the most reactive CF^ radical and CCl^ radical was
entifejy

almosbdue to the variation of theactivation energy term.

The relative Arrhenius parameters for the addition of CF^
radicals, produced from the photolysis of trifluoroiodomethane,

to 1, 1 -difluoroethylene were obtained by Braslawsky, Casas and

23
Cifuentes , Mercury was present in the system to trap

the iodine atoms.

24
In 1973, Tedder and Walton reported in a communication

the results obtained for a study of the orientation of the gas phase

addition of a series of CF ' , C_F ' , n-C _F " , n-C ,F " , n-C_F * ,
3 2b 3 f 4y 7ib

n-CgF^_, and i-C^F " radicals to vinyl fluoride, 1, 1 - difluoroethylene
and trifluoroethylene. A comparison of the orientation ratios for

the addition of these radicals to different ends of the unsymmetrical

fluoroolefins studied, showed a substantial increase in selectivity

in the series CF^" > ^F^^"^2* ' 3) 2^^ * ra^icals. On the other
hand the difference in selectivity in the linear series CFF * , n-CT ' ,2 b 3 7

n-C^F^* , n-C^F^g' and n-C^F^' radicals was very small. This
assumes that the steric interaction at the carbon carrying the

unpaired electron is virtually the same with the linear series.

It appeared then that the size and shape of the attacking radical

is fairly important in the transition state, rather than electronic

factors. This conclusion had to be confirmed. In order to attempt

to determine the important role steric and other factors play in
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the addition of fluoroalkyl radicals to unsymmetrical olefins,

a series of radicals CF C^F ' , i-C.F * and t-C.F "
o c o 5 7 4 y

seemed to be very appropriate to study.

The addition of CF^' radicals has been discussed above.
25, 26

Tedder, Walton and co-workers determined the relative

Arrhenius parameters for the addition of CF^ radicals to
27

fluoro-olefins and propene as well as a series of vinyl monomers

Unlike most authors, their work was put on an absolute scale by

comparing it to the addition to one end of ethylene of which the

absolute parameters were determined. Also this present work was

put on an absolute scale in the same way.

The addition of pentafluoroethyl radicals, the second in the

linear as well as the branching series, to fluoro-olefins was only

28
studied qualitatively. Haszeldine studied the addition of C Fr

La J

radicals to tetrafluoroethylene where a polymeric product of the

form C^FfCF^CF^) I was obtained. Later the same author2 5 2 2 n

studied the direction of addition of C^Fc radicals to 1, 1-difluoro-Z 5

ethylene. The addition was almost exclusively (90%) to the -CH

end. That was explained in terms of the stability of the

intermediate fluoroalkyl radicals thus formed in the initial addition

of C F radical to the fluoroethylene. This was further confirmedZ 5

29
by Chambers'and his group when studying telomeri Sation

reactions in which C^F,. was used as a telogen. The same author
showed that the strength of the C-I bond decreased sharply in the

series CF I )> C F I )> n-C F )> i-C F I through an inve stigation
J u J J i J |

of the exchange of labelled iodine and fluorocarbon iodides. The

reaction of C^F^I with CH^CF^ where although the conversion (55%)
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is less than for n-C^F^I (&8%) the range of telomers produced
with the former is considerably less, giving mainly 1:1 adduct.

This led to the conclusion that C^F I is a more efficient chain-2 _>

transfer agent than n-C^F^I which is not consistent with the
relative C-I bond strengths of the two iodides.

Apart from these qualitative studies there were no kinetic

data reported for the addition of C^F^ radicals to unsaturated
substrates. Tedder and Walton"^ reported the relative Arrhenius

parameters for the gas phase addition of pentafluoroethyl (this

work is described in Part (I) of this thesis) and perfluoro-t-butyl

radicals to vinyl fluoride. The results showed that C ?F radicalsCt O

are more selective than CF^ radicals and this difference in
selectivity is mainly attributed to difference in activation energy

parameters. Also the results showed that both radicals adds

preferentially to the -CH^ end of vinyl fluoride. The kinetic data
for the addition of perfluoroisopropyl radicals to various fluorinated

alkenes were reported by Tedder and Walton's group

Pentafluoroethyl radicals were involved in some abstraction

32
reactions amongst which Price and Kutschke studied the reactions

of C
^ radical with hydrogen and methane. They found that the

order of ease of hydrogen abstraction from a given substrate

is CF^' C^F^' ^3^7' ^^3" • This sequence of reactivity
was measured according to the rate constants at 200°C. The

radicals were produced by the photolysis of (C^F^^CO. Pritchard
3 3

and Foote also studied the reactions of C0F " and C 2F '
L, D 3 7

radical s with and D^. They obtained a low activation energy

for the reaction of C-,F " radical with D.,.
u D Lj
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The lack of kinetic studies for CFF " radical addition

reactions left a gap in an important sequence in both increasing

chain length in the linear series CFy n-C^F^, n-C^F^, and,
branching in the series CF^, i-C^F^, t-C^F^. This present
work involves the kinetic study of CFF " radicals to vinyl fluoride,L b

1, 1-difluoroethylene, trifluoroethylene and tetrafluoroethylene.

Therefore this work filled the gap and could assist in obtaining
r, C\

a better understanding or the nature of the factors playingArole

in these addition reactions .These Reactions which appear to be quite

important industrially in the production of fluorocarbon polymer

systems.



EXPERIMENTAL
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1. Materials

Commercial pentafluoroiocloethane (Bristol Organics Ltd),

ethylene (BOC Medical Anaesthetic grade), vinyl fluoride (Matheson),

1, 1-difluoroethylene (Matheson), trifluoroethylene (Peninsular

Chem. Research) and tetrafluoroethylene (ICI) were degassed and

trap to trap distilled, where only the middle fraction was used for

the reactions.

Z. Apparatus

The reactions were carried out in a spherical pyrex vessel

(R) of a volume of ZOO ml, connected to a conventional mercury-

free pyrex vacuum line (Fig.l. 1). The vacuum was maintained at
-3 -5

a pressure of 10 to 10 torr by means of an Edwards silicone

oil diffusion pump, backed by a NGN PSR1 rotary pump. The

reactant pressures were measured using a calibrated spiral guage

and stored in bulbs of known volumes on the vacuum line.

The furnace consisted of an electrically heated hotplate

inside a well insulated aluminium cylinder fitted with an asbestos

lid. The system was irradiated through a glass window on one side

fitted with a removable shutter for different periods of time. The

temperature was maintained to + 2°C using a "variac" transformer.

Photolytic reactions were initiated with light from a Hanovia UVS

100 w medium pressure mercury arc. (in some reactions filtered

light was used.) The light source was kept at a constant distance

from the reaction vessel.



A,B,C:Storagebulbs D:122ml
E:270ml R:Reactionvessel

S:Calibratedspiralguage

Rotarypump



16

3. Experimental Procedure

The line was pumped out for about an hour with liquid

nitrogen around the trap to ensure reasonable vacuum. This

was tested for by the absence of discharge of an Edwards high

frequency coil. The reactants were degassed before use in the

runs. The required amount of each reactant was obtained by

allowing the frozen degassed material to warm up and expand

into the line and the appropriate storage bulb until the required

pressure was registered on the pressure guage. The storage

bulb was then separated from the line and the reactant remaining

on the line was returned to its storage bulb by means of liquid

nitrogen. The line was then pumped until good vacuum was

retained again. This same procedure is repeated for every reactant.

The reactants are then allowed to distil, over a period of about

half an hour, from their storage bulbs into the reaction vessel

which was previously cooled down to freeze the initiator stored

into it. The reaction vessel was then isolated, the liquid nitrogen

removed and the reaction vessel allowed to warm up to room

temperature. The vessel was then surrounded with the previously

warmed furnace, covered by the asbestos lid and the temperature

was allowed to equilibriate over a period of 15 minutes. The

mercury lamp was lit and allowed about 10 minutes to reach a

constant transmission before removing the shutter. At the end

of the reaction, the lamp was switched off, and the whole of the

contents in the reaction vessel was allowed to distil over a period

of an hour into an evacuated cold finger by means of liquid



17

nitrogen attached to the line. The cold finger was then removed,

stoppered and stored in liquid nitrogen. The contents were used

for gas chromatographic analysis. The reaction times for the

kinetic runs were adjusted to keep the consumption of the minor

reactant within 5%.

4. Analysis

The product mixtures were analysed on a modified Griffin

and George gas density balance chromatograph. Products were

separated on 15 ft x 3/8 inch glass columns packed with 10%

Embaphase silicone oil on 80-100 mesh chromosorb G and nitrogen

as a carrier gas. The chromatograms were recorded on a

Honeywell-Brown recorder. Peak areas were measured by a

Dupont 310 curve resolver or a planmeter. Each reaction was

analysed three to five times and the figures quoted in the tables

are average values.

For a gas density balance, the following relationship;

g = k AM/(M-m)

holds for all compounds where 'g' is the weight of the compound

with molecular weight 'M', 'A' is the peak area on the chromatogram,

'k' is a constant characteristic of the detector and 'm' is the

molecular weight of the carrier gas. Hence the concentration 'g/M'

is given by, •

g/M = kA/M-m) or A = k'g/M(M-m) where k' = /^

Therefore the areas under the peaks on a chromatogram are

proportional to the concentrations of the components and to the

difference in molecular weights and the molecular weight of the
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carrier gas. For component 'E ^' of molecular weight 'IvF,
and area 'A^' and component 'E^' of molecular weight 'M^1 and
area it follows that;

LEjJ Ax M?-28
= x — (nitrogen as carrirer gas)

LE2] A2 M:- 28

5. Identification of Products

The identification of the reaction products was carried out

from special preparative photoiyses with longer reaction times.

In these runs the extent of reaction was far greater than in normal

kinetic runs, where sufficient product built up was obtained for

identification by combined glc ms. A pye 104 flame ionisation

gas chromatograph coupled vi a a single Bieman separator to an

AEI MS-902 mass spectrometer was used for obtaining the mass

spectra. The column was the same as that used in the analytical

glc.

A. Vinyl Fluoride

An experiment was carried out to identify the reaction

_4 ^
products in which pentafluoroiodoethane (32. 6x10 mol dm" )

-4 - 3
and vinyl fluoride (14.7 x 10 mol dm ) were photolysed for 2

hours at 123°C. Gas chromatography indicated the presence of

two products; CF^CF CH..CHFI and CFjCF CHFCH I eluted
in that order. These were distinguished by the presence of

CHFI (m/e = 159) in the mass spectrum of the former but not

the latter, while the ion CH^I* (m/e = 141) was present in the
spectrum of the latter but not the former.
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A- 1 CF3CF2CH2CHFI

m/ e rel. abundance A ssignment

292 13 CFCHCHFI+
C D C

165 88 C,FcCH,CHF+
CD C

159 15 CHFI+

128 6 X
+

127 24 i+

119 12 C2F5
95 72 CF2CH2CHF+
69 38 CF;
50 100 CF2

CF3CF2CHFCH2I

m/e rel. abundance Assignment

292 50 C _F CHFCH I+
CD C

141 30 gh/
128 25 hi+

127 70 i+

95 40 CF2CH2CHF +
69 100 -3
50 • • 80 CF2

An experiment was carried out in which pentafluoroiodo-
- 4 - 3 -4

ethane (43.5 x 10 mol dm ), vinyl fluoride (14.7 x 10 mol dm
-4 - 3

and ethylene (6.6 x 10 mol dm ) were photolysed for 2 hours at

140°C. Gas chromatography indicated the presence of two product
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which were identified by their mass spectra to be CF^CF^CH^CHFI
and CF CF CHnCH I in the order of their elution. The peak3 L. £ L.

corresponding to the reverse adduct of vinyl fluoride

(CF^CF^CHFCH^F) was under that for the ethylene adduct as both
have almost the same retention time.

A- 3 :- CF3CF2CH2CH2I

m/e rel. abundance A s signment

274 100 C2F5C2H4I+
155 13 C2H4I +
14 1 33 CH/
128 35 HI+

127 80 I+

119 12
+

2 5

100 5 •C2F4+
93 13 C3F3
78 23 C3H4F2
69 62 CF

3

B, Trifluoroethylene

-4 - 3
Pentafluoroiodoethane (4 3.5 x 10 mol dm ), trifluoro-

-4 ? -4 -3
ethylene (14.7 x 10 mol dm" ) and ethylene (3.3 x 10 mol dm )

were photolysed for 2 hours at 120°C. Gas chromatography

indicated the presence of three products which were distinguished

by their mass spectra to be; CF^CF2CHFCF2I, CF^CF^F^HFI
and CF CF CH CH I in the order of their elution. The two

■D Li Ci La

trifluoroethylene adducts CF^CF^HFCF^I and CF^CF^F^HFI
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were identified by the presence of CF^I (m/e = 177) in the
mass spectrum of the former but not the latter, while the ion

CHFI+ (m/e = 159) was present in the spectrum of the latter but

not the former.

B-l CF3CF2CHFCFZI

m/e rel. abundance A s signment

32S 2 c f chfcf i+
d D L.

238 0.4 c „ f *4 10

201 50 cff chfcf!"
Cj D d

177 2 cf/
162 4 C4F1
131 9 C3F5
128 2 HI+

127 40 I+

119 20 C2F5
113 35 C3HF4
100 4 C2F4+

81 19 C2F3
69 100 cf +

3

- cf3cf2cf 2CHFI
m/e rel. abundance A s signment

328 2 c^f cf chfi+
C. D d*

201 12 C2F5CF2CHF +
188 10 C3F8
159 22 chfi+

cont.
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m/e rel. abundance A s signment

131 10 C3F5
12 8 6 HI+

127 60 I+

119 -20 C2F5
113 38 C3HF4
100 6 C2F4+

81 30 C2F3
69 100 CF

3

B-3 CF3CF2CH2CH2I
m/e rel. abundance A s signment

274 100 C2F5C2H4I+
155 13 C2H4I+
14 1 33 CH2I+
128 35 HI+

127 80 I+

119 12 C2F"- -2 o

93 13 C3F3
78 23 C3H4F2
69 62 CF3

C. Tetrafluoroethylene

-4 - 3
Pentafluoroiodoethane (4 3.5 x 10 mol dm ), tetrafluoro-

-4 _ 3 _ 4
ethylene (22.0 x 10 mol dm ) and ethylene (4 . 98 x 10 mol dm"

were photolysed for 2 hours at 122°C. Gas chromatography indica

the presence of three products which were identified by their mass

spectra to be; CF3CF CF CF I, CF CF CH CH I and
CF 3CF2CF2CF2CH2CH2I in the order of their elution.
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c-l cf3cf2cf2cf2i

m/e rel. abundance Assignment

34 6 14.3 C2F5CZF4I+
219 55. 1 C2F5C2F4+
181 8. 1 v;
177 20.4 cf/
131 26.5 C3F5
128 8. 1 hi+

127 44. 9 i+

100 16. 3 °2F4
91 16. 3 °2F3

+
69 100 CF

3

cf3CF2CH2CH2I

m/e rel. abundance Assignment

274 100 C2F5C2H4I+
155 9 C2H4I+
147 24 c0frc0h"!"2 5 2 4

141 20 ch2i+
128 35. 5 hi+

127 71.1 i+

119 9 C2F5
69 44 cf3
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C-3 CFjCF CF.CF CH2CH I

m/e rel. abundance Assignment

374 58. 3 C2F5C2F4C2H4I+
227 41. 66 C2F4I +
177 25 * CF/
155 25 C2H4I+
141 4 1.66 CH2I+
128 41. 66 HI+

127 25 I+

119 25 C2F5+
100 25 C2F4+
69 100 CF

3

50 83. 3 CF2

In another experiment, pentafluoroiodoethane (32.6 x 10
o - 3

mol dm ), tetrafluoroethylene (0.0015 mol dm ) and 1, 1-difluoro-
-4 - 3

ethylene (6.64 x 10 mol dm ) were photolysed for 2 hours at

118°C. Gas chromatography indicated the presence of six products

which were identified by their mass spectra to be CF^CF^CF^CF^I,

CF3CF2CH2CF21' CF3CF2<CF2CF2>21' CF3CF2CF2CF2CH2CF2I,

CF3CF2CH2CF2CF2CF2I and CF CF (CF CF ) I in the order of
their elution. Only the first product where the parent ion was

present in its spectrum, whereas the spectra of the remaining five

showed an ionic fragment corresponding to the parent ion losing

iodine. Products 4 and 5 were identified as such considering the

order of elution of the first two products.
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c'-l cf cf cf2cf i

m/e rel. abundance Assignment

34 6 12 C2F5CZF4I+
111 2 C2F/
219 50 C4F9
207 4 C3F9
181 8

177 23 cf/
131 28 C3F5
128 4 HI+

127 44 I+

119 18 C2F5
100 21 C2F4

69 100 CF3

- cf-cf ch
3 2 2 cf2:

m/e rel. abundance Assignment

183 100 C2F5CH2CF1
177 28 cf2i+
128 7 HI+

127 33 I+

119 21 °2F5
113 25 C3HFI

69 86 CFI
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C-3 CF3CF2(CF2CF2)2I

m/e rel. abundance Assignment

319 12 C2F5<C2F2>2
231 6 sf;
181 4 C4F7
177 18 cf/
169 9 C3F7+
131 24 C3F5
128 7 hi+

127 28 i+

119 28 C2F5
100 16 C2F4

69 100 CF3

- CF3CF2C:F2CF2CH2CF2I

m/e rel. abundance As signment

283 10 C2F5C2F4CH2CF
219 8 C2F4C2F4+
177 14 cf2i+
119 20 C2F5
128 6 hi+

127 30 i+

100 22 C2F4+
69 100 cf +
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C '-5 : - CF3CF2CH2CF2CF2CF2I

m/e rel. abundance Assignment

283 8 cf3cf2ch2<cf2>3
183 6 cf3cf2ch2cf2
177 12 of/
100 14 c2f4

69 100 cf3

= " cf3cf2(cf2cf2'3i

m/e rel. abundance Assignment

419 4 c2f5<c2f4>3
369 weak c2fs<c2f4>2cf2
219 weak c2f5(cf2>2
177 weak of/
127 weak i+

69 100 cf
3

D. 1, I-Difluoroethylene

-4 -3
Pentafluoroiodoethane (21.8 x 10 mol dm ) and 1, 1-

-4 _ 3
difluoroethylene (14.7 x 10 mol dm" ) were photolysed for 2

hours at 125°C . Gas chromatography indicated the presence of

three products which were identified by their mass spectra to be;

CF3CF2CH2CF I, CF3CF'2CF2CH2I and CF^F^CH^F^I in
the order of their elution. The spectrum of the latter showed an

ion corresponding to the parent ion losing iodine. The two, 1, 1-

difluoroethylene adducts C..F CH CF I and C F CF CH I wereZbZZ c D c. c.

identified by the presence of the ion CF^I (m/e = 177) in the
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spectrum of the former but not the latter, whereas the spectrum

of the latter showed the ion (m/e = 141) but not the former.

d-l cf3cf2ch2cf2i
m/e rel. abundance As signment

310 31 c2f5ch2cf2i+
183 97 c f ch.cf

^ J 2b z

177 38 cf2i+
131 75 c3f5
128 14 hi+

127 50 i+

119 18 c2f5
69 100 cf3

- cf3cf2cf
m/e rel. abundance Assignment

310 84 c2f5cf2ch2i+
191 50 cfzch2i +
14 1 32 ch2i+
128 28 hi+

127 80 i+

119 20 c3hf4+
113

. 16 cf
3

69 100 cf3
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D-3 CF CF (CH CF )^I

m/e rel. abundance Assignment

247 28 c2f5(ch2cf.,)+
181 16 c4f7
177 23 cf/
131 75 c3f5
128 12 hi+

129 21 i +

119 12 c2f5
113 30 c3<

69 100 cf3

v

JL _ ^
Pentaflaoroiodoethane (32.6 x 10 mol dm ), 1,1-difiuoro

— 4 —' 3 <1
ethylene (18. 36 x 10" mol dm ) and ethylene (4. 98 x 10 mol dm

were photolysed for 2 hours at 140°C. Gas chromatography

indicated the presence of three products which were distinguished

by their mass spectra to be D- 1 and D-2 as above together with

CF^CF2CH2CH2I in the order of their elution.
d'-l CF3CF2CH2CH2I

m/e rel. abundance Assignment

274 100 c2f5c2h4i+
155 9 c2h4i+
146 28 fi+

141 28 ch/
128 39 h!+

127 78 i+

119 9 c2f5
cont.
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m/ e rel. abundance A s signment

93 11 C3F3
78 19 C _H.F*

3 4 2

69 46

6. Details of the Kinetic Experiments

A. (a) Addition of C-,Fr_I to vinyl fluoride alone
" D

-4 - 3.
In a series of runs, pentafluoroiodoethane (32.6 x 10 moi dm )

-4 - 3
and vinyl fluoride (14. 7 x 10 mol dm ) were photolysed. The only-

products obtained were CF ^CF^CH^CHFI and CF^CF^CHFCH^I.
The temperature varied in the range 36-156°C.

The areas of the peaks corresponding to the reverse adduct

(ie. to -CHF end) are measured relative to that of the normal adduct

which was set equal to 100

let a. = the relative area of C-.F_CH_.CHFI
X C* O

a_, = the relative area of C ->F cCHFCH I& £ D c.

(i) Temperature 156°C. Time 1.20h. (ii) Temperature 123 C . Time 1.35 h.

ai a2 al a2

100 6.06 100 4.76

100 5.99 100 4. 55

100 6.09 100 4. 65

100 5. 90 100 4. 82

100 4.75

Mean 100 6.01

Mean 100 4.71
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(iii) Temperature 101 C Time 1.4 h (iv)Temperature 88°C Time 2.00 h

al a2 ai a2

100 4.13 100 3.73

100 4. 06 100 3. 87

100 4.4 2 100 3. 85

Mean 100 4.21 Mean 100 3.82

(v) Temperature 68°C Time 2.40 h (v) Temperature 36 °C Time 4.00 h

al a2 ai a2

100 3.36 100 2.51

100 3. 53

100 3.30

Mean 100 3.40

The relative rates of formation of the reverse to the normal

adduct at the above temperatures are listed in Table 1.1 .

A least squares plot of:-

log [R{C2F CHFCH i)]/LR(C2F CH2CHFI) J vs. 1C>3/t
gave a gradient of -0.403 + 0.0167 and an intercept of -0.296 ~t 0.046.

(b) Addition of C^F^I to vinyl fluoride and ethylene
In a series of low conversion competitive experiments,

pentafluoroiodoethane (43.5 x 10~4 mol dm ^), vinyl fluoride

3 4 3
(14.7 x 10 4 mol dm ) and ethylene (6.6 x 10 mol dm ) were

photolysed for periods of time. The consumption of ethylene was kept

within 5% . Two products were obtained only, namely C^F^CH^CHFI
and C^F^CH^CH^I. The reverse adduct was produced in such a
small amount to be measured in such low conversion runs. This
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was calculated from section A(a).

Peak areas were measured relative to that of the ethylene

adduct which was set equal to one hundred.

Let a, = the relative area of C0FcCH0CH I1 c, o c. c.

a„ = the relative area of CLF CH CHFI
2 c, o L

a^ = the calculated relative area of C^F^CHFCH^I

(i) Temperature 200°C Time 0.02 h. (ii) Temperature 168°C Time 0.04 h

100

100

Mean 100

69.6

69. 2

69.4

5.04

5.01

5. 03

100

100

100

62. 1

62. 3

63. 9

3. 89

3. 89

4.00

Mean 100 62. 8 3. 93

(i ii) Temperature 144°C Time 0.05 h (iv) Temperature 108°C Time 0.40 h

1

100

100

100

2

58.7

59.2

56.0

3.25

3. 30

3. 10

100

100

100

57. 5

56.5

56. 5

2. 36

2. 32

2. 32

M e an 100 58.0 3.22 Mean 100 56.9 2.33

(v) Temperature 82°C Time 0. 15 h (vi) Temperature 61 C Time 0.20 h

100

100

100

51.5

52.0

50.4

1. 94

1.96

1. 89

100

100

100

52. 8

52.9

51.1

1. 65

1. 65

1. 60

Mean 100 51.3 1.93 Mean 100 52.3 1.63
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(vii) Temperature 4 8°C Time 0.20 h (viii) Temperature 28°C Time 0.25h

al a2 a3 al a2 a3

100 47.9 1.33 100 45.8 1.05

100 48.8 1.36 100 42. 8 1.00

100 47.5 1.32 100 43.8 1.00

100 47.5 1.33 100 44.2 1.01

100 49.3 1.38 Mean 100 44.2 1.015

Mean 100 48.2 1.34

The relative rates of formation of these products at the above

temperatures are listed in Table 1.2 .

A least squares plot of:-

iog10 (r(c2f5ch2chfi)/r(c2f5ch2chzi), [ch2=ch2 J/lch2-chfJ)
vs. 10^/T gave a gradient of -0.144 * 0.0132 and an intercept of

-0.217 + 0.0362

and a least squares plot of:

log10 (r(c2f5chfch2i)/r(c2f5ch2ch2i). iCH2=CK2 J/lchf=ch2 J)
vs. 10 /T gave a gradient of -0.555 * 0.015 and an intercept of

-0.492 + 0. 0414

Table 1. 1 Relative rates of formation

T emp/K time /h cf3cf2ch?chfi cf3cf2chfch2i
429 1.20 1. 00 0. 060

396 1. 35 1.00 0. 047

377 1.40 1. 00 0. 04 2

361 2.00 1. 00 0. 038

339 2.40 1.00 0. 034

309 4.00 1.00 0. 025
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T able 1. 2 Relative rates of formation of products

T emp/K time/h CF3CF2CH2CH2T C F^C F^C H^C HFI CF^CF^CHFCH^I

473 0.02 1. 00 0.31 0. 023

44 1 0. 04 1.00 0. 28 0.018

4 17 0. 05 1. 00 0. 26 0.015

381 0.40 1. 00 0. 26 0.010

355 0. 15 1.00 0. 23 0. 009

334 0. 20 1.00 0. 24 0.007

321 0. 20 1. 00 0. 22 0. 006

301 0. 25 1. 00 0. 20 0. 005

B. (a) Addition of C_,FrI to 1, 1-difluoroethylene alonec* o

-4 - 3
In a series of runs pentafluoroiodoethane (21.8 x 10 mol dm )

-4 -3
and 1, 1-difluoroethylene (14.7 x 10 moldm ) were photolysed.

Three products were obtained; C F CH CF.,1, C F CF CH I and25 22 252 2

C.F (CH CF )d, The temperature varied in the range 36-218 C.2 5 2 2 2

The telomer CAF (CH0CF0)^I was formed only at 160°C and higher2 5 2 2 2

temperatures.

The areas of the peaks corresponding to the reverse adduct

(ie. to -CF2 end) are measured relative to that of the normal adduct,

and at 160°C and higher temperatures, to that of the normal adduct

together with the telomer which was set equal to 100.

a = the relative area of C?F CH CF I1 c o L L

a^ = the relative areas of C^F^CH^CF^L and C^F^CH^CF^
a_ = the relative area of CT CF CH,I2 2 5 2 2
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(i) Temperature Z18°C Time 0.20 h (ii) Temperature 200°C Time 0.30 h

a^
2

1.77

1.79

1.70

1.75

Mean 100 2.05 Mean 100 1.75

(iii) Temperature 182°C Time 0.45h (iv) Temperature 160°C Time 0.50 h

ai a2 ai a2

100 1. 31 100 1. 17

100 1.42 100 1. 14

100 1. 50 100 1. 22

100 1.41 100 1.27

Mean 100 1. 20

(v) Temperature 124°C Time 2.3 h (vi) Temperature 110°C Time 2.45 h

al a2 ai a2

100 H- o 100 0. 93

100 1.01 100 0. 89

100 1. 03 100 0. 87

100 1.09 Mean 100 0. 897

100 oorH

Mean 100 1. 03

ai a2 al
100 2.00 100

100 2.11 100

100 2.04 100

100 2.05 100
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(vii) Temperature 97°C Time 2. Oh (viii) Temperature 88°C Time 2.45h

al a2 al a„
2.

100 0.78 100 0.70

100 0. 76 100 0.71

100 0. 76 100 0.71

100 0.75 Mean 100 0.707

Mean 100 0.76

(ix) Temperature 60°C Time 3.00 h (ix) Temperature 36°C Time

ai a2 ai a2
100 0. 575 100 0. 32

100 0. 597 100 0. 33

100 0. 580 Mean 100 0. 325

Mean 100 0. 584

The relative rates of formation of the reverse product at the

above temperatures are listed in table 1.3

A least squares plot of:

l°g10 (R(C2F5CF2CH2l)/LR(C2F5CH2CF2l)+R(C2F5(CH2CF2y*j against
O _L

10 /T, gave a gradient of -0.602 _ 0.029 and an intercept of

-0.4899 t 0.075.

* only at 160°C and higher temperatures

(b) Addition of C2F,.I to 1, 1-difluoroethylene and ethylene
In a series of low conversion competitive experiments,

-4 - 3
pentafluoroiodoethane (32.6 x 10 mol dm ), 1, 1-difluoroethylene

(18.36 x 10~4 mol dm and ethylene (4.95 x 10 4 mol dm were

photolysed for periods of time. The consumption of ethylene was kept

within 5%. Two main products were obtained; C^F^CI^CF^ and
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C F CH CH 1 and at high temperatures C F CF CH I, as the latter
U J U Li Cj 3 Ct C*

was produced in such small amounts to be measured at these low

conversion runs. The areas of which were calculated from

section B (a).

Peak areas were measured relative to that of the ethylene

adduct which was set equal to a hundred.

let a. = the relative area of C ,,F _CH..CH.)Ii. u J U Z

an = the relative area of CFF rCH.,CF.-,I2 2 5 2 c

a = the relative area of C F CFTH I
Z b Z Z

(i) Temperature 206°C Time 0.03 h (ii) Temperature 164°C Time 0.08 h

1 2 3

100 32.5 0.578

100

100

32. 2

32.5

0. 573

0. 578

1

100

100

100

2 3

31. 6 0.489

31.0 0.480

31.6 0.489

Mean 100 32.4 0.576 Mean 100 31.4 0.4 87

(iii) Temperature 129°C Time 0.20 h (iv) Temperature 1 12°C Time 0.35 h

1 2 3

100 26.0 0.266

100 27.0 0.276

1

100

100

2 3

26.8 0.236

27.0 0.238

100 27.5 0.281 Mean 100 26.9 0.237

100 26.3 0.269

Mean 100 26.7 0.273

(v) Temperature 93°C Time 0.45h (vi) Temperature 71°C Time 1.00 h

1 2 3

100 24.5 0.180

1

100

2 3

20.6 0.1172

100 24.2 0.177 100 20.6 0.1172
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(v) cont. (vi) cont.

al a2 a3 ai a2 a3
100 24. 1 0. 177 100 20. 1 0. 1144

100 24.5 0. 179 100 20. 1 0. 1144

Mean 100 24 . 3 0. 178 Mean 100 20. 35 0. 116

(vii ) Temperature 60°C Time 1. 10 h (viii) Temperature 37°C T imei 1.25 h

ai a2 a3 a
1 a2 a

3

100 20. 2 0. 1012 100 16. 8 0.0617

100 19.9 0.0997 100 16. 4 0.0602

100 20. 5 0.1027 100 16. 5 0.0606

100 20.4 0.1022 100 16. 6 0.0609

Mean 100 20.25 0. 101 Mean 100 16. 6 0.0609

The relative rates of formation of the products at the above

temperatures are listed in table 1.4

A least squares plot of :

log1() (R(C2F5CF2CH2I>k(C2F5CH2CH2I) . JCH^CH^ ]/ [CH^CF^ J)
J

against JO /T gave a gradient of -0.2625 * 0.02 and an intercept of

-0.481 + 0.0549,

and a similar plot of:

log10 (R(C2F5CF2CH2I)/R(C2F5CH2CH2I) . lCH2=CH2]/tCH2=CF2]
against 10 /T gave a gradient -0. 888 J 0. 033 and an intercept

-0. 903 t 0. 09.



emp

491

473

455

433

397

383

370

363

361

333

309

able

emp

479

437

402

385

366

344

333

310

39

Relative rate of formation of reverse product

time / h C.F CH.CF I
Z 5 Z Z

C F CF.CH I
c, Ct Cj

0. 20

0. 30

0.45

0. 50

2.00

2.45

2. 00

3. 00

2.45

3. 00

3. 20

1. 00

1. 00

1.00

1.00

1.00

1.00

1.00

1. 00

1. 00

1.00

1.00

0.0205

0.0175

0.0141

0.0120

0.0103

0.0090

0.0076

0.0070

0.0071

0.0058

0.0033

Relative rates of formation of products

time /h C^5CllfF2l C2F5CF2CH2r
0. 03

0. 08

0.20

0. 35

0.45

1.00

1. 10

1.25

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1. 00

0. 088

0. 085

0. 072

0.073

0.066

0. 055

0.055

0.. 04 5

0.00156

0.00132

0.00074

0.00064

0.00048

0.00031

0.00028

0.00017
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C . Addition of C ^1 to trifluoroethylene and ethylene
In a series of low conversion competitive runs, pentafluoro-

-4 -3 -4
iodoethane (43.5 x 10 mol dm ), trifluoroethylene (8.6 x 10

-3 -4 -3
mol dm ) and ethylene(3.9 x 10 mol dm ) were photolysed for

periods of time. The consumption of ethylene was kept within 5%.

Three products were obtained: C.F CHFCF I, C_F CF_CHFI andZ D Z Z D Z

CT CH CHT.
u J Z Z

Peak areas were measured relative to that of the ethylene

adduct which was set equal to a hundred.

let a, = the relative area of C.F CH.CH I
1 Z D Z Z

an = the relative area of C.FrCHFCF^I2 2 3 2

a. = the relative area of C F CF CHFI
3 Z d Z

(i) Temperature 163^ Time 0. 04 h (ii) Temperature 147°C Time 0 . 0 8 h

ai a2 a3 ai La a3

100 4. 94 1. 80 100 3.61 1.27

100 4.70 1.70 100 3. 80 1 . 27

100 4. 65 1. 64 Mean 100 3.70 1.27

Mean 100 4.76 1.71

(iii) Temperature 121° C Time 0. 1 6h (iv) Temperature 104°C Time 0. 24

al a2 a3 ai a2 a3

100 3. 55 1. 11 100 3.39 -

100 3. 36 1. 11 100 3. 38 -

Mean 100 3.46 1. 11 100 3.43

Mean 100 3.40
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(v) Temperatur e 94oc T ime 1.11 h (vi) Temperature 80°C Time 0. 35 h

al a2 a
3 ai a2 a3

100 2.79 0. 83 100 2. 30 0. 58

100 2. 97 COCO•o 100 2.40 0. 52

100 2.78 0. 81 100 2. 50 0.66

Mean 100 oco•CVJ 0. 82 100 2.48 0. 64

Mean 100 2.42 o o o

(vii) Temperature 5 3° Time 3.00 h (viii) Temperature 44°C Time 1.20 h

ai a2 a
3 ai a2 a3

100 2. 20 0.40 100 2. 19 0. 364

100 2. 20 0.45 100 2.27 0. 380

100 2.40 0.44 1 00 2.21 0 .034

Mean 100 2. 27 0.43 Mean 100 2. 22 0. 36

The relative rates of formation of products at the above

temperatures are listed in Table 1.5

A least squares plot of:

I°g10 (R(c2f5chfcf2i)/r(c2f5ch2ch2i) . lch2=ch2]/lch2=cf2J)
3

against 10 T gave a gradient of -0.365 1 0.044 and an intercept of

-0.874 ^0.12 and a second plot of:

log10 (R(C2F5CF2CHFI)/R(C2F5CH2CH2I) . LCH2=CH2J/lCHF=CF2 J)
against 103/T gave a gradient of -0.754 1" 0.035 and an intercept of

-0.404 1 0.096 and a third plot of:

log (R(C2F5CF2CHFl)/R(C2F5CHFCF2l))against 103/T gave a

gradient of -0. 388 t 0. 04 1 and an intercept of 0.475 ^0.11



Table 1.5 Relative rates of formation of products

Temp/K time /h C2F5CH2CH2.1 CLF CHFCF.I
2 5 2 C^F^C F^C HFI

436 0. 04 1. 00 0.0215 0.0077

420 0.08 1. 00 0.0167 0.0057

394 0. 16 1.00 0.0156 0.0050

377 0. 24 1.00 0.0154 -

367 1.11 1.00 0.0130 0.0037

353 0. 35 1. 00 0.0110 0.0027

326 3.00 1.00 0.0103 0.0019

317 1.20 1.00 0.0101 0.0016

D. (a) Addition of C^1 to tetrafluoroethylene and ethylene
In a series of low conversion competitive runs, pentafluoroiodo-

-4 -3 ' -4 -

ethane (43.5 x 10 mol dm ), tetrafluoroethylene (22. Ox 10 mol dm

-4 -3
and ethylene (4 . 98 x 10 mol drn ) were p.hotolysed for periods of time.

The consumption of ethylene was kept within 5%. Three products were

obtained; C-F_CF_CF_If C,FcCRCHJ and C_F_CF_CF_CH,CH,I.

Peak areas were measured relative to that of ethylene which

was set equal to 100.

let a, = the relative area of C F CH,CH I1 2 5 2 2

a.-, = the relative area of C,F CF.CF.I
Lt c* !D L* L*

a., = the relative area of C_F CF CF CH CH I
j u 5 w u Z u
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(i) Temperature 167°C Time 0.06H (ii) Temperature 142°C Time 0.11 h

1

100

100

100

100

Mean 100

2

14. 3

14.4

13. 1

13.8

13.9

3

19. 3

18. 0

18. 1

17.4

18. 2

1

100

100

100

100

Mean 100

a2

13.4

13. 1

12. 5

12. 8

12. 9

~3

13. 3

13.4

12. 8

14.4

13. 5

(iii) Temperature 132°c Time 0.17 h (iv) Temperature 114°C Time 0.20 h

"1

100

2

14.5

3

11.3

a
1

100

~2

14. 5

3

9. 6

100

100

Mean 100

14.9

13.5

14 . 3

11.7

13.0

12.0

1 00

10.0

Mean 100

14. 2

14. 3

9.2

8. 9

14.33 9.23

(v) Temperature 102°C Time 0.30 h (vi) Temperature 82°C Time 0.45 h

al aZ 3

100 16.5 7.6

°1 2 3

100 15.4 8.1

100 15.8 7.6 100 16.4 6. 8

100

Mean 100

15.7

16. 0

7.4

7.5

100

Mean 100

15. 8

15. 9

6.4

7. 1

(vii) Temperature 61° Time 0.48 h (viii) Temperature 56°C Time 1.05 h

1

100

2

12.0

3

5. 6

1

100

2

12.2

3

5.4

100

100

11.7

12.0

5.3

5.7

100

100

12. 9

12. 1

5.5

5.7

Mean 100 11.9 5. 5 Mean 100 12.4 5.5
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(ix) Temperature 33°C Time 1.00 h

al a2 a3

100 10. 5 3.4

100 9.3 2. 8

100 8. 9 3. 1

100 10. 5 3. 1

Mean 100 9. 8 3. 1

The relative rates of addition to CF^CF^ and CH^CH^ at
the above temperatures are listed in Table 1.6

A least squares plot of:

log ( [R(C2F CF2CF2I)+ R(C2F5CF2CF2CH2CH2I)]/R(C2F5CH2CH2I) .
3

l.CH2=CH2 j/|[CF2=CF? j) against 10 /T gave a gradient of
-0.351 + 0.0328 and an intercept of -0.35 +" 0.09

Table 1.6 Relative rates of addition of C 0F I to CH =CH0 and CF =CF02 5 2 2 2 2

T emp/K time /h CH2=®2 CF2=CF2

440 0.06 1. 00 0.073

4 15 0. 11 1. 00 0. 060

405 0. 17 1. 00 0.059

387 0. 20 1. 00 0. 053

375 0. 30 1. 00 0.053

355 0.45 1. 00 0.052

334 0.48 1. 00 0. 039

329 1.05 1. 00 0.041

306 1.00 1. 00 0.029
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(b) Addition of C^F^-I to tetrafluoroethylene and 1, I-difluoroethylene
In a series of low conversion competitive experiments, penta-

fluoroiodoethane (32. 6 x 10"^ mol drn"^), tetrafluoroethylene

4 3 4 3
(14.7 x 10 mol dm" ) and 1, 1 -difluoroethylene (6, 6 x 10 mol dm )

were photolysed for periods of time. The consumption of 1, 1-difluoro¬

ethylene was kept within 5%. Six products were obtained: C ^F^. CF^C F^I,

C2F5CUZCFZ1'°2F5<CF2CF2>21' C2F5CF2CF2CH2CF2I'
CXCH CF CF CFjI and C F (CF^F^I (was obtained at 138°C
and higher temperatures).

Peak areas of products were measured relative to that of

1, 1-difluoroethylene adducts which were set equal to 100.

let a, = the relative area of (C,F CH.CFJ + CFCHCF_C-.FI)1 v 2 5 2 2 252224'

a.. = the relative area of C,F CF,CF IZ Z D z z

a = the relative area of C F (CF CF ) I3 2 5 2 2 2

a. = the relative area of CnFcCFnCF1CH1CF I4 2 5 2 2 2 2

a_ = the relative area of C F (CF CF ) I5 Z 5 Z Z 3

(i) Temperature 212°C Time 0.02 h

al a2 a3 a4 a5

100 116. 6 39.7 33.7 12.7

100 106. 8 39.7 34. 1 11.6

100 114. 2 38.5 31. 6 13.3

100 112. 2 39. 3 33. 1 12.5
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(ii) Temperature 184°C Time 0.05 h

ai a2 a3 % a5
100 124.6 35.6 35.2 8.7

100 123.9 36.9 35.8 9.6

100 126.5 38.1 37^2 9.0

Mean 100 125.0 36.9 36.1 9.1

(iii) Temperature 160°C Time 0.13 h

ai a2 a3 a4 a5
100 135.1 37.1 24.0 5.98

100 135.9 34. 2 24 . 0 5.70

Mean 100 135.5 35.65 24.0 5.84

(iv) Temperature 13 8°C Time 0.22 h

al a2 a3 a4 a5
100 135.7 2.7.9 24.5 4.9

100 135.5 26.9 24.4 4.2

100 135.0 27.0 23.7 4.3

Mean 100 135.4 27.25 24.2 4.5

(v) Temperature 112°C Time 0. 30 h •

ai a2 a3 a4
100 126.9 27.1 25.6

100 127. 7 32, 2 27. 3

Mean 100 127. 3 29. 65 26.45
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(vi) Temperature 104 °C Time o u> 00 tr

al a2 a3 a4
100 133. 0 20. 3 16.0

100 136. 1 18. 8 15.2

100 133. 1 18. 5 15.4

Mean 100 134. 1 19.2 15.5

(vii) Temperature 84 °C Time 0.45 h

al a2 a3 a4

100 137. 8 16. 35 11.6

100 142.4 17.06 13.4

100 142. 9 17.06 13.4

Mean 100 141.0 16. 30 12. 23

(viii) Temperaturee 62°C Time 1. 10 h

al a2 a3 a4

100 129 8. 9 9. 3

100 126 9.4 9. 8

Mean 100 127. 5 9. 15 9.55

(ix) Temperature 36° C Time 1.. 27 h

al a2 a3

100 130.4 4.47

100 132.7 4. 53

100 134.4 4.70

Mean 100 132. 5 4. 57

The relative rates of addition of C0FcI to CF =CF and
C 0 c c

CH^CF^ at the above temperatures are listed in Table 1.7.
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A least squares plot of:

I°g10 IR(c2f5cf2cf2d + r(c2f5(c2f4)2i) + r(c2f5c2f4ch2cf2x) +

r(c2f5(c2f4)3i)s,j /ir(c2f5ch2cf2i) + r(c2f5ch2cf2cf2cf2i)j .
3

JCH^CF^ ]/l-CF^CF^ ]) against 10 /T gave a gradient of
-0.156 ^ 0.018, and an intercept of -0.305 1" 0.04 6

* formed at 138°C and higher temperatures.

Table 1.7 Relative rates of addition of C F I to CF =CF and CH =CF
Z D Z L. Z Z

T emp/K time/h CH2=CF2 CF2=CF2

485 0. 02 oofH 0. 892

457 0.05 1.00 0. 936

433 0. 13 1.00 0. 909

411 0.22 1.00 0. 865

385 0. 30 1. 00 0. 829

377 0. 38 1.00 0.763

357 0.45 1.00 0.766

335 1 . 10 1.. 00 0. 662

309 1.27 1.00 0. 620



DISCUSSION
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T he mechanism of the photochemical addition of perfluoroalkyl

iodides has been well established. In this work G'F radicals were
2 b

produced by the photolysis of an excess of pentafluoroiodoethane in the

presence of the olefin to be studied, at wavelengths at which the olefins

do not absorb light. The wavelength absorbed by the starting iodide

usually represents more than sufficient energy to break the carbon-iodine

bond, so that the iodine atom is electronically excited.

C0F I + hv* —> C F + I* (1)
c. D C. D

C 0F + OI > C.,F Ol' (2.)2 b 2 b

C2F5Ol' + C2F5I —> C2F_01I + C2F5" (301)

The initiation step (1) is followed by the chain carrying steps

(2) and (3) in which "Ol" stands for the olefin. In these experiments

the olefin was reacted competitively with ethylene "E".

C2F5' + E > C2F5E" (2E)
C 0F E + C ->F I > C,F_EI + C~F ' (3E)

L b L. D u D L. D

The pentafluoroethyl radical produced in the initiation step (1)

may be thermally excited. But since the formation of the dimer (C2F_)2
was very small, the chains were considered to be long and the effect of

the excited radicals on the overal kinetics can be neglected

Iodine can add to the olefin;

I* + Ol > IOl * (4)

IOl" + C F I >I01I + CF • (5)2 5 2 5

but no diiodides were formed. This shows that the addition of iodine

is reversible and lies well to the left hand side (react. (4) ) under the

experimental conditions employed.
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The termination reactions are;

C2F5'+I' >C2F5I <6>

C2F5'+C2F5' ^C2F5°2F5 (7»
I* + I* + M => I + M (8)

For low conversions and making the steady state assumption

it is easy to show that the ratio of the rate of formation of ethylene

adduct R(C F CH CH I) to the rate of formation of an olefin adduct
L-, U U fcj

R(C2F^01I) in a competitive reaction is given by

R(C2F5CH2CH2I) k2ELEj.
r(c2f5ou) = k2 LOIJ.

where i stands for initial.

In the cases where C2F^I adds to unsymmetrical olefins, we get;

R(I01C2F5) k2
R(C,F Oil) k0

L* O L.

The orientation ratio was defined as;

°r= 4
k2

Telomer formation was observed with the additions to tetrafluo

ethylene and 1, 1, -difluoroethylene. The competitive experiments for

tetrafluoroethylene were made using ethylene as well as 1, 1-difluoro-

ethylene. The reason was that tetrafluoroethylene was

substantially less reactive than ethylene.

Telomer formation with tetrafluoroethylene can be represented

RV +CF2=CF2 >C2F5CF2CrY <9>
which reacts with ethylene ;
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C2F5I
C.FcCF,CF ' +CH =CH, >C_FcCF0CF0CH0CH02 5 2 2 2 2 2 5 2 2 2 2

CZF5CF2CF2CH2CH2I <10»
or with another molecule of tetrafluoroethylene;

C2F5CF2CIY + CF2=CF2—» C2F5(CF2>3OF2'-^i>C2F5<CF2CF2>21
(11)

or with 1, 1-difluoroethylene;

C2F5I
C2F5CF2CF2' + CH2~CF2 >C2F5C2F4CH2CIY ~>

C2F5C2F4CH2CF2I <12>
Telomer formation with 1, 1 -difluoroethylene can be similarly

represented as follows;

C2F5' +CH2=CF2 >C2F5CH2CF2 <13»
which reacts with another molecule of 1, 1-difluoroethylene;

C zF 51
C1FcCH1CF " + CH -CF > C,F,CH CF FH.CF ' >d* 0 d> d* d* d d !d d d d> d

C2F5(CH2CF2>21 <14>

C2F5I
or with tetrafluoroethylene;

C2F5CH2CF2 + CF2=CF2 >C2F5CH2<CF2>2CIY " ^ >

C2F5CH2(CF2)3I (15)

In systems where telomerisation occurs, it is necessary to add

all telomers derived from the same adduct radical to the appropriate

adduct to obtain the relative rate constant for addition to a particular

site. The relative rates of addition of the adduct radical C F CF CF '
2 5 2 2

to ethylene, 1, 1-difluoroethylene and tetrafluoroethylene (k^/k^p =

0.9, k. -,/k__ = 0. 08 and k. . /k0_ = 0. 07) indicates that it adds much12 2E 11 2E

faster to ethylene and slowest to tetrafluoroethylene.
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Tables (1.8) and (1.9) list the orientation ratios for the

addition of pentafluoroethyl radicals to the fluoroethylene s studied.

Also included are the results for CF^' , n-C^F^", ^"^3^7" an<^
other longer straight chain and branched fluoroalkyl radicals. For

the straight chain radicals it is immediately apparent that there is

a gradual increase in selectivity up to n-C^F^' radical. Further
increase in the chain lengths have almost no effect on the radical

selectivity. This present work confirmed quantitatively the earlier

work by Tedder and Walton in which the orientation of addition of a

number of radicals was studied^.

Table 1.8, on the other hand shows that the successive

replacement of fluorine atoms in the trifluoromethyl radical by -CF^
groups has the effect of a significant increase in the selectivity of the

radical, This is in contrast to the straight chain radicals, all of which

show approximately the same selectivity as C F * radicals.

Table 1.8 Orientation Ratios for the Addition of Perfluoroalkyl

Radicals to Fluoroethylenes

k« /k
p a

Or(164 °C)

Radical
ch =chf

a p CH2=5F2a (3
chf =cf
a p

Refe renc e s

cf3' 0. 12 0. 040 0. 53 25, 26

CF3CF2* 0.06 0.014 0. 39 this work

CF3CF2CF2' 0.05 0. 011 0.31 36

(cf3)2cf- 0.02 0.001 0. 10 31

(cf3)3c- 0. 05 - 0. 02 37,46
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Table 1.9 Orientation Ratios for the Addition of Perfluoroalkyl

Radicals to Fluoroethylenes

k /k
p a

Or (150°c)

Radical ch?=chf
a (3

ch2=cf2
a (3

chf=cf
a (3

References

cf3- 0.090 0. 030 o Ul o 25, 26

CF3CIY 0. 057 0.012 0. 36 thi s work

cf3(cf2)2- 0.05 0.009 0. 25 3 6

cf3(cf2)3- 0. 05 0.007 0. 24 24

cf3(cf2)6- 0.05 0. 007 0. 23 24

cf3(cf2)7' 0. 04 0.006 0.22 24

The competitive addition, either between the fluoroethylene

and ethylene or between both sites of attack of an unsymmetric olefin

is studied over a range of temperatures. This allows the determination

of the relative Arrhenius parameters. Table (1. 10) compares the

relative Arrhenius parameters and relative rates at 164°C for the

addition of C^P^* , CF^" , n-C^F^", i-C^F^' and t-C^F^" radicals
to the fluoroethylenes studied. Addition to ethylene was taken as

a standard.

The important feature of the table is that the observed changes

in selectivity between the radicals are due to greater differences in the

activation energy terms. The ratios of the pre-exponential terms

(A /A ) are usually less than one. The scatter in the ratios of the
L-* SLi

"A"-factors observed is attributed to the fact that a slight change

in the slope of the straight line for an Arrhenius plot can produce a big

effect on the intercept. However, the activation energy follows a



„(25,26)(36,37),(31)(37,46)C„Fr•,CF•' ,n-C_F• .i-C_F_•,(CF_)_C*,TOFLUOROETHYLENES —^—53J—/3—73—3
Olefin

k2/k2E<164°c>**

E„-E(k-«almol1)ZE

W*

cf3-

ĉ• 2*5

n"C3V

i.-C3V

C4F9'

CF3-

CF• 25

n-c3F7.
i-CF• 37

t-CF• 49

CF3'

CF• 25

„-c3F7-
i-CF• 37

t-CF* 49

i

*CH=CHFjo.492!
0.56

0.34

0.53

0.48

0.5

0.66

0.79

0.83

0.98

0.9

1.20

0.79

1.4

1.48

*ch2cf2
0.15

0.17

0.22

0.23

0.33

1.2

1.20

1.7

1.24

1.11

0.6
!

0.66

0.79

1.0

1.20

*c'hf=ch„
z

0.056

0.033

0.017

0.009

0.003

1.9

2.54

3.03

3.55

4.33

0.5

0.64

1.25

0.5

0.37

*̂CHF=CFm̂2
0.031

0.020

0.045

0.017

0.013

1.9

1.7

3.05

2.8

3.03

O.3

0.27

1.58

0.4

0.41

•

■>cf2-ch2
0.006

0.002

0.0025

0.0002

-

3.2

4.1

5.4

6.13

-

0.2

0.251
0.50

0.3

*CF2=CHF
0.016

0.007

0.014

0.0017

0.0003

2.7

:

3.5j4.09
|

4.2

5.47

0.4

0.79

1.58

0.2

0.41

*cf2-cf2
0.12

0.067 (0.08)***
0.045

0.008

0.0008

1.711.61 (1.90)***
1

2.1

2.47

4.06

O.8

0.45

0.50

0.4;0.09 1

"

*siteofattack
**correctedforbothendswhennecessary

***whencomparedto1,1,difluoroethyleneandthenbackcomparedtoethylene
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regular and consistent trend.

The results obtained for the n-C^F^* radicals were obtained
before the technique applied by Tedder and Walton was perfected,

more important, each olefin was not run competitively with ethylene.

This means that the original values of A/A™ and (E-E ) are theiii hj

results of ratios of ratios. Table 1.9 shows that the orientation

ratios form a very consisten pattern and it seems probable that the

actual relative rates in the originai ir-C^F^,* radical study were
correct but the scatter of points in the Arrhenius plots were sufficient

to give poor intercepts.

Two possible transition states have been proposed for the

addition of small radicals to mono-olefins; a if-transition state,

in which the interacting radical is associated with a double bond (three

electrons delocalised over three carbons) and a -transition state,

in which the radical is associated with one of the carbon atoms adjacent

to the doxible bond (two electrons delocalised over two carbons).

There will be only one if- complex, but in the case of an unsymmetric

olefin two products were obtained (resulting from attack on both ends

with different rate constants and activation energies). This suggests

that a "tr'-complex" type transition state is most probable. Further

support for the 6*-transition state, which represents the highest

point of the potential energy profile (Fig. 1.2), is the correlation of

the relative activation energies (AE=E -E ) with the localisation
u ILa

energies w ) calculated from the simple Huckel m.o. theory.

In a real situation, the localisation process will obviously be

complete well after the highest point of the energy profile has been
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passed and further towards the product.

Fig. 1.2 Potential energy diagram for alkyl radical addition reactions

Reaction co-ordination

In the case of electrophilic radicals with halogenosubstituted

olefins, polar effects can be allowed for in a rather crude fashion

by adding to the localisation energy a term proportional to the net

atom charge SQ/ > also calculated from Huckel theory.

Correlations of the activation energy with L,/*+ BS QJ* , where B is

a constant were obtained for the addition of CF^' , i-C^F^' and t-C^F^"
radicals to fluoroolefins. Tedder and Walton found 0.5 to be the

best value for B. One could then expect also a similar correlation for

C_F * radical addition reactions which will also suggest a C*"-transition2 5

state.
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Fig. 1.3 shows the activation energy differences (E-E-^)
plotted against each other. The values for the present work with

pentafluoroethyl radicals are plotted along the horizontal axis and

the corresponding values (ie. attack at the same sites) for trifluoro-

methyl, n-heptafluoropropyl ("revised") and heptafluoroisopropyl

radicals are plotted along the vertical axis. The present results

, 24-26, 31show a linear relaticrnsnip with previous sets of results

The steeper slope as the radical becomes larger either in a straight

chain as with n-C^F^* radical or in a branched chain as with i-C^F^'
radical provides a quantitative measure of its increased selectivity.

The results for pentafluoroethyl radical show intermediate behaviour.
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The orientation of the addition, listed in Table 1. 8 is

consistent with the predictions of the Walling and Mayo theory in

its simplest form, which relates the orientation to the relative

resonance stabilisation of the radical. With vinylidene fluoride

the orientation ratio (k^ /k^), for t-C^F^" radicals is too small
_ 3

to measure. Even with i~C F * the orfentation ratio (k0 /k ) is 10
3 7 ' (3 cr

Perhaps the most striking features of tables 1. 8 and 1. 10 are that

the increase in orientation ratio is almost entirely due to a reduction

in the rate of addition to the most substituted end of the olefin. The

relative rates of attack at the unsubstituted ends of vinyl fluoride

and vinylidene fluoride vary only slightly across table 1. 10, although

the odd electron in the adduct radical is situated at sites where

increasing delocalisation is possible. Also the rate of addition

decreases and the activation energy increases rapidly for the addition

to the -CEL,> -CHF and -CF^ ends of these olefins respectively,
although in each case, the odd electron is situated on a -CH^ group.

This shows that Walling and Mayo's theory no longer gives the correct

predictions. In other words, the high orientation ratio is almost

entirely due to the difficulty of addition at the substituted end of the

olefin, a conclusion supported by the great variation in the relative

rates of addition to tetrafluoroethylene where both ends are fully

substituted.

Tables 1.10 and 1.8 also manifest the important role steric

effects play in determining the rate and orientation of radical addition.

It is impossible to separate steric effects in radical addition from

polar effects. The electron density at the trivalent carbon atom is

directly connected to the shape of the radical which in turn determines
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to a major extent the steric hindrance in radical addition to an olefin.

Also it is expected that the three n-fluorine atoms in trifluoromethyl

radical will exert a similar inductive withdrawal to the three

trifluoromethyl groups in the perfluoro-t-butyl radicals. This

suggests that the enhanced selectivity must be due to steric effects.

This is confirmed by the Hammett er*-values for CF^-, CF^CF^-
3 8

and (CF^J^CF- groups which are similar . However, in 1964
Andreades determined the acid dissociation constants of the

corresponding perfluoroalkyl hydrides and found that they increased

by ten orders of magnitude f rom fluoroform to perfluoro-t-butyl

39 40
hydride . These data have been re-evaluated by Holtz . Unlike

Andreades who interpreted his results in terms of stabilisation of the

fluorocarbanion by fluorine hyperconjugation, Holtz showed that the

variation in acidity can be attributed to electronic repulsion between

the electrons in the non-bonding orbital on the trivalent carbon atom

of the carbanion and the filled 2p atomic orbitals of the adjacent

4 1
fluorine atoms (p-p lone pair repulsion) . Holtz has also shown

that the pKa's determined by Andreades correlated with the sum of
W vU

the Taft constants (pKa a . This destabilising interaction

is greatest with the trifluoromethyl anion and absent with perfluoro-t-

butyl anion.

Since the fluoroalkyl radicals contain one non-bonded electron

in the carbon orbital which contains two electrons in the carbanion,

similar repulsion will be expected. An m.o. interpretation of the

properties of halogenornethyl radicals by Epiotis and his coworkers

42
leads to a similar conclusion . They found that the stability of

the radical depends on the extent of overlap between the interacting
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orbitals (the half-filled orbital of the carbon and the 2p orbital

of the halogen). For constant overlap, the smaller the energy-

separation between the interacting orbitals, the greater the

stabilisation of the radical.

Fig. 1.4 shows good linear correlations between pKa

values of the radicals and the log of the orientation ratios, for

addition of these radicals to the unsymmetric fluoroethylenes.

This is a confirmation of the above ideas.

Table 2.11 pKa Values and log of orientation ratios used in Fig. 1.4

log Or (164°C)
Radical CH =CHF CH2=CF2 CHF=CF2 pKa

CF3 * -0.94 -1.44 -0.29 31.41

C2F5* -1.22 -1. 85 -0.41 28. 50

i-C3F7- 1 »—1 • 00 1 u> o o oo*t—i1 25.22

t-C4F9' -2.28 1 O O -1. 67 20.29

Fig. 1.4 shows that although there is a good correlation

between the acidity of the perfluoroalkyl hydrides and the

orientation ratios for addition by the perfluoroalkyl iodides and

this points to a polar effect, it would be misleading to deduce

that polarity is necessarily the sole important factor in the transition

state. The electronic repulsion between the half-filled orbital on

the trivalent carbon atom and filled 2p atomic orbitals on adjacent

fluorine atoms, as well as increasing the relative electronegativity

of the trivalent carbon for the fluoroalkyl radicals will also bend

the three bonds joined to it out of plane. Thus the trifluoromethyl
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O
o

-sF
vO

n o ch =chf
o ^ z
60 ©ck,=cf,o Z 2

* chf=cf2

PKa (0°C)
Fig. 1-4 Correlation between pKa's amd log Or (164°C)

radical is the least electronegative but also the most pyramidal

(da-fluorines) while in contrast perfluoro-1-butyl radical is not

only the most electronegative but is also the most planar as

43,44
observed by their esr spectra . By analogy the pentafluoroethyl

radical would show intermediate pyramidalisation and electronegativity

and in turn intermediate orientation ratios. A trend obtained

experimentally. It is clear therefore that while lone pair repulsion

is a major factor, it is less certain whether it operates more through

polarity than through steric hindrance, the two effects are interrelated.
45

A similar attempt to that made by Tedder and Walton
46

was made by Vertommen to demonstrate the importance of steric

effects by plotting the log of the orientation ratios for the addition of

the above mentioned radicals to fluoroethylenes against the
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"radical diameters". The "diameters" (dc) were calculated from

the covalent atomic radii, by finding the smallest circle perpendicular

to the three-fold axis of the radical, which could contain three

substituents. All radicals were considered to be pyramidal with

the normal tetrahedral bond angles, since in the final product this

must be so. Only atoms a- and (3 - to the radical centre were taken
46

into account. A better correlation was obtained by Vertommen

as seen in Fig. 1.5 which manifests the importance of steric

effects in the radical additions for the radicals mentioned.

0 ch2=chf
* CH2=CF2
o chf=cf2

u
o

fn

o

o

o

0

A
© ©
^ A ©

A

dc (A°)

Fig. 1.5 Correlation between dc and Or
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Table 2. 12. Data for the correlation between d and Or (164 C)
c

Radical dc(a°) ch =chf CIVcf2 chf=cf2

gf3- 3. 92 0. 1140 0. 037 0. 520

c2f5* 5. 16 0.0600 0.014 0. 360

n-C 3F7' 5.42 0.0500 0.009 0.250

i-c3f7< 6. 62 0.0170 0.001 0. 100

t_c4f9* 7. 06 0.0052 - 0.021

The present data fill in an important gap in kinetic data for

radical addition reactions. At present, good data are available

for the increasing branching of radicals as well as for increasing

length of straight chain radicals. This represents the most

complete set of kinetic data where structure has been varied in a

regular manner.



PART (II )

ADDITION OF CF3* RADICALS TO ALKYNES



INTRODUCTION
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Trifluoromethyl radicals have been studied by a number of

physical techniques. The electronic absorption spectrum of the

radical has been fully identified and its rate of combination has

47
been determined . The infra-red spectrum has been

48 49
obtained both in the gas and solid phases. In both phases,

the symmetric stretch mode was observed. This suggests the

non-planarity of the trifluoromethyl radical. This is in agreement

13
with deductions from the C splitting in their esr spectrum which

13
was found to be one quarter of the calculated C splitting for an

electron in a pure 2s-orbital. This is consistent with the trifluoro-

13
methyl radical being pyramidal. The C splitting increases with

increasing the s-character of the orbital carrying the unpaired

electron which in turn increases with the degree of the fluorine

substitution in methyl radicals and the values for the fluoromethyl

and difluoromethyl are consistent with intermediate degrees of

bending in these radicals.

In 1950 Professor H.J. Emeleus and coworkers described the

20
photolysis of trifluoromethyl iodide . The discovery that trifluoro¬

methyl radicals could be easily prepared in this way led to extensive

synthetic and mechanistic studies. In particular Haszeldine, one of

the co-authors of the original paper, made an extensive study of the

12addition of trifluoromethyl radicals to olefins and to a much lesser

extent to acetylenes"^.
In their studies, an excess of trifluoromethyl iodide and the

acetylene were sealed in a quartz glass tube in which the reaction
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occurs in both the liquid and gas phases. Reactions were initiated

either photolytically or thermally and allowed to proceed to high %

conversion. An addition polymerisation reaction has been found

to occur with acetylene itself . The addition of radicals

to 3, 3, 3-trifluoropropyne and propyne has also been studied^^^.
With 3, 3, 3-trifluoropropyne, the 1:1 addition product was obtained

viz. 1,1, 1, 4 , 4 , 4-hexafluoro-2-iodobut-2-ene together with some

telomer (1:2 addition). Whereas with propyne the reaction was

much faster and only the 1:1 adduct was reported. Haszeldine

concluded that the direction of addition of CF^ radicals to these

unsymmetrically substituted acetylenes was exclusively on the

= CH end. No kinetic data were reported.

Also the addition of trifluoromethyl radicals to various

unsaturated substrates in the gas and liquid phases has been

extensively investigated. Szwarc and his group, who were very

active in this field, studied the addition of CF^ radicals mainly to
olefinic centres and to a much lesser extent to acetylenic and dienic

centres in the gas and liquid phases. In their investigations, initiation

was effected by the photolysis of hexafluoroazomethane and an

aliphatic hydrocarbon (HS) used as a solvent in the liquid phase or

as a diluent in the gas phase. The rate of the addition step was measured

relative to the rate of abstraction from the aliphatic hydrocarbon (HS)

(k1/k2).
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h\>

CF3NNCF3- > 2 CF3* + Nz

kl
CF^* + substra.te—— >> CF « substrate" (1)

kZ
CF3" + HS CF3H + S" (2)

k
1 /k2 was over a range of temperatures permitting

the determination of relative Arrhenius parameters for these

reactions. The activation energy difference and "A"-factor ratios

were found to be very similar in the two phases indicating that the

hydrocarbon solvent affects the two processes to about the same

extent. However, the relative rate in the liquid phase was

consistently found to be slightly greater suggesting that solvation of

the transition state in the addition reaction (react. (1) ) may be

slightly more important. The technique used by Szwarc yielded

only overall rates and a criticism of the method is that possible

hydrogen abstraction from the substrates may invalidate derived

data.

In their important compilation of kinetic data of gas phase

17
addition reactions Kerr and Parsonage recorded only four

determinations of the rate of addition of methyl radicals to acetylenes,

51-53 54
three to acetylene itself and one to propyne . The

Arrhenius parameters recommended by Kerr and Parsonage for the

addition of methyl radicals to ethylene and acetylene are very

similar (log k„ TT =8.52-7.7/2. 3RT and log k TT =8. 4-7. 7/2. 3RT) 17
g2h4 c2h2

55
In addition Szwarc and coworkers studied the addition of

methyl radicals to acetylene, propyne, but-2-yne, phenyl and

diphenyl acetylene. The activation parameters for the addition were
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found to be higher than those observed in the addition reactions

involving the corresponding ethylenic compounds. This was

explained in terms of the difference in reactivity of the C=C triple

56
bonds compared with the C =C double bonds. Szwarc also

found that the rate of abstraction of hydrogen atoms from a CH^

group a to C=C triple bond is slightly higher than the rate of

abstraction from the same group a to C-C double bond eg. in the

cases of pentyne and pentene.

57
Holt and Kerr determined the overall rates and Arrhenius

parameters for the addition of methyl radicals to acetylene and

ethylene. The reactions were studied by a mass-balance method

involving the photolysis of small amounts of biacetyl in the presence

of a large excess of isobutane containing a small proportion of the

unsaturated substrate. The reference reaction was ;

CH3' + (CH3)3CH > CH4 + C^H9* (3)
The rate of the addition to the substrate was observed from the

shortfall in the CH^/CO balance when the biacetyl and isobutane
mixture is photolysed in the presence of the substrate. The authors

I owe r

obtained larger Arrhenius parameters and^rate constants for the

addition to acetylene (log k^Hg^ 8.78 (1"0. 2)- 7. 7(^1. 5)/ 2. 3RT) than
those for the addition to ethylene (log kQ^pj^S. 5)-7. 3( + 1.0)/2.3RT).

Only one paper dealing with the kinetics of trifluoroethyl

radical addition to acetylenes is reported, and this work by Szwarc

21
and co-workers describes the determination of the overall rate

of addition of trifluoromethyl radicals to acetylene, propyne, but-2-yne

and phenyl acetylene. The work was put on an absolute scale by
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competition with hydrogen abstraction from 2, 3-dimethyl-butane.

The Arrhenius parameters and rate constants obtained in the work

by Szwarc are listed in Table (2a). They also found that the rate

constants and Arrhenius parameters for the CF^ radical addition
to acetylenes are larger than those for the similar addition to the

corresponding alkenes. A similar trend to the addition of methyl

radicals

Table 2a Rate constants at 122°C and Arrhenius Parameters for

the addition of CF^ Radicals to Alkynes obtained from
21

Szwarc' s work

Alkyne Log K (l mol s )
122 °C

log A (1 mol ^ s ) E (k. cal mol )

HCECH 7. 20 8.74 2.8

CH3CECH 7.51 8.72 2.2

CF^CeCCHj 7. 13 8.29 2.1

Unlike Szwarc and his group, the work described in this thesis

was put on an absolute scale by comparison with the addition to one end

of ethylene of which the absolute Arrhenius parameters for the addition

of trifluoromethyl radicals were determined and recommended. Addition

rate of CF^" radical to ethylene has recently been determined directly
relative to the rate of CF^" radical combination and the absolute

26
rate constant deduced from this study by Tedder and Walton is

62
in excellent agreement with that of Sangester and Thyne These

? 6
values were used in the present calculations.
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Cationic addition to acetylenes in solution is well established

as proceeding substantially slower than addition to similarly
, 4

substituted olefins (Br adds to RCH=CHR' anything from 20 to 5 x 10
59

faster than to RC-CR')
60

Kharaschand co-workers in their study of the addition of

bromotrichloromethane to alk-l-yne under visible illumination or in

the presence of thermally-decomposing acyl peroxides, found that any

alk-l-yne is less reactive than the corresponding alk-l-ene both in

the ability to add free CCl^ radicals and in the ability of the free
radical thus formed to react with CCl^Br (phenyl acetylene is less
reactive than styrene).

Taking these results together it would be expected that

electrophilic radicals like trifluoromethyl would add more readily

to olefins than to acetylenes. A trend experienced in the present

work. The oniy quantitative^ apart from the qualitative evidence by
60 21

Kharasch for this trend was that of Szwarc and apart from

Szwarc's work there is no kinetic data for the addition of trifluoro¬

methyl radicals to acetylenes and confirmation of the high pre - exponential

terms would be of considerable importance.

5 8
Anderson, Feast and Musgrave prepared 1, 1, 1 - trifluoro-3-

iodo-but-Z-ene by irradiating (500 W uv lamp) a mixture of propyne

and trifluoroiodomethane for-36 hr at 50°C. A mixture of cis (83%)

and trans - 1,1,1 - trifluoro - 3-iodobut -2- ene was obtained. The isome r s

were distinguished through nmr analysis . This represents the only

study of the stereochemistry of the adducts formed by the addition of

alkyl radicals to acetylenes.
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There are also two studies of the addition of sulphur

radicals to acetylenes in which geometric isomers have been isolated.

61Heiba and Dessau in their study of the addition of organic disulphides

to mono-substituted acetylenes obtained high yields of the 1:1 adducts

attributed to the limited reversibility of the initial thiyl radical

addition, unlike the corresponding reactions with olefins, and to the

greater reactivity of the vinyl radical intermediate. The adducts

consisted of the cis and trans geometrical isomers with the trans

as the major product isomer. The trans /ci s ratio was independent

of the alkyl chain length of the disulphide of the mono-substituted

acetylene used and was also found to be constant at various degrees

of conversion.

63
Wang, White and Garo studied the addition of SFj.Br to

propyne and 3, 3, 3-trifluoropropyne. With the latter they obtained

two isomers in approximately equal amounts. This was shown from

the integrals for the vinylic proton peaks in the nmr spectrum of

their mixture.

The present work also offers a study of the stereochemistry

of the adducts formed by the addition of trifluoromethyl radicals to

acetylene s.

So far, there is no kinetic data for the addition of radicals

to specific sites in unsymmetrical acetylenes. In the present work,

the orientation ratio for the addition of CF^ radicals to different
sites in 3, 3, 3-trifluoropropyne was determined from kinetic data

whereas in the case of propyne, the orientation ratio was determined

from the nmr data. The aim of this work is to broaden and extend

the study of directive effects in free radical addition reactions.



EXPERIMENTAL
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1. Materials

C ommercial trifluoroiodomethane (Bristol Organic s Ltd),

ethylene (BOC Medical Anaesthetic grade), propyne (Matheson),

but-2-yne (Flulca AG, Chemische Fabrik),l,l, 1, -trifluoropropyne

(Peninsular Chem, Research), 1, 1, 1, 4 , 4 , 4-hexafluorobut-2-yne

(Peninsular Chem. Research) and acetylene which was used from a

cylinder passed over cone sulphuric acid and then over sodalime.

These were degassed and trap to trap distilled where only the middle

fraction was used for the reactions. Purity was tested for by gle.

2. Apparatus and Procedure

The apparatus and experimental procedure were as described

in Part (1). The reaction vessel was replaced by another cylindrical

pyrex cell (340 cm3).

3. Analysis and Identification of Products

The methods of analysis and product identification were as in

Part (1). In addition, the identification of the isomers of the reaction

products was carried out through several preparative photolyses using

high concentrations of reactants. The products were separated and

collected using a flame-ionisation Pye 105 preparative chromatograph

119 1
and their H and F nmr spectra were observed. The H chemical

shifts were measured against tetramethylsilane as a reference, whereas

19
the F chemical shifts were measured against trichlorofluoromethane

as a reference.
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A. Acetylene

An experiment was carried out to identify the reaction products
-4 - 3

in which trifluoroiodomethane (32. 6 x 10 mol dm ) and acetylene
-4-3 o

(4 . 5 x 10 mol dm ) were photolysed for 150 min at 150 C . The

resulting chromatogram of the reaction mixture showed two products

which were distinguished by their mass spectra to be two isomeric

adducts, CF^CjHACHI.
A-1: CF„

\

H
(2)

C=C

H
(1)

major isomer

m/e rel. abundance A ssignment

222 100 CF3CZH/
203 7 CF2C2H/
128 21 HI+

127 20 I +

96 20 CF3°2H2
69 46 CFt

The H nmr spectrum showed a doublet of quartets centred at

S= 6.74 ppm, corresponding to H^ which was split into a quartet by
the three fluorine atoms __ =6 Hz and further split into a

3 (1)
In addition there was another

doublet of quartets centred at S = 7.32 ppm corresponding to H

doublet by H,,, TT = 15 Hz(2) H(2)H(1)
(2)'

J =2 Hz and JTT TT = 15 Hz. This nmr data is consistent
CF3H(2) (1) (2)

with A(l) ie. E- 1, 1, 1 -trifluoropropene. For the structure

H

_)C=C' , J . =12-18 Hz.
SH H.H(trans)



73

a-2: cfo i

r/C=C minor isomer

H(l) H(2)

m/ e rel. abundance Assignment

222 100 CF3C2H2I+
128 21 HI+

127 29 I+

95 43 CF3C2H2
63 43 CF3

This isomer was not produced in sufficient quantity for nmr

analysis. It was concluded then to be the other isomer, ie. z-isomer.

Another preparative run was carried out in which trifluoroiodo-
-4 -3 -4 -3

methane (4 3.5 x 10 mol dm ), acetylene (13.0 x 10 mol dm )

and ethylene (3.9 x 10-4 mol dm" were pho.tolysed for 120 min at 162°C.
Gas chromatography indicated the presence of three products which were

distinguished by their mass spectra to be, A-l, A-2 and CF^CH^CH^I.

A- 3 CF CH CH I
J w L

m/e rel. abundance Assignment

224 89 cf3c2h4i+
141 16 ch2i+
128 22 hi+

127 60 i+

77 100 c3h2f2
69 39 cf(
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B. Propyne

-4 _ 3
Trifluoroiodomethane (32.7 x 10 mol dm ), propyne

(8. 6 x 10 4 mol dm and ethylene (3. 9 x 10"^ moi dm'^®) were

photolysed for 120 min at 162°C. Gas chromatography indicated

the presence of three products which were distinguished by their

mass spectra to be: CF^CH^CH^I and two isomeric products:

3<

B- 1:

cf,ch=c(i)ch3.

CtF yH
C-C

/ \
I cf.

major isomeric product

(Z-isome r)

m/e rel. abundance A ssignment

236 100 cf c h i+
3 3 4

217 5 cf2c3h/
128 8 hi+

127 27 i+

109 100 cf c V
3 3 4

89

69

27

24

cf c h^2 3 0

cf3

The H nmr spectrum showed a doublet of quartets at - = 2.67 ppm,

cf3ch3
= 2. 1 Hz, J

hch-
= 1.55 Hz, together with a quartet of quartets

at S = 6. 36 ppm, J = 1. 5 Hz, J .,=7.7 Hz. In addition, there
CH^ri CF 2""-

were two very low inten sity peaks at S = 1. 97 ppm and 7.28 ppm.

The ratio of the integrals of the high to the low intensity peaks was

15: 1.

The X<^F nmr spectrum showed a doublet of quartets at 4?= 59.17

ppm, JCH CF = 2. 1 Hz, = 7.7 Hz together with a low intensity
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doublet of quartets at <£> = 69. 17 ppm, J_TT =0.3 Hz andLH 3

HCF -

= 1.7 Hz.

58
The sets of lines of high intensity agreed well to be

assigned to structure B-l, whereas the sets of lines of low intensity
74

agreed to be assigned to structure B-2', since the coupling

between the protons of the -CH^ group and the fluorines of the -CF^
group was expected to be very small, also the coupling constant

between -CF^ and the vinylic protons agrees well with the data
obtained for acetylene.

CH, I
3\ /

c=c
/ \

CF. H

B-3:

B-2' (back addition product)

CH:K /CF3>=C^
I H

(E-isome r)

minor isomeric product

m/ e rel. abundance Assignment

236 100 cf3c3h/
128 13 hi+

127 38 i+

109 88 cf3c3h4
89 75 cf2c3h3
69 50 CF)
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The H nmr spectrum showed a doublet of quartets at <5= 2. 69 ppm,

J„TT _ = 2.2 Hz, J„TT = 1.6 Hz together v/ith a quartet of quartets
CH^CF3 CH jH

at S = 6. 24 ppm, J „ =7. 2 Hz, J _TT u = 1.5 Hz.C;i? 3-bl C_v i~L ^iri
1 9

The F nmr spectrum showed a doublet of quartets at 4?- 61. 16

ppm' JCH3CF3 = Z-2Hz' JCF3H = 7-2HZ-
62

These data agreed to be assigned to structure B-3 ie.

E-i somer.

C. But- 2-yne

-4 - 3
Trifluoroiodomethane (43.5 x 10 mol dm ), but-2-yne

-4 -3 -4 -3
(8. 64 x 10 mol dm ) and ethylene (3.9 x 10 mol dm ) were

photolysed for 140 min at 155°C. Gas chromatography indicated the

presence of three products which were distinguished by their mass

spectra to be; the two isomeric products; CF(CH^JC =C(CH )I, and

CF^CH^CH^I in the reverse order of their elution.
C-l: CH _ . . /CH,/, v3(a)-^- ^ 3(b)' C =C major isomer

iy . ncf3
(Z-isomer)

m/ e rel. abundance A ssignment

250 89 CF,C,H,I+3 4 6

231 2 CF2C4H6I+
123 100 CF2C3HI
104 36 C3H3F2

96 11 C3H3F3
84 26 C2H3F3
77 60 C3F2Ht

cont.
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C - 1: c ont,

m/e rel,abundance A ssignment

74 17 °3F2
69 6 CFj
63 8 C2F2H+

The H nmr spectrum showed a broad quartet at 5=2.12 ppm

J„TT „TT =1.6 Hz together with a complex set of lines at & = 2.82
3(a) 3(b)

which could be assigned to the splitting of the -CH , . protons by -CH , .
j (a.) 3(b)

protons and by -CF^ fluorines. This follows from the fact that the coupling
constant between -CH^(b) and -CF^ is quite small.

1 9
The F nmr spectrum consisted of a quartet at <$>= 58.7 6 ppm,

J_„ _ =2.3 Hz.CH3(a) 3

By comparing these nmr data with those for B-l, structure C-i

was assigned to the major isomer ie. the Z-isomer.

C-2: CH., CF
3(a)^„ 3^C=C

I CH

m/e

250

136

123

77

74

69

63

T

3(b)
rel. abundance

minor isomer

[E-isomer)

Assignment

50

100

50

50

90

10

50

CF3C4H6I

CF3C3H4I

CF3C4HI
C3H3F2

C3F2

+

CF
+

C2F2H
+

he H nmr spectrum consisted of a broad quartet at £ = 1.91 ppm,

, ru =1.2 Hz together with a complex set of lines at
3(a) 3(b) *
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5 = 2.7 ppm.

19
The F nmr spectrum showed a quartet at 4*- 62.95 ppm,

J =2.5 Hz. Comparing these nmr data with those of
3(a) 3

structure B-3, the minor isomer was assigned to structure C-2 ie.

the E-isomer.

D. 1, 1,1 -Trifluoropropyne

-4 - 3
Trifluoroiodomethane (32.6 x 10 mol dm ) and 1 ,11, -trifluoro-

-4 - 3
propyne (8.6 x 10 mol dm ) were photolysed for 190°C at 135 min.

Gas chromatography indicated the presence of four products which

were distinguished by their mass spectra to be: three isomeric

products I(CF3)C=C(H)CF3 and CF3(H)C =C (CF3)C (H) =C(CF 3)I in the
order of their elution.

D-l : CF , . H
3(a)-,. /

C =C major isomer
1 "cE(b)
(Z-isome r)

m/e rel. abundance A ssignment

290 100 C.F,HI +4 6

271 14 C.FcHI+4 5

221 33 C3F3HI+
128 50 HI+

127 83 I+

94 22 C3F3H+
75 88 C3F2H+
69 13 CF

3



The nmr spectrum consisted of a quartet of quartets at

fc =7. 18 ppm, J =1.4 Hz, J = o. 5 Hz. The
3(a) 3(b)

nmr spectrum consisted of a doublet of quartets at 4s = 6?.. 34 ppm,

=6.5 Hz, =1.5 Hz, together with another
HCF3(b) 3(a) 3(b)

doublet of quartets at <$> - 67.41 ppm which was superimposed owing to

the close coupling constants, JTT„_ =1.4 Hz and
HCF3(a) CF3(b)CF3(a)

1. 3 Hz.

D-2: CF

CF

3(a)-

3(b)

:c=c reverse adduct

*H

m/e rel. abundance A s signment

290 92 c4f6hi+
271 19 c4f5hi+
221 24 c3f3hi+
144 31 c4f5h+
128 31 hi+

127 77 i+

75 95 c3f2h+
69 100 cf3

The H nmr spectrum had a quartet centred at S = 8.24 ppm,

JCF W=1-5HZ-CF3(a)H
19

The F nmr spectrum consisted of a quartet of doublets

= 1.4 Hz, J =6.5 Hz
3(a) 3(a) 3(b)

centred at = 64.7 ppm, J

together with another quartet centred at = 61. 9 ppm,

J =6.6 Hz. These nmr data are comparable to those
3(a) 3(b)

of similar structure s ^ ^.
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D-3: CF , . GF,,,3(aL / 3(b)
C=C^

I H

(E-isomer)

minor isomer

m/e rel. abundance A ssignment

290 95 C „F.HI+4 6

271 18 C4F5HI+
221 8 C3F3HI +
201 10 C3F/
144 28 C4F5H+
128 16 HI+

127 63 I+

75 84 C3F2H+
69 100 CF3

The H nmr spectrum consisted of a quartet centred at

S = 6. 89 ppm , J = 8 Hz.CF 3(b)
19

The F nmr spectrum showed a doublet of quartets centred

at<3?= 59. 1 ppm; J = 11.2 Hz, JTurir = 8,1 Hz'
. 3(a) 3(b) HCF3(b)

together with a quartet centred at - 60. 9 ppm; J =11.2
CF3(b)CF3(a)

. 7 6
Hz. These nmr data compares well with those of similar structures

D-4: CF
3(a).

CF
3(b)

CF

H
(1)

.c=c 3(c)
H

(2)
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m/e rel. abundance Assignment

384 36 C7F9H2I+
315 3 C6F6H2I+
257 30 C7F9H2
237 26 C7F8H+
208 16 C2F3I+
168 21 C6F4H+
128 18 HI+

127 31 I+

119 41 C2F5
75 23 C3F2H+
69 100 CF3

CF ^/„\H

The H nmr spectrum consisted of a broad quartet at S = 6.46 ppm,

= 7.8 Hz and a broad peak at S = 7.2 ppm.
3(a)H(l)

19
The F nmr spectrum showed a doublet at<p= 62.1 ppm,

JTT =7.8 Hz and two singlets at <£= 66. 97 ppm and 67. 28 ppm
H(l)CF2(a)

with a coupling constant of ca. 30 Hz. There was a difficulty in assigning

19
either CF , , or CF , , to either of the two singlets in the F nmr

3(b) 3(c)

spectrum.

In another experiment, trifluoroiodomethane (4 3. 5 x 10 mol drn \
-4 3 ~4

1,1, 1 - trifluor opropyne (13.0x10 mol dm" ) and ethylene (3.9 x 10
3 o

mol dm ) were photolysed for 120 min at 154 C. Gas chromatography

indicated the presence of three products which were distinguished by

their mass spectra to be: Z-CF (l)C =C(CF )H (D-l); CFTH CH I and

CF C(H)=C(CF )CH CH I in the order of their elution.
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D- 5: CF3C(H)=C(CF3)CH2CH2I
m/e rel. abundance A s signment

318 33 C6F6H5I+
208 8 C2F3I+
191 100 C6F6H5
172

127

97

33

C6F5H5
I1'

69 67 CF3

E. 1, 1, 1,4,4,4 -Hexafluorobut-2-yne

Trifluoroiodomethane (38.08 x 10"^ mol dm ~), 1,1,1,4,4,4-
-4 -3

hexafluorobut-2-yne and trifluoroethylene (5.85 x 10 mol dm )

were photolysed for 140 min at 1 60°C . Gas chromatography indicated

the presence of three products which were distinguished by their mass

spectra to be: CF CHFCF^; CF3(CF3)C =C(CF3)I and C^F^HI in
the order of their elution.

E-l: CF3CHFCF2I

m/e rel. abundance A ssignment

27 8 20 c3f6hi+
177 40 cf/
151 60 c3f6h+
127 40 i+

69 100 cf3
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E-2: CF3(CF3)C=C(CF3)I

m/e rel. abundance A ssignment

358 100 C5F9I+
208 18 C2F3I+
181 33 C4F7
143 46 C .F

4 5

127 84 I+

93 56 C3F3
69 98 CF3

CF3C(CF3):-C(CF3)CHFCF2I

m/e rel. abundance A ssignment

397 C F HI * (M+
b 11

378 C5F1QHI+
358 very- C5F/
313 C7F12H+

weak

212

127 l+

69 CF3
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4. Details of the Kinetic Experiments

A . Ac etylene:

-4-3 -4
(a) Trifluoroiodomethane (32. 6 x 10 mol dm ) and acetylene (4 . 5 x 10

_ 3
mol dm ) were photolysed for periods of time and the temperature was

varied in the range 50-164°C. Two products were obtained; the E-

and Z-isomers of CF^CHACHI.
The peak area of the Z-isomer (minor) was measured relative

to the E-isomer (major) which was set equal to 100.

let a^ = the relative area of E-CF^CH=CHI

a^ = the relative area cf Z-CF^CH=CHI

(i) Temperature 164°C Time 1. 20 h (ii) Temperature 138°C Time 1.35 h

al a2 al a2

100 12.9 100 13. 2

100 13. 3 100 11.2

100 13. 3 1 00 11.5

Mean 100 13.2 Mean 100 12. 0

(iii) Temperature 123°C Time 2. 00 h (iv) Temperature 94 °C Time

ai a2 a
1 a2

100 11.0 100 11.3

100 11.9 100 10. 0

100 10.8 100 10. 3

Mean 100 11.2 Mean 100 10. 5
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(v) Temperature 72°C Time 3.85 h (vi) Temperature 50°C Time 4.10 h

al a2 a
1 a2

100 CO 100 7.5

100 9. 0 100 7.6

100 8.4 100 7.8

100 COCO Mean 100 7. 64

Mean 100 8. 7

The relative rates of formation at the above temperatures are

listed in Table 2.1. A least squares plot of:

log1Q R(Z-CF3CH=CHI)/R(E-CF3CH=CHI) against 10 /T
gave a gradient of -0.29 t 0.019 and an intercept of -0.20 t 0.05

In another series of experiments, trifluoroiodomethane

-4 - 3
of constant concentration (32. 6x10 mol dm ) and different

concentrations of acetylene were photolysed for 2. 00 hrs at 12.0 + 2°C .

The peak area of the Z-isomer was measured relative to the

area of the E-isomer which was set equal to 100.

(i) |.CHeCH]=4. 32 x 10"4 mol dm 3 (ii) tCH=CHJ = 6.05
-4

x 10 mol dm

ai a2 ai a2
100 11.4 100 11.0

100 11.7 1 00 11.0

100 10.8 Mean 100 11.0

Mean 100 11.3

iii) lCH=CH]=9. 93 X 1—' o
1 ►fc.

mol dm"3 (iv) |CH=CH j = 12 . 96 x 10-4 mol dm

al a2 ai a2

100 11.0 1 00 11.1

100 11.9 100 10.9

100 10. 8 100 11.3

i nn i i ? 1\A, i no i i I
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-4 - 3
(v) j_CHeCH ] = 17 . 28 x 10 mol dm

1

100

100

Mean 100

2

11.4

11.0

11.2

The relative rates of formation at the above concentrations

are listed in Table 2.2

(b) In another series of low conversion competitive experiments,
_4 _3 _4

trifluoroiodomethane (43.5 x 10 mol dm ), acetylene (1 3. 0 x 10

3 - 4 «3,
mol dm" ) and ethylene (3. 9x10 mol dm" ) were photolysed for

periods of time. The consumption of ethylene was kept within 5%

and the temperature was varied in the range 78-180°C. Three

products were obtained, the E- and Z-isomers of CF^CH=CHI and

CF^CH^CH^I. The Z-isomer was obtained in such a small amount
which made its measurement inaccurate. This was calculated from

section A-(a).

Peak areas were measured relative to that of the ethylene adduct

which was set equal to 100.

let a^ = the relative area of CF^CH^CH^I

a^ = the relative area of E-CF^CH^CHI
(i) Temperature 180°C Time 0.07 h (ii) Temperature 150°C Time O.llh

al a2 ai a2
100 137. 6 100 126. 2

100 139. 3 100 125.5

100 138. 5 100 123.3

100 124.4

Mean 100 124 . 9
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(iii) Temperature 144°C Time 0.15 h (iv) Temperature 120°C Time 0.20h

al a2 ai a2
100 117.2 100 101.0

100 119.7 100 102.2

100 124.0 100 101.6

100 117.7 100 102.4

100 117.7 100 103.1

Mean 100 119.26 Mean 100 102.06

(v) Temperature 98°C Time 0.30 h (vi) Temperature 7 8°C Time 1. 10 h

a, a - a a1 <£ 12

100 86.8 100 77.2

100 83.5 100 75.1

100 82.1 100 76.6

Mean 100 84.1 100 73.2

Mean 100 75.5

The relative rates of formation of products at the above

temperatures are listed in Table 2. 3

A least squares plot of:

log1() (R(E-CF3CH=CHI)/R(CF3CH2CH2I) . |.CH =CH J/'l,CH = CH])
against 10 /T gave a gradient of -0.43 ^ 0.025 and an intercept

0. 58 t 0. 063.

A similar plot of

log1Q (R(Z-CF3CH=CHI)/R(CF3CH2CH2I) . lCH2=CH ]/[CHECH J)
3

against 10 /T gave a gradient of -0.73 _ 0.025 and an intercept of

0. 38 1 0. 063 and a third plot of



88

log10 (r(z+e-cf3ch=chi)/r(cf3ch2ch2i). j.ch2=ch2 ]/lchechj
against 10^/T gave a gradient of -0.46 * 0.025 and an intercept of

0.7 t 0.062.

Table 2. 1

T emp/K

Relative rates

time/h

of formation

e-cf3ch>chi z-cf3ch=chi
4 37 1. 20 1. 00 0. 132

411 1. 35 1. 00 o • [SJ O

396 2. 00 1.00 0. 112

367 3. 00 1 . 00 0. 105

345 3. 35 1. 00 0. 087

323 4. 10 1. 00 0. 076

Table 2.2 Relative rates of formation

T emp/K time /h
|cf^i]xl0 _ [CH=CHjx

10"^ mol
mol dm

dm-3 e-cf3ch=chi z-cf3chchi

393

393

393

393

393

2.00

2.00

2.00

2. 00

2.00

32. 6

32. 6

32. 6

32. 6

32. 6

17.3

13.0

9. 9

6. 1

4.3

1.00

1.00

1.00

1.00

1.00

0. 112

0. Ill

0. 112

0. 110

0.113
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Table 2.3 Relative rates of formation

T emp/K time /h CF3CK2CIi2I &CFCH=CHI z-cf3ch=chi cf chchi"*

453 0.07 1.00 0.416 0. 057 0.473

423 0. 11 1. 00 0. 375 0.048 0.423

4 17 0. 15 1.00 0. 358 0. 04 4 0.402

393 otMO 1.00 0. 306 0.034 0. 340

371 o u* o 1.00 0. 252 0. 026 0. 278

351 1. 10 1.00 0. 225 0. 021 0.246

vlg

CF^CH=CHI = E- + Z-isomers

B. Addition of CF ^,1 to Propyne and Ethylene

In a series of low conversion competitive experiments, trifluoro-
-4 -3 _ -3

iodomethane (32. 6x10 mol dm ), propyne (8. 6 x 10 4 mol dm )

and ethylene (3.9 x 10 ^ mol dm ) were photolysed for periods of

time. The consumption of ethylene was kept within 5% and the

temperature was varied in the range 41-162°C. Three products were

obtained: CF^CH^CH^I and the E- and Z-isomers of CF^(H)C =C(CH^)I.
Peak areas of products were measured relative to that of the

ethylene adduct which was set equal to 100.

let a^ = the relative area of CF^CH^CH^I

a^ = the relative area of Z-CF^(K)C=C(CH^)I
= the relative area of E-CF^(H)C =C(CH^)I
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(i) Temperature 162°C Time 0.07 h (ii) Temperature 154°C Time 0.13 h

1 2 3

100 222.2 24.4

100

100

Mean 100

221.3 22.6

231.5 22.0

225.0 23.0

1 2 3

100 219.3 21.2

100

100

Mean 100

219.3 21.9

219.3 20.1

219.3 21.1

(iii) Temperature 132°C Time 0.16h (iv) Temperature 112°C Time 0.30 h

12 3

100 215.6 16.6

100 204.8 15.4

Mean 100 210.2 16.0

1 2 3

100 210.1 17.8

100 215.2 18.4

100 211.2 17.4

Mean 100 212.2 17.9

(v) Temperature 92 C Time 0.45 h (vi) Temperature 60 C Time 1.30 h

12 3

100 204.1 13.0

100 204.2 13.6

100 199.8 13.6

Mean 100 202.7 13.4

1 2 3

100 184.9 10.2

100 188.0 11.2

100 191.0 11.1

Mean 100 188.0 10,

(vii) Temperature 41 C Time 2. 30 h

1 2 3

100 185.0 11.6

100 180.9 10.9

100 185.0 10.9

Mean 100 183.6 11.1

The relative rates of formation of products at the above

temperatures are listed in Table 2.4 .
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A least squares plot of:

log o (r(z-cf3(h)c=c(ch )i)/r(cf ch ch i). j.ch2=ch2 ]/ lch3c=ch J)
against 10"/T gave a gradient of -0.095 + 0.009 and an intercept of

0.22*0.024. A similar plot of

log (R(E-CF3(H)C=C(CH3)I)/R(CF3CH2CH2I). LCH2=CH2 J/ lCH3C5CH])
against 10 /T gave a gradient of -0.37 * 0.057 and an intercept of

-0. 17 1" 0. 15. A third plot of

log (R(CF3(h)C=c(ch3I)*/R(CF3CH2ch2I). lch2=ch2 J/1CH3CeCH J)
"2 !_

against 10 /T gave a gradient of -0. 12 _ 0.013 and an intercept of

+ 0.33 1" 0. 034 , and a fourth plot of

logl0 (R(E-CF3(H)C=C(CH3)I)/R(Z-CF3(H)CiC(CH3I) ) against 103/T
gave a gradient of -0.25 ^ 0.056 and an intercept of -0.4 3 ^ 0. 15 .

Table 2.4 Relative rates of formation of products

T emp/K time,/ h cf3ch2ch2[ z-cf^ljct^hjl ix:f3(h)c<xch3)i cf (t$ccfctyf
435 0.07 1.00 1. 017 0. 104 1. 121

427 0. 13 1. 00 0. 991 0. 095 1.090

405 0.16 1.00 0. 950 0. 072 1 .023

385 0. 30 1. 00 0.959 0. 081 1. 04 0

365 0.45 1. 00 0.916 0. 061 0. 977

333 1. 30 1. 00 0. 850 0. 04 9 0. 899

314 2. 30 1.00 0. 830 0. 050 0. 880

•A*
"

CF3(H)C=C(CH3)I = E + Z isomers
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C . Addition of CF^I to But-2-yne and Ethylene

In a series of low conversion competitive experiments, trifluoro-

iodomethane (4 3.5 x 10 ^ mol dm ^), but-2-yne (8.64 x 10" mol dm )
-4 - 3

and ethylene (3.9 x 10 mol dm ) were photolysed for periods of time.

The consumption of ethylene was kept within 5% and the temperature

was varied in the range 54-206°C. Three products were obtained:

CF3CH2CH2I and E- and Z- isomers of CF3(CH3)C=C(CH3)I.
Peak areas of products were measured relative to that of the

ethylene adduct which was set equal to 100.

let a^ = the relative area of CF3CH2CH2I

a2 = the relative area of Z-CF3(CH3)C =C(CH3)I
a 3 = the relative area of E-CF3(CH3)C=C(CH3)I

(i) Temperature 206°C T ime 0. 10 h (ii) Temperature 163°C T ime 0,

al a2 a3 al a2 a3

100 176. 6 44.2 100 160. 5 35. 8

100 180. 3 37. 8 100 169. 2 33.8

100 184. 6 41.8 100 167. 9 33. 6

Mean 100 180. 6 4 1.3 Mean 100 165. 9 34.4

(iii) Temperature 1 35°C Time 1. 00 h (iv) Temperature 110°C T ime 1

ai a2 a3 ai a2 a3
100 142. 6 25.2 100 119. 5 27.0

100 139.4 26.0 100 121.4 26.5

100 139.4 26.0 100 124.7 27. 0

100 140. 5 26. 1 Mean 100 121. 9 26. 8

Mean 100 140. 5 25. 8
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(v) Temperature 87°C Time 1. 43 h (vi) Temperature 63°C Time 2

al a2 a3 ai a2 a
3

100 114. 3 20. 8 100 102. 1 21.0

100 112.4 20. 6 100 104. 9 20. 9

100 113.1 22. 2 100 100. 8 18. 9

Mean 100 113.3 21.2 Mean 100 102. 6 20. 2

(vii) Temperature 54 °C Time 2.4 0 h

a 3- a
12 3

100 88.3 15.03

The relative rates of formation of products at the above

temperatures are listed in Table 2.5

A least squares plot of:

log (R(CF3(CH3)C=C(CH3)I)"/R(CF3CH2CH2I). lCH2=CH2 J/iCH3C = CCH3
3

against 10 /T gave a gradient of -0.32 ^ 0.021 and an intercept of

0. 68 t 0. 055. A similar plot of

log10(R(Z-CF3(CH3)C=C(CH3)l)/R(CF3CH2CH2l). iCH^Cf^ j/ =CC1^ j)
O !

against 10 /T gave a gradient of -0.31 _ 0.02 and an intercept of

0.57 1 0.052. A third plot of

log10(R(E-CF3(CH3)C=C(CH3)l)/R(CF3CH2CH2I). LCH^CF^J/ LCHjCECCI^ ])
against 10 /T gave a gradient of -0.39 t 0.051 and an intercept of

0. 077 * 0.14, and a fourth plot of

log (R(E-CF3(CH3)C =(2(0^)1) /R(Z-CF3(CH3)C=C(CH3)I) ) against 103/T
gave a gr adient of -0.091 ^ 0.04 and an intercept of -0.47 ^ 0.11.



Table2.5Relativeratesofformationofproducts
t emp/K

time/h

cf3CH2CH2I
z-cf3(ch3)c=c(ch3)i

e-cf3(ch3)cc(ch3)i
cf^cHjJc=c(ciyi*

479

0.10

1.00

0.816

0.187

1.003

436

0.40

1.00

0.750

0.156

0.906

408

1.00

1.00

0.635

0.117

0.752

383

1.15

1.00

0.551

0.121

0.672

360

1.43

1.00

0.512

0.096

0.608

336

2.19

1.00

0.464

0.091

0.555

327

2.40

1.00

0.399

0.068

0.467

* CF3(CH3)C=C(CH3)I=E-+Z-isomers
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D. (a) Addition of CFJ to 1,1, 1-trifluoropropyne

-4 - 3
T rifluoroiodomethane (32. 6 x 10" mol dm ) and 1,1,1-

trifluoropropyne were photolysed in the temperature range of 56-186°C.
Four products were obtained: the E- and Z-isomers of

CF3(H)C=C(CF3)I), CF3(CF3)C=C(H)I and C?H2F I. C^F^ was
obtained only in the preparative high conversion experiment for analysis

and identification.

Peak areas of products were measured relative to that of

Z-CF3(H)C =C(CF3)I which was set equal to 100.
let a^ = the relative area of Z-CF3(H)C=C(CF3)I

a = the relative area of CF (CF )C=C(H)I
La J J

a3 = the relative area of E-CF3(H)C -C (CF3)I

(i) Temperature 18b°C Time 0.15 h (ii) Temperature 145°C Time 0.27 h

al a2 a3 al a2 a3

100 9. 1 16.06 100 10 16.0

100 10. 9 16.8 100 9. 6 15.8

100 .10.0 16.0 100 9.4 15.2

100 10.0 16.5 Mean 100 9. 67 15. 67

Mean 100 10.0 16.3

lii) Temperature 118°C T ime 1 . 10 h (iv) Temperatur e 87°C T ime 2 . i

ai a2 a3 ai a2 a3
100 7.7 14. 9 100 5. 6 13.7

100 7.5 14. 3 100 6. 3 13. 1

100 7. 9 13.9 100 6. 3 13. 9

Mean 100 7.7 14.4 Mean 100 6. 07 13.57
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(v) Temperature 56°C Time 4.00 h

al a2 a3
100 5.0 12.0

100 5. 6 12. 3

100 5. 2 11.6

100 5. 27 12.0

The relative rates of formation of products at the above

temperatures are listed in Table 2.6 .

A least squares plot of

log (R(CF3(CF3)C.C(H)l)/R(CF3(H)C=C(CF3)f) ) against 103/T gave

a gradient of -0. 34 + 0. 04 6 and an intercept of -0.3 _ 0.12

log10 (R(E-CF3(H)C=C(CF3)I)/R(Z-CF3(H)C=C(CF3)I) ) against 103/T
gave a gradient of -0.16 _ 0.013 and an intercept of -0.43 * 0.033

*

CF3(H)C=C(CF3)I = E- + Z-isomers

(b) Addition of CF J to 1,1, 1-trifluoropropyne and ethylene

In another series of low conversion competitive experiments,

-4 - 3
trifluoroiodomethane (43.5 x 10 mol dm ), 1, 1, 1-trifluoropropyne

(13.0 x 10~4 mol dm and ethylene (3.9 x 10 4 mol dm ) were

photolysed for periods of time. The consumption of ethylene was

kept within 5% and the temperature was varied in the range 45-200°C.
Three products were obtained: CF^H^CH^I, Z-CF3(H)C =C(CF3)I
and C ,H F ,1.

bob

Peak areas of products were measured relative to that of the

ethylene adduct which was set equal to 100.
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let = the relative area of CF^CH^CH^I

a^ = the relative area of Z-CF^(H)C =C(CF^)I
a_ = the relative area of C,HrF.I3 6 5 6

(i) Temperature 200°C Time 0.04 h (ii) Temperature 174°C Time 0.08 h

1

100

100

100

2

38.7

38. 3

38. 5

3

6. 6

6.3

6. 6

1

1 00

100

100

2 3

33.6 7.7

33.7

33.4

7. 0

7.0

Mean 100 38. 5 6. 5 Mean 100 33.57 7.23

(iii) Temperature 152°C Time 0.16h (iv) Temperature 120°C Time 0.40 h

1

100

2

28.2

3

4.4

1

100

2

26. 5

3

5.0

100

100

Mean 100

29.2

28. 5

4.4

5. 0

28. 63 4.6

100

100

100

25. 8

26.2

27. 1

5.0

5. 5

5.4

Mean 100 26.4 5. 23

(v) Temperature 87°C Time 1. 15 h (vi) Temperature 75°C Time 1.45 h

1

100

2

19.5

3

6. 8

1

100

2

18. 6

3

5.0

100

100

19.5

20. 5

7.3

7.3

100

100

18.7

18. 3

5.3

5. 0

Mean 100 19.83 7.13 Mean 100 18.53 5.1
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vii) Temperature 65°C Time 2.10 h

3. 9

(viii) Temperature 45°C Time 3.4

al a2 3

100 CO•TPr—H 3. 5

100 14 . 5 3. 5

100 15.0 3.4

100 14.77 3.47

ai a2
100 17.7

The relative rates of formation of products at the above

temperatures are listed in Table 2.7 .

A least squares plot of

log10 (LR(Z-CF3(H)C=C(CF3)I) + R(C6H5F6I) j/R(CF3CH2CH2l).LCH,=CH2
|CF C=CH] ) against 10 /T gave a gradient of -0.36 t 0.022 and an

intercept of -0.11 ^0.059 .

The calculated relative rates to the ethylene adduct using the

values in Table 2. 6 at the above temperatures are listed in Table 2. 8

A least squares plot of

iog10 (r(z-cf3(h)c=c(cf3)i) /r(cf3ch2ch2i). j/|cf3cechj)
against 10 /T gave a gradient of -0.43 _ 0.021 and an intercept of

-0.028^ 0.054, and a similar plot of

logxQ (R(E-CF3(H)C=C(CF3)I)/R(CF3CH2CH2I). LCH^CF^ J/ LCF3CECHJ)
against 10"^/T gave a gradient of -0.64 * 0.032 and an intercept of

-0.35 t 0.082, and a third plot of

log10(R(CF3(H)C=C(CF3)r)/R(CF3CH2CH2l). J/ |CF3CECH])
against 10^/T gave a gradient of -0.48 * 0.03 and an intercept of

0. 14 t 0. 078, and a fourth plot of

log1() (R(CF3(CF3)C=C(H)I)/R(CF3CH2CH2I). [CI^=CH2J/LCF3CECHj)
against 103/T gave a gradient of -0. 81 t 0.034 and an intercept of

-0.17 t 0.087.
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Table 2.6 Relative rates of formation

T emp/K time/h z-cf3(h)c=c(cf3)] etcf3(h)c=c(CF^i cf3(cfjc=c(h)i

459 0.15 1. 00 0. 10 0. 163

418 0. 27 1.00 0. 097 0. 157

391 1. 10 1..00 0. 077 0. 144

360 2. 00 1. 00 0. 061 0. 136

329 4 . 00 1. 00 0. 053 0. 120

Table 2. 7 Relative rates of formation

Temp/K time /h cf3ch2ch?i z-cf3(h)c=c(cf3)i C6H5F6I

473 0. 02 1. 00 0. 116 0. 020

447 0.08 1. 00 0. 101 0. 022

425 0. 16 1. 00 0. 086 0.014

393 0.40 1. 00 0. 07 9 o o cr>

360 1.15 1. 00 0.060 0.021

34 8 1.45 1. 00 0.057 0.015

338 2.2 1. 00 0.053 0.012

318 3.4 1. 00 0. 044 0.0104

E. Addition of CF I to 1,1, 1,4,4, 4 -hexafluorobut-2- yne and

T rifluoroethylene

1, 1, 1, 4 , 4 , 4-Hexafluorobut-2-yne, trifluoroiodomethane and

ethylene were first photolysed, but for the addition to take place to

the hexafluorobut-2-yne-, the consumption of ethylene was far more

than 5%. Therefore in order to maintain the 5% consumption of
-4 - 3

the minor reactant, trifluoroiodomethane (38.08 x 10 mol dm ),



Table2.8

Temp/K

cf3ch2CH2I
z-cf3(h)c=c(cf3)i
e-cf3(h)c=c(cf3)i
cf3(h)cc(cf3)r
cf3(cf3)c=c(h)i

473

1.00

0.116

0.020

0.136

0.013

447

1.00

0.101

0.016

0.117

0.010

425

1.00

0.086

0.013

0.099

0.008

393

1.00

0.079

0.012

0.091

0.006

360

1.00

0.060

0.008

0.068

0.004

348

1.00

0.055

0.006

0.061

0.003

338

1.00

0.048

0.0055

0.050

0.0024
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-4 - 3
1, 1, 1,4,4,4 -hexafluorobut-2- yne (8.6x10 mol dm ) and

_4
_ o

trifiuoroethylene (5.85 x 10 mol dm" ) were photolysed for different

periods of time and the temperature was varied in the range 54-200°C.
Three products were obtained: CF^CHFCF^I, CF^(CF3)C =C (CF^)I
and C HF I.

Peak areas of productions were measured relative to that of

the trifiuoroethylene adduct which was set equal to 100.

let a = the relative area of CF CHFCF I
J. J u

a2
= the relative area of cf3(cf3)c=c(cf 3>:

a3
= the relative area of C 7HF12I

(i) Temperature 200°C Time 0.04 h (ii) Temperature 160°C Time 1

ai a2 a3 al a2 a3

100 144. 6 7.2 100 120. 1 6. 9

100 147. 6 7.6 100 125. 9 7. 6

100 144.4 7.2 100 125. 8 7.6

Mean 100 145.47 7. 33 Mean 100 123.93 7. 37

(iii) Temperature 120°C Time 2. 1 0 h (iv) Temperature 110°C Time

ai a2 a3 a
1 a2 a3

100 115.7 7.7 100 114. 9 5. 8

100 115. 5 7.9 100 113.7 5. 6

100 116. 3 8.7 100 112.1 5. 3

Mean 100 115.83 8. 1 Mean 100 113.57 5. 57
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(v) Temperature 94°C Time 2.50 h (vi) Temperature 70°C Time 3.35 h

al a2 a3 ai a2 a3

100 107. 9 5. 5 100 93. 3 9. 3

100 113.0 6. 2 100 95.7 9.0

100 113. 1 6. 0 100 93.7 9. 6

100 111.33 5.9 100 93.4 8. 8

Mean 100 94.03 9. 2

(vii) Temperature 54°C Time 4.30 h

a a- a
12 3

100 92.4

100 91.9

100 92.0

Mean 100 92. 1

The relative rates of formation of products at the above

temperatures are listed in Table 2.9 .

A least squares plot of

l°g10 (IK(CF3(CF3)C=C(CF3)I) + R(C7HFi2I) j/R(CF3CHFCF2I). fCHFCF2J/
/ 1,CF3C = CCF3 f) against 10 /T gave a gradient of -0.23 t 0.02 and an

intercept of 0.5 * 0.055 .
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Table 2. 9

Temp/K time/h CF3CHFCF2I CF3(CF3)C=C(CF3)I C7HF12I

473 0. 14 1.00 0. 986 0.050

4 33 1. 10 1.00 0. 84 0 0.050

393 2. 10 1.00 0.785 0.055

383 2.30 1.00 0.770 0.038

367 2.50 1.00 0.755 0.046

343 3.35 1.00 0. 638 0.062

327 4. 30 1.00 0. 625 -



DISCUSSION
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In this work CF^ radicals were produced by the photolysis
of an excess of trifluoroioaome thane in the presence of the alkyne

to be studied, at wavelengths at which the alkynes do not absorb

light. The wavelength of light absorbed by the starting iodide usually

represents more than sufficient energy to break the carbon-iodine

bond, so that the iodine atom is electronically excited.

* 64
CF3I + hV> > CF3; + I (2pi_)

The unselectivity of these thermally excited "hot" radicals

is not important if the subsequent chain process is long.

RX + h^ >R'" + X' (a)

R'" + A > RA' (b*)
RA* + RX >RAX + R* (c)

R* + A > RA' (b)
•A.
T-

These hot radicals (R' ) will add rapidly to the alkyne (A)
*

(react, b ) but all subsequent cycles of the chain will involve thermally

equilibriated radicals (R') (react, b). The opposite is true when the
.b

chains are short and reaction (b ) is important and the alkyl iodides

cannot be used for kinetic or orientation studies.

Hexafluoroethane was produced in very small amounts, hence
*

the chains were considered long and (react, b ) becomes unimportant.

In their study of the photochemical addition of trifluoromethyl iodide

to olefins under the experimental conditions described above, Tedder

2 6
and Walton had a good agreement between the orientation ratios with

those obtained in the thermally initiated reactions.

A mechanism can thus be drawn for the photochemical addition
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of CF^I to alkynes which appeared to be exactly similar to the

analogous addition to alkenes.

CF- I > CF3' + I' (1)

CF3" + A >CF3A' (2a)
CFA'+CFI >CF3AI+CF3* (3a)

The initiation step is followed by the chain carrying steps (2)

and (3) in which "A" stands for alkyne. In many of the experiments

the alkyne was reacted competitively with an alkene (E).

CF3' +E >CF3E* (2e)

CF3E" + CF3I > CF3EI + CF3* (3e)

Making the steady state assumption, we have for small conversions;

LCF AI ] k, IAI

lCF3EI]f k2elEj.
where the subscripts f and i stand for final and initial respectively.

In this work E was either ethylene itself or trifluoroethylene for

both of which the values of the Arrhenius parameters A.. and E_
2e 2e

are known.

In the case where CF I adds to unsymmetri cal alkynes, we get;

LIACFJ, kl2a

iCF3AIJf k2a
The orientation ratio was defined as:

O =
r k2a

In systems where telomerisation occurs, it is necessary to

add all telomers derived from the same adduct radical to the appropriate

adduct to obtain the relative rate constant for addition to a particular
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site.

Iodine can add to the alkyne;

I* + A > IA" " (4)

IA + CF3I > IAI (5)
but no diiodides were obtained probably because the equilibrium

(reaction 4) lies well to the left.

Termination could take place through several possible processes,

but in this study the following processes were important,

CF * + i* > CF3I (6)
CF ' + CF * >C,F, (7)

D 5 L. O

I* + I' + M I + M (8)

The irreversibility of the addition of trifluoromethyl radicals

to acetylenes, olefins and dienes has been established by Szwqrc and

Z1 65
coworkers ' by applying two different techniques. The first

involved varying the partial pressure for hexafluoroazomethane by

approximately a factor of ten while keeping the partial pressures of

2, 3-dimethylbutane and of the substrate constant (see p.

The ratio jCF HJ/J.N J remained constant. The other technique
■J Cj

involved varying the total pressure while keeping the ratio

1.substrate J/ J. HS J (HS being an aliphatic hydrocarbon used as a

solvent in the liquid phase or as a diluent in the gas phase) constant.

Also the ratio j.CF3Hj/ j remained constant and independent of the
total pressure.

Heiba and Dessau ^ made the important observation that in
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the addition of CH^S* radicals to an alkyne, the adduct radical
showed much less tendency to dissociate back than a corresponding

alkyl radical formed by the addition to an alkene. This is another

confirmation that the addition to an alkyne is much less reversible

than addition to the corresponding alkene.

The addition of trifluoroiodomethane to an alkyne can yield

two geometric isomers (E and Z), and if the alkyne is unsymmetric,

this may lead to four isomers in all . In the two unsymmetric

alkynes studied, only three isomers were identified. With propyne

E- and Z-isomers from the addition to the -CH end and only the E-

isomer from addition to the -CCH^ end were detected instead of the
four expected (Z-isomer for the addition to the -CCH^ end is missing

or probably produced in such a minute amount as not to be observed).

With 1, 1, 1-trifluorpropyne three isomers were expected and three

isomers were obtained (there is only one isomer from addition to the

-CCF^end). However when reacted by itself with CF^I, 1, 1, 1-tri-
fluoropropyne yielded a 1:1 telomer CF^CH=C(CF^)CH-C.CF^I which was

originally observed by Haszeldine^^ and when reacted with ethylene, it

yielded a cross telomer CF^CH=C(CF^CH^CHH. These telomeric
products can probably be attributed to the great reactivity displayed

by a vinylic radical in which the u-position carries a trifluoromethyl

group (=t-CF^). Exactly similar telomeric products were observed
when hexafluorobut-2-yne was reacted competitively with trifluoroethylene.

Again the high reactivity of the a-trifluoromethylvinyl radical is

observed.
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T elomer formation with 1,1, 1-trifiuoropropyne could be

represented as follows:-

CF ' +CF3C = CH > CF3CH=CCF3 (9)
which reacts either with trifiuoropropyne, __

?F3 CFjI ?F3 fF3
CF3CH=CCF3 + CF3C=CH—>CF3CH=CCH=CCF3- >CF3CH=CCHCI

(10)

or with ethylene CF

(11) ' .CF^ 1
CF3CH=CCF3 + CH2=CH2i i>CF3CH=CCH2CH2 >CF3CH=CCH2CH2I

The reaction of hexafluorobut-2-yne with trifluoroethylene is

similar;

CF3" +CF3CeCCF3 > (CF3)2=CCF3 (12)
CF CF

(13) ' CF^ 1
(CFj2C=CCF3 + CHF=CF2- ^(CF3)2C=CCHFCF2' $>(CF3)2C =CCHFCF^

CF CF

(13') I . I
(CF3)2C=CCF3 + CH2CH2 >(CF3)2C=CCH2CH2- >(CF3)2CCCH2CH2I

The relative rate of formation of the telomer for the reaction of

hexafluorobut-2-yne with trifluoroethylene was calculated relative to

ethylene using the values for the addition of CF^ to trifluoroethylene and
25

ethylene obtained in a previous study # A comparison between

the relative rates of addition of CF3CH=CCF3 and (CF3>2C=CCF3 at 200°C
to ethylene (^ /v =0,02, ^*13'/, =0,002) showe d that the latter add s

Cj Q uC
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slower. This could be attributed to the effect of the additional

-CF^ group.
Diadducts in which a second CF I molecule adds across the

double bond in the primary adduct were not observed in any of these

experiments. This shows that the step following the formation

of the adduct radical involves the abstraction of iodine from CF^I
which appears to be faster even than addition to another unsaturated

substrate. Diadducts would not be expected since the extent of

reaction was kept low.

Hydrogen abstraction was not observed in the CF^ radical
addition to propyne and but-2-yne either by CF^ radicals or other
adduct radicals formed in the addition. This followed from a

careful examination of the glc analysis which did indicate the presence

of hydrogen abstraction products. These products might have been

formed in very small amounts, too small to be observed. On the

2 6
other hand, Tedder and Walton* observed hydrogen abstraction

in the CF^ radical addition to propene. It appears that hydrogen is
abstracted less readily from propyne.

Table 2.10 lists the absolute Arrhenius parameters and

relative rates for the addition of trifluoromethyl radicals to acetylenes.

The -CHj and -CF^ substituent groups increased and decreased
the overall rates of addition of CF^' radicals to propyne and 1,1,1-
trifluoropropyne respectively as compared to the addition to acetylene;

thus manifesting the presence of polar effects with the electrophilic
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Table 2.10 Absolute Arrhenius Parameters and Relative Rates

for the Addition of CF^ Radicals to Acetylenes

Acetylene k2a / 164?C
^2e

E (kcal mol *) A x 1 0£1 l"1 -1\(1 mol s )

hc =ch
0.44 5. 00 + 0. 30 5.03 + 1.44

hc=cch3 2. 27^ 3.45 + 0. 28^ 4.28 + 0. 34^
*

hceCCF3 0. 22 5. 10 + 0.26 2.76 + 0. 50

ch c = cch3 0. 89 4. 36 + 0. 30 4.79 + 0. 27

cf c = ch 0. 02 6.61 + 0. 33 1. 35 + 0. 27

cf *c = ccf 0. 03 5. 86 + 0. 38 0. 90 + 0. 06

(+)
* site of attack sum of attack at both sites in propyne

CF^' radicals. The addition of nucleophilic methyl radicals to
acetylene, propyne and but-2-yne was studied by Szwarc and his

55
group and the overall rate of addition to acetylene was found

to be highest and to decrease in going to propyne and further decreased

to but-2-yne. The methyl group in the 2-position in propyne enhances

the addition of CF^ radicals at the 1-position, whereas the -CF^ group

in the 2-position in 3, 3, 3-trifluoropropyne reduces the same addition

at the 1-position. The table shows also that the addition is almost

exclusively to the -CH end for these unsymmetrically substituted

acetylenes, a conclusion originally drawn by Haszeldine^^. An

additional -CH^ group in the 1-position of propyne as in but-2-yne
reduces the overall rate of addition further when compared to

propyne, which could be mainly due to a steric effect. The relative

rates of addition to the 2-position in 3, 3, 3-trifluoropropyne and
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hexafluorobut-2-yne have very close values.

T able 2.11 lists the Arrhenius parameters for the addition of

trifluoromethyl radicals to acetylenes and similarly substituted alkenes.

The table also presents the relative rates of addition at 164°C.
The most important feature is the close similarity of the rates

of addition at 164°C. The attack at three out of the five positions occurs

faster at the alkene than at the alkyne, but the difference in the rates

is greater than a factor of three, although within one series (ie. all

the alkynes or all the alkenes) the rates vary by more than one order

of magnitude. This shows that the substituents have very similar

effects on the reactivity of the double and triple bonds. This is further

confirmed by the similarity of the orientation ratios (see tables 2. 12).

'These observations therefore establish that free radical addition to

alkynes and alkenes must be very similar processes. The electrophilic

CF^ radicals add slower to the 1-position in both 3, 3, 3-trifluoropropyne
and 3, 3, 3-trifluoropropene than to the corresponding sites in acetylene

and ethylene respectively. The 2-positions in all four unsaturated

molecules are less rapidly attacked by both radicals, the 2-positions

in trifluoropropyne and trifluoropropene being particularly unreactive.

Table 2.12 Orientation Ratios (<*:|3) at 164°C for the Addition of
CF Radicals to Alkynes and Alkenes

Alkyne n:(3 Alkene a:(3

HCECCH 1:0.06 H-CH=CHCH 1:0.09
a (3 a |3

HC = CCF
a |3

1:0.08 H-CH=CHCF

up
\—1 o • o t\J



TABLE
2-11

-

Absolute
Arrhenius

Parameters
and

Relative
Rates
for
the

Addition
of

CF^*

Radicals
to

Alkynes
and

Alkenes

ACETYLENES

OLEFINS

RATIO
CsC/C=C

x

log
A*

1

X2

x

log
a*

log

VA2

E(E-E")
lc_c/.
164°c

Kc_c/V.c=c

H-Cs?C-H
8.70

5.00

1

h-ch=ch-h
8.00

2.85

1

-0.76

2.15

2.3

h-c5c-ch3
8.63

3.45

5.2

h-ch=chch3
7.92

1.98

2.3

-0.71

1.47

1.0

r—i

h-c=c-cf3
8.44

5.10

0.49

h-ch=chcf3
7.76

3.10

0.40

-0.68

2.00

0.8

ch3c=cch3
8.68

4.36

2.0

ch3-ch=c(ch3)2
7.48

0.90

2.8

-1.20

3.46

1.4

cf

csch

8.13

6.61

0.043

cf3c=ch2

7.74

5.76

0.18

-0.42

0.85

4.2

cf3c5ccf3
7.95

5.86

0.068

cf3ch=chcf3
-

-

-

-

-
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In spite of the very similar rates of addition at 164°C, the

Arrhenius parameters for the addition to alkynes are substantially

different from the parameters for the addition to similar sites in

alkenes. The pre - exponential terms are without exception larger for

the addition to alkynes than for the addition to alkenes by a factor

between 2.5 and 5. This increased "A" factor is off-set by an

appreciably larger activation energy for the addition to the alkynes.

These results are a very satisfactory confirmation of the theoretical

expectations. The large "A" factors for the alkynes addition are in

accordance with the simple transition state theory. Ethylene has a

rotation about the carbon-carbon axis which is lacking in acetylene.

The 7/-electrons in an acetylene bond are distributed in a cylindrically

symmetric fashion around the carbon-carbon axis and this means that

rotation of the molecule about the -CeC- axis cannot be identified until

the transition state forms. When the transition state starts to form, the

formation of the activated complex is associated with a gain in rotational

entropy not experienced in addition to an alkene with a planar symmetry.

65
This is in accordance to the explanation given by Szwarc from the

transition state theory approach. He predicted that the "A"-factor for

the acetylene addition to be larger by a factor of around 4. In this

present study, the "A"-factor for the acet ylene addition is larger than

that for the ethylene addition by a factor of 5.
55

Szwarc and his group also found that the entropy of activation

and hence the "A"-factors for the addition of methyl radicals to acetylene,

alkyl and phenyl substituted acetylenes were higher than those observed

in the similar addition reactions involving the corresponding ethylenic
57

compounds. Holt and Kerr found a similar trend in a study of
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methyl radical addition to acetylene and ethylene with a larger "A" -

factor for acetylene addition.

The decrease in the pre-exponential term for propyne compared

to acetylene (Table 2.10) shows that a substituent methyl group

interferes with the rotation of the -CF^ group relative to the -CsC- axis.
A further reduction was expected with but-2-yne, but it was not the case

(see Table 2. 10) which might be due to the relatively large error

accompanying its "A"-factor. The same explanation holds for the -CF^
group in trifluo ropropyne.

The "A"-factors for the addition of CF^ radicals to acetylenes
were calculated by the transition state theory using the expression

68
derived by Herschbach, Johnston, Pitzer and Powell

A^ = 1.26 x 10^ KT^ exp (AS^/R)
3 -1-1

The units are cm mol s and the expression contains the appropriate

£
temperature factor. AS , the entropy difference between the transition

state and the reactants (the transmission coefficient "K" taken as

unity), is in units of cal mol'^K and refers to the standard state of

1 atmosphere.

asK-
where the subscripts T, A and R stand for the transition state, alkyne

and radical respectively. In these calculations AS*was taken as AS°

ie. the product radicals were taken as models for the transition states.

The S° and AS°.values for acetylene, propyne and but-2-yne were

17
obtained from Kerr and Parsonage, whereas those for trifluoropropyne

12
and hexafluorobut-2-yne were obtained by the Group Additivity method

These values are listed in Table 2. 13 . The entropy changes calculated
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by the group contribution method are less accurate than those

calculated by statistical thermodynamics utilising spectroscopic data.

This is reflected in the calculation of the "A"-factors.

Table 2.13 Experimental "A"-Factors, Calculated "A"-Factors

and Entropies of Activation

Acetylene log A (1 mol s )
exp

log A , (1 mol s Sb calc '
A 4= -1-1AS cal mol K

HCeCH 8.7 7.49 -34. 6

HCeCCH3 8. 63^ 6.44^ -39.4^

CH^CeCCHj 8. 68 6.42 -39. 5

HCeCCF 8.44 6.45 -39.36

CF3C = CH 8. 13 6. 67 -38. 32

CF3CeCCF3 7. 95 5. 94 -4 1. 68

site of attack sum of attack at both sites in propyne

There was not a good linear relationship between the experimental

log A values and the entropies of activation (see Fig. 2.1). This might

be due to the relatively large error in determining the "A"-factors

(a small error in gradient can lead to large error in intercept for

an Arrhenius plot)as well as-in the calculation of the entropy changes.

For radical reactions, it has been estimated that the minimum error

—1—1 17
in the determination of log A (1 mol s ) will be +0. 6 to 1.2) at 350K

The absolute log A value for the addition of CF^ radicals to
26 . .

ethylene was determined to be 8 1 mol s and calculated to be
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6.60 i mol s using a "tight" model for the transition state.

2 5
Tedder and Walton ~ in their calculation of the entropy of activation

for the addition of CF^ radicals to ethylene and fluorinated ethylenes
considered two models for the transition state. In the first model,

the transition state properties were based on the structures and

vibrational frequencies of the product fluoropropyl radicals ("tight"

model). In the second model, the structure and vibrational frequencies

of the transition state were taken to be the same as those of the

reactant alkene and CF^ radicals with minimum interaction between
them ("loose" model). The "A"-factors calculated from the first model

correlate better with the experimental values though they are between

a factor of 10 to 100 lower whereas for the second model, the calculated

"A"-factors are larger by a factor of 10 or less. This suggested a

fairly "loose" transition state but also there must have been appreciable

bonding between CF^ radicals and the alkene in the transition state,
with subsequent loosening of the double bond and loss of planarity

in the alkene. This was substantially in agreement with the findings

73
of Safarik and Strausz from a consideration of the secondary

deuterium isotope effect on the CF^ radical addition reaction with
ethylene.

In this present work the experimental lo^A yn/ues for acetylene

is 8.7 1 mol *s * whereas the "A"-factor calculated using a "tight"

transition state analogous to the calculation of Tedder and Walton is

7.49 1 mol ^s \ The model used in this calculation was a "tight"
Qnd

one^gave an "A"-factor value lower than the experimental value by
a factor of 5. The calculated "A"-factors for acetylene and ethylene
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revealed a larger value for the addition reaction of radicals

to acetylene, a trend which was obtained experimentally.

The higher activation energy for radical addition to acetylenes

is also expected since there is considerable experimental and

theoretical evidence that the ^-electrons in an alkyne are at lower

energy and more tightly bound than if- electrons in a similarly
66 67

substituted alkene (ionisation potentials of C^H^, and C^H.^
are 11.40 and 10.51 eV respectively). This was also the trend in

55, 57
the case of methyl radical ' addition to acetylenes compared to

55
the addition to ethylenes. Szwarc explained that in terms of the

exchange integral (a term depending on the overlap of two adjacent
70

p-orbitals, and its value is lower for a smaller overlap ). Since
the C = C triple bonds are shorter than the C=C double bonds, the

interaction between the if-electrons is mo re powerful, hence the

exchange integral is more negative and the activation energy of the

addition should be larger.

The effects of the -CH^ and -CF^ substituent groups on the
activation energies (Table Z. 10) for the acetylene additions is indirect,

they affect the if-electron density and modify the ionisation potential.

A good linear relationship between the ionisation potentials and activation

energies for acetylene, propyne and but-Z-yne was not obtained. This

is again because of the high activation energy for the but-Z-yne addition.

The ratio of cis to trans was observed for the addition of CF^
radicals to acetylene and substituted acetylenes. In the case of acetylene,

the relative concentrations of CF3I and acetylene were varied (see Table

Z.Z) while the temperature and reaction time were kept constant. The

ratio of cis to trans isomer products was found to be constant within
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experimental error. On the other hand the same ratio varied

with the variation of temperature in all additions studied in this work.

The ratio of cis to trans is probably determined by the relative

stabilities of the two isomeric forms of the vinyl radical formed in

the initial addition process,

R /T) R
CF * + RCeCR > = C ^ > ^C = C^

cf3 r cf3

The vinylic radicals could adopt either a bent or a linear
2

structure according to whether the unpaired electron is in an sp or

p orbital. But detailed analysis of the esr spectrum of vinyl radicals

is consistent with the bent formulation with rapid inversion of its

71 72
configuration even at -180°C . Also it was found that the size

of the group attached to the a-carbon atom markedly affects the rate

of inversion in vinylic radicals.

If it is assumed that the single electron (like a lone pair)

occupies more space than a hydrogen atom, then the minimum

intermolecular repulsion occurs in the radicals which yield the

preferred products.

/CF3 CF3I -CF3CF^ + H-CEC-H > /iC-Cs 3 ^ /C = C\
"E"<f7 h 1 h

CH /H CFoI CH
CF*+CH2C = CH > ^C = C > ^c = c

<57 "cf3 F -CF.
f t *7 11Z'

CH3. ZCH3 CF3I CH /CH
CF * +CH,C=CCH, > XC = C > C = C3"3

(±7 A -CF
"Z"
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CF.

cf3' + cf3cech ^c = <FH CF31 >
<£7

CH H

3xc = c"
F \F

Where the effective size of groups is H lone pair ^CH3 <^CF3.
The above scheme explains why it was only with acetylene that

the E isomer was obtained as the major product isomer ie. the addition

occurred in a trans-fashion, whereas with propyne, 3, 3, 3-trifluoro-

propyne and but-2-yne, the Z-isomers were obtained as the major

product isomers ie. cis-addition.

The difference in the activation energies shown in Table 2. 14

can be taken to represent the enthalpy difference between the two

isomeric vinyl radicals.

Table 2. 14 Activation Energies and Ratios for the Geometrical

Isomers Produced by the Addition of CF3 Radicals to Alkynes

Alkyne Z/E
"Iv

E (k cal mol )
Zj

E (k cal molE E^,-E^ (k cal mol

HC =CH 0.08 6.24 + 0.3 4 . 87 +0.3 -1. 37 + 0.1

ch3cech 8.5 3. 33 + 0.3 4. 59 + 0.3 1. 26 + 0.1

ch3c=cch3 4.8 4.22 t 0.3' 4, 68 t 0.4 0.46 +0.2

cf3cich 6.2 4. 86 + 0.3 5.69 t 0. 3 0. 83 + 0. 1

A linear relationship (see Fig. 2.2) was obtained between the

ratios Z/E and the activation energy difference between the isomers.
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Table 2. 15 The Absolute "A" Factors and Ratios for the Geometrical

Isomers Produced by the Addition of CF^ Radicals to Alkynes

Alkyne Z/E A x 10^(1 rnoT^s AgX 10^(1 mol ^s ) VAz

HC =CH 0. 08 2.40 +0.7 3. 80 + 0.6 1. 58

ch3c=ch 8. 5 3.32 + 0.2 1.34 +0.5 0.40

CH3C=CCH3 4.8 3. 70 +.0.6 1.21 + 0.4 0. 33

CF3CSCH 6. 2 1.88 t 0.1 0.69 t 0.3 0. 37

Table 2. 15 also explains why the favoured trans addition with acetylene

took place. The E-isomer has a higher "A"-factor , hence a less

restricted motion of the various groups in the molecule. On the other

hand, for the other substituted acetylenes mentioned in the Table, it

was the Z-isomer with the higher "A"-factor. Furthermore a linear

relationship was obtained between the A /A ratios and the E/Z
J"Lt /-j

ratios for these substituted acetylenes.

This work showed the similarity between the relative rates

of addition of CF^ radicals to alkenes and alkynes which are generally

higher in the case of the Former, Yet there is a substantial difference

in the Arrhenius parameters with higher magnitudes for the alkyne

addition. This was mainly attributed to the different formulations of the

alkene and alkyne molecules and the different strengths of double and

triple bonds.

Thi s work also offered kinetic data for the addition of radicals

to specific sites in unsymmetrical acetylenes as well as a study of
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the stereochemistry of the adducts formed by the addition of radicals

to acetylene s.

The recent kinetic studies carried out in the gas phase enable

the activation parameters to be compared with calculated values

based on transition state theory. It was also found that a complex

interplay of polar, steric and bond strength terms, all of which

are interrelated in influencing the rates and Arrhenius parameters

for the addition of CF^ radicals to alkynes as those experienced in
the similar additions to alkenes.

The structure in this work of alkynes was changed in a uniform

sequence. Still more work could be done using bulkier substituent

groups on acetylene to assist in determining the role steric effects

play in the alkyl radical addition to alkynes.



I

PART (III)

ADDITION OF CFy RADICALS TO DIENES AND

VINYLACETYLENE



I

INTRODUCTION
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The addition of different radicals to alkenes and

substituted alkenes has been thoroughly investigated. Little

work has been done on addition to alkynes and even less has

been done on the addition to dienes. It was then important to

attempt to study and determine kinetic data for radical addition

to dienes in order to comprehend the nature of the effects

influencing such an addition and to further compare it to

similar additions to other unsaturated systems.

77
In 1953, Volman and Graven obtained the activation

energy (5.4 Kcal) for the chain propagation in the polymerisation

of 1, 3-butadiene induced by methyl radicals. They considered

it as the activation energy for the addition of CH^' radicals to
butadiene in which CH^' radicals were produced by the photolysis
of di-t-butylperoxide.

7 B
Mandelcorn and Steacie determined the rates of addition

of methyl radicals, produced by the photolysis of acetone, to

-1, 3-butadiene as well as to ethylene and acetylene. Two methods

were applied. The first method considered the following scheme

CH3COCH3 + h.9 > CO + 2CH3' (i)
2CH3* > C2H6 (2)
CH3' +CH3COCH3 >CH4 + CH3CO*CH2 (3)
CH ' + CH ,CO * CH > CH. COC H (4)5 5 Z 5 c. o

and hence within 3%

(2RC H + RCH + RCH COC H '/RCO = 1,90
2 6 4 3 2 5

and when the unsaturated hydrocarbon is added, R'A (rate of

addition) may be obtained from (2R +R + R„TT „ + R'A)/RCOL» -.JrL orl. U hi, UULl,i"i_ J\2 6 4 3 2 5
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equated to the ratio obtained in the absence of the unsaturated

hydrocarbon. The second method was based on the assumption

that the rate of addition of CH^" radicals is equal to the rate of

disappearance of unsaturated hydrocarbon. Each method had

its limitations. In the first method, if radical combination

with the substrate takes place this will in turn give R' higherJx

than the true rate of addition. Whereas in the second method,

the rate of disappearance of the unsaturated hydrocarbon could

be effected by methyl radical abstraction of hydrogen atoms.

The activation energies obtained for CH^" radical addition to

ethylene, 1, 3-butadiene and acetylene were 7.0, 2.5 and 5.5

k cal respectively.

65
Szwarc and co-workers determined the relative rates

and activation parameters for the addition of CH^' radicals to
1, 3-butadiene, isoprene and 2 , 3-dimethyl-1, 3-butadiene . The

technique used is explained in Part (II) introduction. Although

there was a significant difference in reactivity, the "A"-factors

were approximately constant whereas a difference in the activation

energies was observed. At 65°C the relative rates showed that

2, 3-dimethyl-1, 3-butadiene is the most reactive.of the dienes.

Furthermore all three dienes are much more reactive than

ethylene. In fact higher activation energies and "A"-factors

were obtained for the addition to ethylene than those obtained for

the addition to dienes.

79
In addition Cvetanovic and Irwin determined the rate

constants and Arrhenius parameters for the addition of CH^"
radicals to ethylene and 1, 3-butadiene. ^^3' Radicals were
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produced by the photolysis of biacetyl and a mass balance was

used for the analysis. The reference reaction was;

CH3' +i-C4H1() >CH4 +C4H9
The authors obtained higher rate constants for the butadiene

addition than for the ethylene addition. This difference in

rate constants, is mainly due to a lower activation energy for the

butadiene than for the ethylene addition (log k. =7. 91-4 . 1 /2. 3 RT .

L4H4

iog kC2H4=8-63"7-9/2-3 RT)- The se parameters refer exclusively
to path (1) with a larger exothermicity due to the formation of the

ch " + ch =ch-ch=ch 1 > ch ch chch=ch
-3 c# UF -9 L~d £4

^'ch2ch(ch3)ch=ch2

resonance stabilised adduct radical. This also explains why the

activation energy for the addition to butadiene is significantly

lower than that for ethylene.
21

Later Szwarc studied the addition of CF^' radicals to
1, 3-butadiene, 2, 3-dimethylbutadiene-1, 3 and hexadiene-2, 4

and the rate constants and Arrhenius parameters were obtained.

At 395 K, the rate constants for the addition to the dienes is

higher than that to ethylene which is still higher than that to

acetylene (log K^h^ log ^^2^-4 ^ anc^ l°g k"C2H2=^* ^
-1-1

1 mol s ). The Arrhenius parameters were lower for the

dienes than for ethylene. With 1, 3-butadiene the favoured path

for the addition was;

cf3* + ch2=ch-ch=ch2 > cf3ch2'ch-ch=ch2
whereas for isoprene the following paths were favoured;
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CF3* + CH2 =C(CH3)CH=CH2 > CF3CH2C(CH3)CH-CH2

> CH2=C(CH3)CCH2CF3

The authors also obtained a linear relationship between the

activation energies and ionisation potentials for the dienes.

The rate of the acetyl radical addition to 1, 3-butadiene
80

has been measured relative to its decomposition rate. The

radicals were produced by the photolysis of 3-methylbutan-2-one.

The rate was measured relative to the rate of carbon monoxide

production ie. for the reactions,

CH3CO'(+M)-^—>CH3* + CO(M)

CH CO* + 1, 3-butadiene > CH COCH CHCH=CH
O J u L

logk2/kl = (2.0 + 0.7) + (10.5 ± 1.0) K/2.3RT.
81

Carter and Tardy in their study of the homoallylic

isomerisation of 1 -penten-4-yl, obtained a critical energy of

12.0 - 1.0 k cal mol ^for the addition of methyl radicals to the

2-position of 1, 3-butadiene. The extra energy of 3-4 k cal mol~ *
over the usual critical energy for the alkyl radical addition to

olefins was explained in terms of the effect of the conjugation

stabilisation of 1, 3-butadiene being destroyed in the activated

complex. Furthermore when the addition is to the 2-position

of 1, 3-butadiene there will be no stabilisation of the activated

complex as the allylic radical will not have been formed. In

82
another study of CH3" radical addition to allenes it has been
pointed out that these additions cannot be interpreted in terms
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of the simple picture of centre addition giving rise to the

resonance stabilised allylic radical * CH^- C (R^CH^ in
preference to the less stable vinylic radical RCH^-C^CH^
from terminal addition. The "Tf-bonds in the allene are

mutually perpendicular, and hence in the transition state the

incipient radical resembles a primary rather than an allylic

radical, since the orbital of the odd electron does not overlap

with the 77"-orbital of the remaining double bond.
83

Heiba suggested that the orientation of addition of

alkyl radicals such as CF^' and CH^* radicals to allenes depends
upon the reversibility of the initial addition. He found that they

add irreversibly to the terminal carbon atom. No clear picture

for the orientation of addition of radicals to allenes has been

reached.

In most of the above mentioned studies for alkyl radical

additions to dienes there were limitations on the technique employed

in determining the kinetic data. In spite of these limitations

similar trends have been observed in this present work. This

work offers kinetic data and absolute Arrhenius parameters for

the addition of CF-j" radicals to 1, 3-butadiene using a technique
which has proved its validity with similar additions to alkenes

and alkynes. The work also offers a study of the stereochemistry

of the adducts formed by the CF^' radical addition to butadiene .

Furthermore the addition of CF^' radicals to isoprene, trans-

piperylene and vinyl acetylene has been investigated and an attempt

was made to compare the present results with similar additions

to alkenes and alkynes.



EXPERIMENTAL
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1. Materials

Commercial trifluoroiodomethane (Bristol Organics Ltd),

ethylene (BOC medial Anaesthetic grade), butadiene (ICI), trans-

piperylene (Aldrich Chemical Company Inc) and isoprene (BDH)

were degassed and trap to trap distilled, where only the middle

fraction was used for the reactions. Purity was tested for by glc .

2. Apparatus and Procedure

The apparatus and experimental procedure have been described

in Part (1).

3. Analysis and Identification of Products

The methods of analysis and product identification were the

same as in Part (2). The column used for the glc analysis was

replaced by a longer glass column 30 ' x 3/8" packed with 10%

Embaphase silicone oil on 80-100 mesh Chromosorb G.

A. Butadiene

An experiment was carried out to identify the reaction products

-4 - 3
in which trifluoroiodomethane (38. 1x10 mol dm" ), butadiene

(5.86x 10-4 mol dm- 3) and ethylene (21.6 x 10"^ mol dm ^) were

photolysed for 120 min at 154°C. Gas chromatography indicated the

presence of three products which were identified by their mass spectra

to be: CFTH CHnI and the cis- and tr ans-i somer s of CF^C .H.I in3 2-2 3 4 6

the order of their elution.

A.l: CF^CH^CH^I mass spectrum and retention time as before.
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a-2: cf.ch. h.
3 2\^ (b)
(c) >=c ;

h ch i

(a) ip)

major isomer

m / e rel. abundance A s si gnment

250 6 CF C H I+
3 4 6

123 100 CF,C .H*3 4 6

73 37 C ,FH~T
4 6

69 11 '

64 10 C2F2H2
59 90 C3FH3

The nmr spectrum consisted of a complex of lines at

6 = 2.83 ppm (J„„ =10.75 Hz, J =7. 0 Hz), a doublet
3<->H2(C) HACH2(c)

at 8 = 3.85 ppm (J =7.5 Hz) and another complex set of
B 2(D)

lines at 5 = 5.7 6 ppm. In order to obtain the rest of the couplipg

constants partial spin decoupling was applied. When irradiated at

S = 3.85, the spectrum consisted of a doublet JTT „ = 15.5 Hz and
HAHB

a doublet of triplets JTT „ =15.5 Hz and J =7.0 Hz.
HAHB HACH2(C)

While when irradiating at 5=2.83, the spectrum consisted of a doublet

J =15.5 Hz and a doublet of triplets J- =15.5 Hz and
HAHb hAhB

19
J =7.5 Hz. The F nmr spectrum consisted of a triplet
hbch2(d)

at £ = 66. 9 ppm J-^. =10.75 Hz . The J
CH2(C)C* 3

= 15. 5 Hz lies

in the range of 12-18 Hz of trans-hydrogens in similar structures.

haHb

A- 3: CF3CH2 ch7i
\ y

(c) ^c=c^ (d)
ha

minor isomer

cis-isomer
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m/e rel. abundance a ssignment

250 10 cf3c4h6i+
123 100 cf3°4h6

69 13 cf3
64 8 c2f2h2
69 85 c3FHt

This isoiner was obtained in too small a quantity for complete

19
nmr analysis. The F nmr spectrum showed a triplet at<£>= 66.4 ppm

=10.70 Hz. This is not evidence for the structure, but
ch2(C)CF3

it was believed to be the cis-isomer since the structure a-2 is the

trans-isomer.

B. Trans-Piperylene
-4 - 3

Trifluoroiodomethane (43.5 x 10 mol dm ), trans-piperylene
-4 - 3 -4 - 3

(8. 6 x 10 mol dm ) and ethylene (11.7 x 10 mol dm ) were

photolysed for 140 min at 130°C. Gas chromatography indicated the

presence of four products which were identified by their mass spectra

to be: cis-C^Hg, C10H14' C6H9F3 and CF3CH2CH2I in the order
their elution.

B-1 CH CH=CH
3 \ ^ c,

c=c
H H

cis-isomer
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m/e rel. abundance A ssignment

68 4 C5H8
67 60 c5n;
66 88 C5<
65 6 C5H5
64 16 C5H4+
54 100 c^Ht4 6

53 8 C„H14 5

52 24 C.H*4 4

51 16 C4H3
44 48 °3H8
43 48 C3H7
42 96 C3H6
41 16 C3H5

B-l was assigned the structure cis-piperylene because it

has the same mass as the trans-isomer which appeared before it

on the chromatogram.

B-2 C,„H„ (CH =CH~CH=CH-CH ~CH -CH=CH-CH=CH )10 14 2 2 2 2'

m/e rel. abundance Assignment

134 25 C!0HH+
120 8 C9H12
78 17 C6Ht
67 38 C5Ht
54 33 C4H5
44 58 C3H8
43 100 C3H7
42 | 92 C3H6
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B-2 was eluted as two peaks which were not well separated

on the analytical glc which are probably trans- and ci s-i somer s of

the bove tetraene.

B-3 C6H9F3
m / e rel. abundance A s signment

138 15 CF3C5H9
119 6 CF2C5H9
69 29 cf+

67 15 C5H7
56 59 C4H8
44 100 C3H8
43 71

42 76 C,<

B-3 was eluted as two peaks which were not well separated

on the analytical glc . These are probably the trans- and cis-isomers

of cf3ch2ch=chch2ch3.

C. Isoprene

-4 - 3
Trifluoroiodomethane (38.0 x 10 mol dm ), isoprene

(8. 6x10^ mol dm ) and ethylene (9. 8x10^ mol dm were

photolysed for 2 hrs at 1 04 °C . Gas chromatography indicated

the presence of seven products which were identified by their mass

spectra to be: C_H ; C H ; E-and Z-CF C H ; E- and Z-C , H5 10 5 8 359 i0 14

and cf ch ch2i.
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C"' C5H10
m/e

70

69

55

41

40

29

rel. abundance

7

2

26

12

14

100

A s signment

CSHW

C5H9

C4H8

C3H5

C3H4

C2H5

C"? C5H8
m/e rel. abundance A s signment

68 59 C5H8
67 93 C5H7
66 7 C5H6
65 22 c5f<
53 78 CX
42 22 C3H6
41 59 C 3H5
40 41 C3H4
39 100 °3H3+

C-3 C6H9F3
m/e rel. abundance Assignment

138 6 cf3c5h9
93 3 cf2c3h7+
88 5 cf2c3h2
83 5 cf3ch2+

cont.
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C-3 (cont.)

m/e rel.abundanc e Assignment
-f

78 12
3 2 4

69 53 CF3
41 100 C3H5

This is probably the trans- or cis-isomer of

CF3CH2-CH=C(CH3)CH3

C-4 C6H9F3
m/e rel. abundance A s signment

138 12 CF3C5H9
83 6 cf3ch2
78 24 C3F2H4+
69 18 cf3
67 6 C5«7
59 47 C3H4F+
55 100 C4K7
41 59 C 3H5

cis-isomer;

If C-3 is the trans_-isomer, then this structure will be the

-CH „cf3ch^

H3C'
:c =c

H

C"5 C10H14
m/e rel. abundance Assignment

134 22 C10Hl+4
120 9 C9H +9 12

(cont.)
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C-5 (cont.)

m/e rel. abundance Assignment

115 4 CA+
94 7 C7Hl+0
78 11 C6H1
75 19 C6Ht
69 15 C5H9
67 100 C5H7

Again this structure could be the trans- or cis-isomer of

(CH2=CH-CH=CH-CH2CH2CH=CH-CH=CH2). It is the major
product isomer.

m/e rel. abundance As signment

134 33 C10Ht4
120 17 SH12
115 13 SH7+
78 25 C6H6
69 83 °5H9
67 100

This is the minor product isomer.

It was concluded that Structures C-3 and C-4 are probably

the geometrical isomers for C,H F.,. Also structures C-5 and C-6B 6 9 3

are probably the geometrical isomers for C ^ qH ^ ^ . In both cases,
the isomer eluted first was the major isomer.
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Attempts to separate and collect the products from the trans-

piperylene and isoprene experiments by preparative glc and obtain

positive identifications from nmr spectra were unsuccessful.

4. Details of the Kinetic Experiments

A. Addition of CF0I to Butadiene and Ethylene

In a series of low conversion experiments trifluoriodomethane

-4 -3 -4 -3
(38. 1x10 mol dm ), butadiene (5. 86 x 10 mol dm ) and

-4 - 3
ethylene (21.6 x 10 mol dm ) were photolysed for periods of time.

The consumption of butadiene was kept within 5% and the temperature

was varied in the range 52-186°C. Three products were obtained:

CF-CH CH I, cis- and trans-CF,C .H I.
DLL J 3 o

Peak areas were measured relative to that of the ethylene

adduct which was set equal to 100.

let a^ = the relative area of CF^CH^CH^I
an = the relative area of cis-CFoC.H.I2 3 4 6

a. = the relative area of trans-CF_C .H ,I
3 3 4 6

(i) Temperature 186°C Time 0.08 h (ii) Temperature 167°C Time 0. 13 h

al a2 a3 ai a2 a3

100 209. 0 61. 8 100 197. 0 47. 6

100 220. 8 63. 3 100 191. 3 46.6

100 212.0 66 '. 3 100 190. 5 47. 9

100 213. 9 63. 8 Mean 100 192. 9 47.4
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(iii) Temperature 140°C Time 0.45 h (iv) Temperature 11 8°C Time 0.55 h

al a2 a3 al a2 a3

100 186. 2 41.7 100 172.0 37. 2

100 187. 2 44. 8 100 175. 9 37. 5

100 184. 5 41.9 100 171.7 36. 8

100 186. 0 42. 8 Mean 100 173.2 37. 2

(v) Temperature 90°C Time 1.30h (vi) Temperature 67°C Time 1.40 h

ai a2 a3
100 114.05 23.5

100 111.14 23.9

Mean 100 112.6 23.7

ai a2 a3
100 126. 1 25.2

100 113.3 29.4

100 112. 2 29. 2

Mean 100 117. 2 28. 0

(vii) Temperature 52°C Time 2.

al a2 a3

100 105. 3 20.7

100 107.7 21.4

100 108. 8 20. 9

Mean 100 107. 3 21.0

The relative rates of formation at the above temperatures are

listed in Table 3. 1

A least squares plot of

log (R(trans-CF3C4H6I)/R(CF3CH2CH2I). LCH2=CH2 ]/ J.C4H& j)against
10 /T gave a gradient of -0.36 + 0. 044 and an intercept of 0.169 t 0.11,

a similar plot of

log1() (R(cis-CF3C4H6I)/R(CF3CH2CH2I). [CH2=CH2 ] / 1C4H6 ]) against
3

10 /T gave a gradient of -0.506 1" 0.036 and an intercept of 0.14 + 0.095
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and a third plot of

log10(R(CF3C4H6I);:VR(CF3CH2CH2l). lCH2=CH2 ]/LC^.J) against 103/T
gave a gradient of -0. 39 t 0. 039 and an intercept of 0. 185 t 0. 1

*

CF,C,H.I ~ trans + cis-isomers3 4 6

Table 3. 1 Relative rates of formation

T emp/K time / h CF^cpy trans-CF..C.H,I
3 4 6 cis-CF3C^ CF3<W

459 0. 08 1.0 7.89 2. 35 10. 25

440 0. 13 1.0 7. 12 1.75 8. 87

413 0.45 1.0 kOCOvO 1.58 8.44

391 0. 55 1.0 6. 39 1. 37 7.76

363 1. 30 1.0 4. 32 1.03 5. 36

34 0 1.40 1.0 4. 15 0. 88 5. 03

325 2. 00 1.0 3.96 0.78 4.73

B. Addition of CF J to trans-Piperylene and Ethylene

In a series of experiments, trifluoroiodomethane (43.5 x 10"^
- 3 4-3

mol dm ), trans-piperylene (8. 6 x 10 mol dm ) and ethylene
-4 _ 3

(11.7 x 10 mol dm ) were photolysed for periods of time. The

conversion of trans-piperylene was higher than 15% and the

temperature was varied in the range 117-210°C. Four products

were obtained: cis-piperylene, C,.H, CF.CrH„ and CF0CH _CH_I.r r > 10 14 359 3 2 2

The absence of the adduct CF^^H^I made a study of the
kinetics and Arrhenius parameters determination for this diene

impossible. The formation of the cis-piperylene increased with

temperature.
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C. Addition of CF J to Isoprene and Ethylene

4 3
Trifluoroiodomethane (38.0 x 10 mol dm" ), isoprene

4 3 3
(8. 6x10 mol dm ) and ethylene (9. 8 x 10"^ mol dm ) were

photolysed for periods of time. The conversion of isoprene was

higher than 15% and the temperature was varied in the range 104-205°C.
Seven products were obtained; C_Hiri; C_H_, E- and Z-CF,CcHn;511)58 559

trans- and cis-C^H^; and CF^CH^CH^I.
The absence also in these experiments of the adduct CF-C-H I

j D o

made the determination of the Arrhenius parameters impossible for

this diene.
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The Addition of Trifluoromethyl radicals to Vinylacetylene

Vinyl acetylene has been donated by Dr. J.C. Walton. Its

purity was checked by glc. The column used for analysing the

reaction mixture was the same used in Part (I) and Part (II) reactions.

An experiment was done to identify the reaction products in
-4 - 3

which trifluoroiodomethane (27.2 x 10 mol dm ) and vinylacetylene

-4 ""3 o

(8. 6 x 10 mol dm ) were photolysed for 2 hrs at 160 C. Gas

chromatography indicated the presence of three products which

were identified by their mass spectra to be three isomers of

CF C.H.I.
3 4 4

D-1 CF C.H.I
3 4 4

MAJOR PRODUCT ISOMER

m/ e rel. abundance Assignment

24 8 28 CF C H I+
3 4 4

127 8 I+

122 6 CF3C4H5
121 100 CF^H*3 4 4

102 14 Ch°4H4
101 43 CF2C4H3

96 2 CF3C2H!
75 10 C3F2H+
69 14 CF3
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D-2 CF C. H.I
3 4 4

minor product isomer

m/e rel. abundance Assignment

24 8 17 CF3C4H/
127 6 I+

121 100 CF3CX
101 42 CF2C4H3
75 4 C3F2H +
69 8 CF3

D-2 CF C H I
3 4 4

Intermediate product isomer

m/e rel. abundance Assignment

24 8 43 CF3C4H4I+
127 14 I+

121 100 CF3C4H4
101 29 CF2C4 4

69 29 CFI

Attempts to identify the individual isomers by N M R

spectroscopy have not yet been successful.
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The mechanism of the photochemical addition of perfluoro-

alkyl radicals to alkenes and alkynes has been explained in Part (I)

and Part (II) of this thesis. In the present work CF^' radicals
were produced by photolysis of trifluoromethyl iodide in the presence

of the diene or vinyl acetylene to be studied. The conditions are

similar to those employed with the alkynes reactions.

A similar mechanism could be drawn for the dienes additions;

CF3I + hi/ > CF * +1* (1)
CF3* +D > CF3D- (2d)

CF3D* + CF3I > CF3DI + CF3* (3d)
The initiation step (l) is followed by the chain propagating

step (2) and (3) in which "D" stands for butadiene or vinyl acetylene.

In these experiments, the diene was reacted competitively with

ethylene "E",

CF3' + E > CF3E* (2e)
CFE'+CFI > CF I + CF * (3e)

In the case of isoprene and trans-piperylene the iodide was not

obtained whereas products resulting from the abstraction of hydrogen

by the adduct radical formed in reaction (2d) from the starting

diene were obtained. Hence the mechanism could be extended to

account for these hydrogen abstraction products. In the case of

isoprene;

CF3* + CH =C(CH3)-CH=CH2 > CF3CH2C(CH3)-CH=CH2 (21 d)

cf3ch2c(ch3) . ch=cf^ + ch2=c(ch3)ch=ch2—>cf3cf^c(ch3)=ch-ch3
+ C5H?. (3'd)
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In the case of transpiperylene;

CF3* + (CH3)CH=CH-CH=CH2 >CF3CH2CHCH=C(CH3)H (2"d)

cf3ch2chch=c(ch3)h + c 5hg >

CF3CH2CH^CHC(CH3)H2 + C &H• (3"d)

Similar to the additions to alkenes and alkynes, no diiodides

were formed. This shows the reversible addition of iodine to these

dienes lies well to the left hand side;

I' + D < > ID' (4)

ID' + CF3I < > IDI + CF3' (5)

The important termination steps are;

CF3' + I* > CF3I (6)

CF3*+CF3' > C2F6 (7)
I' + I* + M > 1 + M (8)

and unidentified processes involving CFjD' eg. in the cases of
isoprene and trans-piperylene there appeared to be another important

termination step which is;

C5H7' + C5V » C10HH

The formation of the dimer C F was very small, and theL o

chains were considered long. Hence for low conversions and

making the steady state assumption, it can be shown that the

ratio of formation of the ethylene adduct R(CF3CH2CH2I) to the
rate of butadiene RfCFjC^H^l) in a competitive reaction is given
b*

R(CF3CH2CH2i) = k2elEJ.
R<CF3C4H6I» k2dlDJi

where i stands for initial.
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The rate constant at 164°C for the addition of CF^* radicals
to 1, 3-butadiene obtained in this way and absolute Arrhenius parameters

together with those for the same addition to ethylene and acetylene

are listed in Table 3-2.

Table 3-2 Rate Constants and Absolute Arrhenius Parameters

Unsaturate log K E (k cal mol *) log A (L mol ^ s *)

26

ch2=ch2 6.5 2. 90 + 0.5 8.0 t 0.31

ch2=ch-ch=ch2 00vO 4. 68 + 0.2 9.2 to. 10

chech 6.2 5.00 ± 0. 30 8.7 t 0.20

The rate constants for the butadiene addition are higher than

that for the ethylene addition. This was mainly due to the higher

"A" factor for the butadiene addition. Unexpectedly the activation

energy for the butadiene addition was higher than that of ethylene.

This could be because the adduct radical formed with the butadiene

addition is more stable and less reactive than that of the ethylene

addition (ie. CF^CH^CH^*) and this will affect its fate. It appears

that the rate of iodine abstraction by the adduct radical is less important
as a chain carrying step and the radical appears to
be involved in other processes. Moreover, when the temperature

goes up, because the iodine abstraction process will be endothermic,

this will in turn give higher apparent activation energy. In contrast,

79
Cvetanovic and Irwin found that methyl radicals added faster to

butadiene than ethylene and explained the higher rate constants for

the butadiene addition in terms of the lower activation energy of

butadiene addition. In the present work the high "A" factor leads
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leads to a faster rate for CF^' radical addition to butadiene, but
for reasons discussed above, the high activation energy is probably

spurious.

The trend shown in Table 3-2 that alkyl radicals add faster

to butadiene than to ethylene and add faster to ethylene than to

acetylene is in agreement with previous additions of CH^' '

CF^ and CH^CO radicals.
The stereo specificity of CF^' radical addition to butadiene

has been studied in this present work. The results show that the

addition takes place in a trans-fashion. This was accounted for

by the activation energies for the trans- and_ci_s-additions being

E = 4.55 k cal mol * and E . = 5. 22 k cal mol ^ re spectivel y.
trans cis

In the cases of isoprene and trans-piperylene where no iodine

abstraction was achieved by the adduct radical and consequently no

iodides were formed, suggest that the allylic adduct radical is even

more stable than that formed with butadiene. The further stability

with these adduct radicals formed with isoprene and trans-piper ylene

could be mainly due to the presence of the additional methyl group

and this stabilisation effect by the methyl group might be classified
84

as an inductive effect. Benson et al suggested that the measured

value of the stabilisation energy in the allyl radical (10 k cal mol *)
probably meant'that the value in the methyl allyl (12.5 k cal mol *)
includes a stabilisation effect due to the extra methyl group.
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The addition of CF^' radicals to vinyl acetylene took

place mainly at the acetylenic end (ca. 7 5%), these were the

cis- and trans-isomer s of 1-trifluoromethyl-2-iodo-1, 3-butadiene.

This was concluded from the H nmr analysis obtained for these

products. There was another product which could not be

identified.



PART IV

HOMOSOLVOLYSIS



INTRODUCTION
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A normal solvolytic process is one in which the solvent

provides electron pairs for the incipient cation and accepts electron

8 8
pairs from the incipient anion . For example tetramethyl-

ammonium chloride undergoes solvolysis in dinitrogen tetroxide

to yield nitrosyl chloride and tetramethylammonium nitrate (1)

Me^NCl + N204 > Me3NN03 + NOC1 (1)
X: Y A:B X:A Y:B

Scheme (1) shows that non-protonic solvents such as this

display similar behaviour to protonic solvents (scheme 2) when

sulphuryl chloride is solvolysed in acetic acid;

SOzCl2 + 4CH3COOH > SC>2(OOCH3)3 + 2CH C(OH)J + 2Cl" (2)

In both the above examples, the behaviour of the solvent is

almost identical. The solvent splits heterolytically into A and B +
which give a pair of electrons to the incipient solute cation and accept

a pair of electrons from the incipient solute anion respectively.

Such a process may be reasonably described as HETEROSOEVOLYSIS.

In order to have the corresponding HOMOSOLVOLYSIS process a

different requirement should be fulfilled. This is simply to modify

the source-sink set up of the solvent into a solvent system which can

accept a single electron from a solute fragment and donate an electron

to another solute fragment.

89
Hammett originally defined a solvolytic process as a

kinetically first order nucleophilic displacement reaction in which

the displacing nucleophile is a molecule of solvent or of a solvent

component.
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X:Y A-B—> (X+:Y_) HETEROSOLVOLYSIS (3)
k N

\1 >1
X-A Y-B

2A *
X:Y > (X' Y") HOMOSOLVOLYSIS (4)

N IV

\l V

A-X A-Y

Stable nitroxides were found to be suitable solvents to effect

homosolvolysis. These nitroxides are easily prepared and are

90stable in the liquid phase at room temperature . Just as in

heterosolvolysis, the bond broken will be one which already has

polar character, so in homosolvolysis bond fission will occur where

the bond is weak and the incipient radicals stable.

There is a further analogy, in hetero sol volysi s the incipient

ions may be strong electrolytes or weak electrolytes. In the former

case the new molecules X-A and Y-B will largely exist in the ionised

form whereas if they are weak electrolytes X-A and Y-B will exist

mainly in the covalent form. Similarly, during a homosolvolysis

the molecules X-A and Y-A may dissociate back into radicals which

in turn undergo reactions familiar to such species. Both types of

behaviour will be reported in this thesis.

Although homosolvolysis as an entirely new approach made

use of nitroxides as solvents, nitroxides have been used as homolytic

91 92
oxidising agents by Forrester and Thomson7 . Kreilick also

used di-t-butylnitroxide in nmr studies of free radicals. Other
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important chemical properties and a survey of physical studies of
90

nitroxides has been prepared by Forrester, Hay and Thomson
93

In 1901 it was Pilotty and Schwerin who isolated the first

completely monomeric organic radical, the porphyroxide. Since

then, more interest has been drawn to the study of these radicals,

especially with the development of the esr technique. With nitroxides

the technique allows the study of nitroxides with different persistency.

The persistency of a nitroxide may be attributed to the

inherently stable electronic arrangement around the nitrogen and

oxygen atoms, whereas steric and mesomeric effects which arise from

the groups attached to the nitrogen atom play little part in preventing

dimerisation occurring at the N-O centre. They can be represented

as a resonance hybrid of the forms (IA) and (IB) or perhaps more in

the form (IC) with five bonding electrons N — O ie. with a <r"-bond

and a 3-electron bond between the nitrogen and oxygen atoms.

R R R

O' < > ^N*= O < > — 6
R R R

(IA) (IB) (IC)

Structure (IC) is supported by the small dipole moment, the bond
94

length and the infrared spectrum. Linett accounts for these facts

by his double quartet hypothesis in which the six electrons of one spin

and the five electrons of the other are arranged in such a way that

each atom has an octet of electrons. Therefore inter electronic

repulsion is at a minimum, and there are five bonding electrons

between the atoms. Dimerisation is therefore not favoured because

this will increase the inter electronic repulsion and not the number
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of bonding electrons.

However, steric and mesomeric factors are important in

preventing the nitroxide from reacting with itself in other ways,

eg. by dimerisation at some other centre in the molecule, by

disproportionation or by fragmentation. This explains why stable

nitroxides are only produced, therefore, when these groups in one

way or another do not allow the molecule to undergo reactions with

itself.

Thus di-alkyl nitroxides in which either alkyl group is primary

or secondary are short-lived by virtue of the ease by which they undergo

disproportionation to the corresponding hydroxylamine (IIB) and

nitrone (IIC).

+

2RCH, — N — R' > RCH=N — R1 + RCH9-N-R'2
I I 2 I
O. O OH

(IIA) (IIC) (IIB)

The lack of mechanism for di-t-alkylnitroxides by which they

may react with themselves accounts for their very persistent.'
95

nature rather than to steric shielding. The fact that the much

less sterically shielded bis(trifluoromethyl)nitroxide is a persistent

96
radical supports the argument.

Homosolvolysis^started by Tedder and Walton's group who
97 98studied the homosolvolysis of various R-X bonds in nitroxides. '

Di-t-butylnitroxide, 2, 2, 6, 6-tetramethyl-4-piperidonenitroxide

and 2, 2, 5 , 5-tetramethylpyrrolidinenitroxide were used as solvents.

R has been alkyl, allyl, benzyl, benzoyl, benzoyloxy and succinimidyl

and X has been a halogen (CI or Br) or in the case of benzoyloxy
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where X has been benzoate. Secondary and tertiary alkyl bromides

and iodides react very slowly when dissolved in excess of nitroxide

at room temperature, the reaction is considerably faster with

allyl and benzyl bromides and the nitroxide bromide (III) crystallises

out. These compounds appear to have considerable ionic character.

RJ=N-0' + R2-X => RJ=N-'0-X + R2-
, - (6)

Rz=N=OX

The o-allyl and o-benzyl hydroxylamines (IV) correspond to

weak electrolytes and remain undissociated at room temperature,

R2*+ R =N-0* >Rz=N-0-R2 (7)

(IV)

The nitroxides themselves were very susceptible to hydrogen

abstraction (equations (8) and (9) ) and elevation of the temperature

leads to dissociation of the 0-substituted hydroxylamine and subseque

hydrogen abstraction,

2 2 /Me
R • + (Me C)-,NO* >RH + CH=C +Me,CNO (8)3 '2 2 \ 3

Me

O
II

it r/C\H Me Me2^ ? 2 2 1R + .. >R H + CH =C-CHTOCH C-N=0
Mes' ' --Me 2 2 2 ,
Me'' X // sMe Me

N
I
o-

Very rapid reactions were found to take place with N-bromo-

succinimide or benzoyl peroxide. The succinimidyl radical and the
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benzoyloxyl radical both behaved like strong electrolytes and do

not combine with the nitroxide but instead both radicals abstract

hydrogen as fast as they are formed to yield, respectively,

succinimide and benzoic acid together with the appropriate nitroso

compounds depending on which nitroxide was the solvent.

Carbon-nitrogen bonds in phenyldiazonium chloride and

p-nitrophenyldiazonium fluoroborate were homo solvolysed in

di-t-butylnitroxide and the coupling products O-phenyl-N-di-t-

butylhydroxylamine and 0-(4 1-nitrophenyl)-N, N-di-t-butylhydroxylamine

[75%] were obtained^ ^ ^ . Whereas the more electrophilic 2,4-

dinitrophenyl and 2, 4 , 6-tribromophenyl radicals, produced from the

appropriate diazonium salts, abstracted hydrogen to yield m-dinitro-

benzene (22%), and 1, 3, 5-tribromobenzene (13%) respectively.

All the above mentioned experiments were carried out on

a vacuum line with carefully degassed materials. When di-t-butyl¬

nitroxide was used the experiments were carried out at room

temperature while those with 2,2,6, 6-tetramethylpiperidone nitroxide

the temperature was raised up to 35°C, the mp of the nitroxide.
99

In another communication Scott and Tedder reported

the induced homosolvolysis of bromotriphenylmethane by di-t-butyl¬

nitroxide. This has been observed by monitoring the gradual

disappearance of the esr signal of the nitroxide and the concomitant

appearance of the esr signal of the triphenylmethyl radical. In these

experiments, benzene was used as co-solvent together with nitroxide.

The co-solvent was used because the esr signal would have become

saturated with the pure nitroxide.
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The fact that the carbon-halogen bond in triphenylmethyl

halides is sufficiently weak made them suitable substrates

in homosolvoly sis . The homosolvolysis of tritylchloride by di-t-

butyl nitroxide in m-xylene was much slower than the corresponding
101

tritylbromides . The homolysis of trityl bromide in xylene

was also observed using 2, 2, 5, 5-tetramethylpyrollidine-N-oxide.

From these experiments it was concluded that the homosolvolysis

of trityl halides by nitroxides is an equilibrium reaction analogous

to ionic equilibrium reactions. It was represented as follows;

L(CH3)3C]2NO- + (C6H5)3CX^=>i(CH3)3CjNOBr + (C^H^C' (10)

2(C^H3)3C" ^ > dimer (11)
(C5H6)3C- + I(CH3)3CJ2NO- (C6H5)3CON[C(CH3)3)2 (12)

l(CH3)3Ci2NOBr(solut.on) l(CH3)3Cj2N=OBr-(sol.d) (13)
Another interesting homolysis studied was that of pentaphenyl-

cyclopentadienyl bromide. The pentaphenylcyclopentadienyl radical

does not dimerise and that allowed the study of very dilute solutions.

With such dilute solutions, an order of magnitude lower than in the

similar experiments with the triphenylmethyl radicals, no nitroxide

bromide was separated out. This showed that although separation

of the nitroxide halide must affect the equilibrium in the triphenyl¬

methyl radical experiments, it is not a prerequisite for this type of

homosolvolytic reaction. Instead this seemed to indicate that the

dimerisation step has a much greater influence on the initial solvolytic

equilibrium (10).
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At present, Tedder and Walton's group are studying the

relative rates of homolysis of substituted benzoyl bromides. The

important observation was that those substituents which when in the

para-position of benzene rings stabilise the triphenylmethyl radical

also enhance the rate of homo sol volysi s of pa ra-substituted benzyl

bromide. Parallel to that work a number of homosolvolytic reactions

are being studied.

This present work is an attempt to extend the homosolvolytic

process to different types of bonds. Mainly it was the di-t-butyl-

nitroxide which was used as a solvent in most of the experiments

carried out. In addition 2 , 2, 5, 5-tetramethylpyrrolidine nitroxide

was used. Some of the homolysis of the carbon-halogen bonds which

have been previously studied v/ere reinvestigated in order to clarify the

processes involved in these reactions. In addition the homolysis of

carbon-metal, metal-metal and metal-halogen bonds were studied

using the above mentioned nitroxide s.

Spin trapping by the nitroso compound, commonly formed in

these reactions, was observed in the homolysis of phenyllithium

through di-t-butylnitroxide . The O-benzoyl hydroxylamine s has

been obtained in the reaction, involving benzoyl chloride

with di-t-butyl nitroxide.



EXPERIMENTAL
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1. Preparation of Nitroxides

(a): Preparation of di-t-butylnitroxide^
86

a(i) Preparation of t-nitrobutane
+

R C-NH >R C-NH R C-NH >R C-NO -—> R C- NO
O OH

To potassium permanganate (650 g) in 3 1. water, t-butylamine

(100 g) was added dropwise over a period of 15 min. The reaction

mixture was allowed to stir for 8 hrs where the temperature rose

to 4 5°C. The temperature was then held at 55 * 5°C for another

8 hrs. The product was then isolated by steam distillation, washed

with hydrochloric acid, then water. The washings were extracted

by petroleum ether (4 0-o0°C) and then dried over anhydrous sodium

sulphate. The dried product was distilled and collected at 127-128°C
in 84% yield and has a m.p. of 25-26°C.

a(ii) Preparation of di-t-butylnitroxide

(CH3'iC-R—(2) H% > t(CH3)3Cj2NOLa

1.3 1. of 1, 2-dimethoxyethane (glyme) was dried over calcium

hydride for 4 8 hrs and then stored over lithium aluminium hydride;

this was then distilled under nitrogen (b.p. 86°C). The distillate

was collected directly into a 2 1. three-necked round-bottomed flask

equipped with a nitrogen outlet and a magnetic stirrer in which 19.9 g

2
of 0.4 cm pieces of sodium metal and 89.7 g of t-nitrobutane had

been placed.

The stirrer was started and the onset of the reaction was

signalled when the solution turned to pale lavender and the sodium

surface etched and coloured bright gold. The temperature of the
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reaction mixture was maintained at 25-30°C by placing a water

bath around the reaction flask together with controlling the speed

of the stirrer. As the r eaction progre s sed, a colourless solid was

formed, and at the end of the reaction (ca.24 hrs) the reaction

mixture consisted of a pale rose coloured solid and a colourless

glyme solution. Most of the glyme was pumped off (the colour of

the condesned glyme was pale blue due to some of the nitroso compound

that might have been formed). A thick, almost colourless slurry

was left behind. To this slurry and under a reasonable current of

nitrogen gas, 270 mi of ice-cold water were added and a dark greenish-

red organic layer separated. The aqueous layer was extracted with

several portions of petroleum ether (40-60°C) until the extract was

colourless. The organic layer together with the ether extracts were

cooled to 0°C and washed rapidly with 70 ml portions of ca. 0. 25 N

hydrochloric acid to remove any hydroxylamine and then immediately

washed with 70 ml portions of 0. 2 N sodium hydroxide. The aqueous

layers obtained from the acid and hydroxide washings were extracted

by portions of petroleum ether (40-60°C) and then the ether layer was

washed with water. The ethereal solution was then dried over

anhydrous sodium sulphate. The red di-t-butylnitroxide was distilled

and collected 24 g (38%) using a long fractionating column at 62-63°C

(14 mm). Purity was checked by glc analysis. Two main absorption

bands were observed in the infrared spectrum of the product. The

strong absorption at 3000 cm was assigned to the t-butyl groups

and that at 1350 cm~^ to the characteristic N-O group.
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(b): Preparation of 2,2, 5, 5-tetramethylpyrroline nitroxide

Me CH ;CH Me\/ \
,'chno + ">=o Me0 > mA d~Me

Me Me c"3co*H YjO.
2

H/

MeMgl
^

Me/\+ S "Me
6h o-

Methyl vinyl ketone (175 g, freshly distilled) in anhydrous

methanol (250 ml) was added dropwise to a solution of 2-nitropropane

(250 g) in anhydrous methanol (4 00 ml) containing sodium methoxide
87 o

(from 10 g of sodium) . The temperature was kept at 60 C during

the addition and the solution was left stirring overnight at room

temperature. Acetic acid (30 ml) was then added, the methanol

evaporated on a rotary evaporator and the residue left behind poured

into water. The hexane product (I), was extracted with ether, the

extract washed with NaHCO^ solution, dried over anhydrous sodium
sulphate, the ether removed and the residue distilled. A 7.1% yield

of hexanone (m.p. 21°C) was obtained and its purity was checked by

nmr and glc analysis.

The hexanone (methanolic solution) was then added dropwise

over a period of 6 hrs to zinc duct (860 g, washed first with 1M HC1

then with distilled water and finally with methanol and dried in a

vacuum desiccator) in a solution of ammonium chloride (7.2 g) in

water (2 1.). The temperature of the mixture was maintained below

50°C. After the reduction, the mixture was filtered through a glass

sinter and the residue washed with warm water. Water was removed

from the combined filtrate and washings on a rotary evaporated until
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the solution dried over anhydrous sodium sulphate, filtered, the

chloroform evaporated off and the product distilled. A 90% yield

of the nitrone, (II), was obtained.

The nitrone (1.8 moles) was added dropwise over a period

of three hrs to 2 moles of methyl magnesium iodide and the mixture

was allowed to stir overnight. The hydroxylamine (III) was

o

hydrolysed by adding aqueous ammonium chloride solution at 0 C .

The hydroxylamine was extracted with ether. The ether extracts

were washed with water, dried over sodium sulphate and the ether

removed on a rotary evaporator, leaving a red oily residue. The

slow oxidation of the hydroxylamine, (III) to the nitroxide, (IV) was

effected by standing in air. Unoxidised hydroxylamine crystallised

out and the dark-red liquid was decanted and distilled under reduced

pressure to obtain orange-red nitroxide. (b.p. 85°C/40 mm).

Purity was checked by nmr analysis.

Details of homosolvoiytic reactions

The experiments were carried out on a vacuum line. The

carefully degassed nitroxide was distilled on to the solute or the

carefully degassed liquid. The reactions were carried out in the

reaction vessel shown in Fig. 4-1.

Any volatile products formed in these reactions were collected

in a cold finger on the vacuum line. If heat had to be applied,

this took place in an oven similar to that described in Part (I)

experimental. Major products were identified and fully characterised

by the use of the following techniques: nmr, glc-ms, m. p. and

mixed m.p. , analysis (C,H,N) and high resolution ms.
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Fig. 4-1

< 1—

4-A Homosolvolysis of Benzoyl Chloride (-C —CI) by Di-t-butyl

nitroxide

Nitroxide (1 g, 0.0069 mol) was added to benzoyl chloride

(0.48 g, 0.00345 mol, freshly redistilled to avoid the presence of

any benzoic acid that might have been formed as a result of the

hydrolysis of benzoyl chloride by moisture). The reaction was

carried out in the reaction vessel shown in Fig. 4-1, following the

above technique. At room temperature the reaction was fast and

the reddish-orange colour of the mixture changed gradually to

orange, brownish-green together with a precipitate and then to a

dark green solution and a precipitate. Over a period of 1 hr the

colour turned blue together with a colourless precipitate. The

volatile products were collected (0. 95 g) in a solid finger. Gas

chromatography showed that it consisted mainly of one product

which was distinguished by its mass spectrum to be Z-methyl-2-

nitrosopropane. There were traces of another component which

did not give a reasonable mass spectrum and this is probably

2-methylpropene.
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2-Methyl-2 -nitrosopropane

m/e rel. abundance A s signment

87 2 c4h9no+
72 8 c2h,no+3 o

57 74 c4h9
56 17 c4h8
41 100 c3h5+

To the precipitate left behind together with some blue drops,

ether was added leaving some of the precipitate undissolved. This

was filtered off and reerystallised from acetonitrile whereby colourless

crystals were obtained (0. 126 g). The H nmr spectrum (D^O as

solvent and TMS as a reference) of which showed two singlets at

2.71 and 1.52 ppm in the ratio 1:3 as required by the nitroxide

chloride. The mass spectrum did not show the parent ion whereas

signals due to the nitroxide pattern and chlorine were observed.

Ether was pumped off the filtrate and a residue was left behind.

This was treated with different portions of pet. ether (40-60°C)
where colourless crystals were obtained and recrystallised from

the same solvent (wt. : 0.058 g, m.p. 90°C). The mass spectrum

of which showed a parent ion of m/e = 24 9 and a high resolution

m. s. of this peak gave an m/e = 249. 172504 which was very close

to 249. 172869 required by o-benzoylhydroxylamine.
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O-B enzoylhydr oxylamine

m / e rel. abundance A ssignment

24 9 3 ((ch3)3c)2nococ6h^
134 2 (ch ) clnococ ,h^3 5 2 6 5

193 12 (ch ) cnococ ,h1'3 3 b b

178 7 (ch).,cnococ ,h!"3 2 6 5

122 26 c ,h_cooh+
5 b

114 5 ((ch3)3c)2
105 93 c,h co+

b b

77 100 C6H5
56 70

The H nmr spectrum (CCl^ as solvent and TMS as reference)
showed a singlet at 1.33 ppm and a multiplet at 7.4 5 ppm in the

ratio of 3:7 which is close to 3:6 (18:5) required by the hydroxylamine.

The ir spectrum showed an absorption at 1775 cm * for the C =0

group and another at 1370 cm * characteristic for the N-O group.

4-B Homosolvolysi s of Phenyl lithium (C-Li) by di-t-butyl nitroxide

B(i) Preparation of Phenyl lithium

C,HcBr + 2 Li ——> C„H_Li + LiBr6 5 Dry 6 t>

Bromobenzene (36. 2 g, 0. 268 mol) was added dropwise to

lithium metal 1" sq. pieces (4.0 g) in dry ether (distilled under

nitrogen from sodium and benzophenone directly over lithium metal

in the reaction flask). The reaction was allowed to take place in

an atmosphere of nitrogen. After the addition of bromobenzene
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was effected, the reaction mixture was allowed to reflux for ca. 8 hrs

whereby all the lithium metal has dissolved. Lithium bromide was

filtered off (air excluded) and the filtrate kept and divided into two

halves. One half of the filtrate was hydrolysed by ice-cold water.

The ether layer was separated and the aqueous layer extracted by

ether. This was dried over anhydrous sodium sulphate. Ether was

distilled off on a rotary evaporator .and a viscous colourless liquid

was left behind (wt = 1.6 g). This was separated on an alumina

column with pet. ether (40-60°C) as an eluant). Two fractions

were obtained, the first was unreacted C H Br (nmr analysis6 b

wt = 1.4962 g) and the second fraction was colourless crystals

recrystallised from pet. ether (40-60°C) (0.0935 g, m.p, 69-70°C).
This was identified by its mass spectrum to be biphenyl (m.p. ,

nmr, ms).

B(ii) Reaction between excess phenyl lithium and di-t-butyl nitroxide

Di-t-butylnitroxide (2 g, 0.0138 mol) in dry ether (25 ml) was

added dropwise over the other half of C ^H^Li/(C ^14^)^0 solution under
a nitrogen atmosphere. The reaction mixture was allowed to reflux

for 6 hrs. The reaction mixture was cooled to 0°C and ice-cold

water was added. The pale orange ether layer was separated, the

aqueous layer extracted by ether and both ether layers and extracts

were dried over anhydrous sodium sulphate. Ether was distilled

off on a rotary evaporator whereby a pale orange viscous liquid

was left behind (wt = 3.4 g). This was separated on an alumina

column using pet. ether (40-60°C) together with different percentages

of ether as eluants.
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Four fractions were obtained:

1 st Fraction: 0.94 06 g of colourless liquid with the smell of

bromobenzene. The nmr spectrum of which showed two peaks

at /. 24^/ ^>11*1 and Z.17. pprn The mass spectrum of

which showed a parent ion at m/e = 221 corresponding to O-phenyl-

hydroxylamine and another corresponding to C^H^Br and a third
corresponding to biphenyl. The m/e = 221 peak was too weak to

obtain an accurate mass. The m/e = 154 peak had an accurate

ma ss 154.080798 very close to 154. 07 824 7 required by (C ^ ).

O-Phenylhydroxylamine

m/e rel. abundance A s signment

221 1 C6H5ONC8Hl8
164 7 C6H5ONC4H9
71 34 C4H9N+
58 100 C4H1O
57 69 C4H9

2nd Fraction: 0.289 g of colourless crystals. These were

recrystallised from pet. ether(40-6 0°C) and shown to be biphenyl,

m.p. = 69-70°C and an accurate mass of 154.078699 close to

154.078247 required by biphenyl ^ 2^ 10^' The nmr spectrum
showed a broad multiplet at 7.4 ppm.
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Biphenyl
— —

m/e % Assignment

154 100 C12Hlo
153 92 C12H9
152 85 C12H8
151

'

31 C12H7
150 11 C12H6
126 18

• C10H6
115 26 C9H7
102 23 C8H6
77 11 C6H5
76 34 C6H4
74 25 C6H2
72 14 <
63 35 C5H3

3rd Fraction: 0. 0428 g of dark yelLow crystals which were

recrystallised from pet. ether (40-60°C) . They were characterised

by their mass spectrum to be triphenylene m/e = 228. The accurate

mass of which is 228. 092452 very close to 228. 093896 required by

triphenylene (C^gH^).. They melted at 191°C.
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T riphenylene
— — — —.

m/e % Assignment

229 72 C 18H13
228 100 C18H!2
227 35 C18Hll
226 78 c18h1O
224 32

• C18H8
202 29 C16H!O
200 32 C16H8
114 8 °9H6
113 29 C9H5
112 6 C9H4+
102 19 C8H6

74 22 C6H2
63 26 C6H3

4th Fraction: This was eluted using 5% ether whereby an orange-red

liquid was obtained (0.25 g). This was found to be unreacted

nitroxide (nmr analysis).

The % of ether was increased up to 100% in the eluant and

nothing was obtained. Then the column was washed by methanol

and a drop of acetic acid. Methanol was distilled off the washings

leaving behind a dark brown gum. Ether was added and the ether

solution was warmed. Some of the solids did not dissolve. These

were some alumina suspended in methanol. They were filtered off

and a brownish filtrate obtained. The filtrate was concentrated and

left to stand overnight whereby colourless crystals were deposited.
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These were collected, recrystallised from pet. ether 40-60°C

(wt. = 0.059 g, m.p. =1 13°C). The nmr spectrum (in CCl^
and TMS as a reference) showed two singlets at 1.11 ppm and 6. 14

ppm and a multiplet centred at 7.24 ppm in the ratio 10:1:5. A

ratio of 9:1:5 as required by N-phenyl- .-t-butylhydroxylamine. The

mass spectrum showed a parent ion at m/e = 165 with an accurate

mass of 165. 115697 which is close to 165. 115358 required by

cioHi5Ni°r

N-phenyl- -t-butyJhydr oxylamine

m/e rei. abundance Assignment

165 3 c h c h noh*
6 5 4 9

149 14 c6h5c4h9nh+
134 78 c6h.c3h7n+
118 44 c ,h_c h n+

D 5 <L 5

109 50 c6h7no+
93 89 c6h50 +
77 72 c6h5
57 100 c4h9
51 44 c4h3
4 1 83 C3<
39 50 C3H3

The ir spectrum showed an absorption at ca. 3500 cm

characteristic for O-H stretching vibration. It was then concluded

to have the following structure
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CH
3 OH

OH— C N

CH
3

The solution in the nmr tube when left for some time turned pale

orange and when left for longer periods of time the colour deepened.

examined in the cavity of the esr spectrometer. A spectrum was

observed consisting of three sets of lines which were equidistant.

Every set consisted of nine lines. The lines were slightly distorted

as signals of di-t-butyl nitroxide were also present from traces of

the nitroxide.

which is N-phenyi-N-t-butyl nitroxide. That the esr spectrum

showed three sets of lines each consisting of nine lines follows

from the fact that the coupling of the odd electron with the benzene

ring gives rise to nine lines which were further split by nitrogen

into three.

4 -C Homosolvolysis of hexamethylditin (Sn-Sn) by 2, 2,5,5-tetra-

methylpyrrolydine nitroxide

Carefully degassed and trap to trap distilled hexamethylditin

(1.15 g, 0.0035 mol) was distilled on to the nitroxide (1 g, 0. 007 rnol).

The reaction mixture under vacuum was left for 24 hrs at 80°C where

a white solid deposited and the orange-red colour of the mixture

A freshly prepared dilute solution of the crystals in CCl^, was

This shows that the newly formed radical is of the following

structure

H3C — C N O*
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became lighter.

In an attempt to fractionally distil the solution in the reaction

vessel, the solution was heated gradually by means of a hair dryer

and the different fractions were collected in cold fingers.

1 st fraction: 0.4 32 g of orange liquid which was nmr analysed

and found to be unreacted nitroxide (two broad peaks in the region of

the nitroxide).

2nd fraction: 0.256 g of orange liquid which was also unreacted

nitroxide.

3rd fraction: 0. 136 g of pale orange liquid. The nmr

spectrum of which showed two broad peaks in the region of the

nitroxide together with a broad peak in the (CH^)^Sn- region.
4th fraction: 0.521 g of a very viscous yelLowish-coloured

liquid. The nmr spectrum (CHCl^ as solvent and reference)
of which showed three peaks at 0.3 ppm, 1.53 ppm and 1.93 ppm in

the ratio 8.8:12,4:4. O-Trimethyltin-di-t-butyl nitroxide required

9:12:4. Further analysis were extremely difficult owing to the greater

sensitivity of the compound. The crystals left behind in the reaction

vessel were collected, (wt = 0.782 g, white in colour, mp = very high)

The nmr spectrum of which (HCCl^ as solvent and reference) showed
a sharp large peak at -6.9 ppm which could correspond to the protons

in (CH^)^SnOH or ((CH^^Sn^O that might have been formed as a result
of the reaction between hexamethylditin and traces of moisture.

Attempts to better separate and analyse the products were

unsuccessful. This led to uncomplete characterisation of the products.
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The initial step in the homosolvolysis process may be

depicted as follows

r2n-o*+r'-x- >r2n-o~x + r'* (1)
t

+ ^ _

r2n=ox

In general, the fate of the radical produced (R'*) depends

on its reactivity; (i) it may combine with more nitroxide to give

a hydroxylamine derivative:

R'- + R2N-0* > R!-0-NR2 (2)
or (ii) it may abstract hydrogen from the nitroxide to give the

nitroso compound and an olefinic function 'E';
*

R,,+R2N-0' ^ R'H + RN=0 + E (2a)
The re-investigation in this present work of the reactions

between allyl bromide and benzyl bromide with di-t-butyi nitroxide

97
showed as previously observed that the nitroxide bromide salt

crystallies out. With a two-fold excess of the nitroxide the

reaction reached an equilibrium stage after which no further salt

precipitates and the presence of O-allyl and O-benzyl hydroxylamine s

was roughly confirmed by nmr. The addition of further nitroxide

or further alkyl bromide resulted in more precipitation. The

equilibriurh. was reached in 48 h. In the case of the reaction

between allyl bromide and di-t-butyl nitroxide, when the nitroxide

bromide was filtered off as fast as it was formed and further allyl

bromide was added, almost all the nitroxide was consumed. This

suggests that the actual solvolytic step (1) is an equilibrium step.



170

The solvolysis of benzoyl chloride by di-t-butylnitroxide

proceeds almost to completion. This suggests that the equilibrium

(2a) lies more towards the right hand side; this may be explained

in terms of a faster hydrogen abstraction by R'* rather than its

combination with the nitroxide (react. (2) ) hence decreasing its

concentration and that in turn completes the solvolysis of the

solute.

The fate of R'« depends upon its reactivity. The allyl

and benzyl radicals both behave as weak electrophiles at room

temperatures and form the O-sub stituted hydro xylamine s . On

the other hand, the benzoyl radical had an intermediate behaviour

between strong and weak electrophiles as the O-benzoylhydroxylamine

was formed together with 2-methyl nitrosopropane and iso-butene.

The homo solvolysis of carbon-lithium bond in the

reaction of phenyl lithium with di-t-butyl nitroxide was achieved.

The complete characterisation of the O-phenyl hydroxylamine was

not obtained because of the difficulty encountered in isolating

it. Biphenyl and triphenylene w<?realso formed. These products

could also be formed from phenyl lithium in the presence of an

excess of phenyl bromide according to the following scheme;
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PhBr + Li PhLi + LiBr

PhLi + PhBr
Br

+ PhH

.N Br -LiBr

Li
H?0

Biphenyl

V

T riphenylene

Ph = Phenyl- (3)

A blank experiment with phenyl lithium/diethylether solution

of the same concentration was hydrolysed and it was only biphenyl

which was obtained and in an amount less than that obtained in the

nitroxide reaction. This suggested the following mechanism for

the formation of biphenyl and triphenylene.

. Bu-^NO-
Li - + Bu^N-O Li

Bu^NO*
ONBu.

(4)

(5)

Bu2NO* + Bu^NOH (6)

biphenyl triphenylene

Bu = t-butyl-
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The phenyl radical thus formed could also abstract

hydrogen from the nitroxide to give 2-nitroso-2-methylpropane,

iso-butene and benzene;

CH

CH
3^C=CH2 + Bu^O (7)

The nitroso compound and iso-butene being volatile, they

might have been formed and escaped in the exothermic hydrolysis

of the reaction mixture.

N-phenyl-t-butylhydroxylamine was also formed. The

following scheme was proposed to account for its formation;
But

rY + BJN^O > .N
\

O'
(8)

V

Bu

abstracting hydrogen

N
\

"V OH

(I)

The formation (I) reveals the spin trapping ability of the

nitroso compound. 2-Methyl-2-nitrosopropane has been used

72
extensively as a spin-trapping agent . It is an ideal scavenger

since the hyperfine splitting of the derived nitroxide radical is

due entirely to magnetic nuclei in the transient radical. Although

nitrosoalkanes are efficient spin-trapping agents, they have to be

used cautiously because they are neither photochemically nor

thermally stable. 2-Methyl-2-nitrosopropane readily loses

nitric oxide, giving t-butyl radicals, which combine with the nitroso
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compound to give di-t-butylnitroxide.

ButN=0 > Bul- + NO

Bu1" + ButN=0 ^Bu^NO'
In carbon tetrachloride solution, the N-phenyl-t-butyl-

hydroxylamine has undergone air oxidation to give the N-phenyl-t-

butylnitroxide radical. This was characterised by its hyperfine

structure obtained by esr spectroscopy. The esr spectrum of

which consisted of three equidistant sets of nine lines each. The

spectrum showed slight distortion of the formed nitroxide radical

90
from that obtained in literature . This was due to the presence

of traces of di-t-butylnitroxide.

Similar spin trapping by 2-methyl-2-nitrosopropane has been

102
observed in this laboratory by Singh in the reaction of diphenyl-

methyl bromide with di-t-butylnitroxide. The diphenylmethyl

radical was trapped.

In the solvolysis of the tin-tin bond by di-t-butylnitroxide,

the O-trimethyltinhydroxylamine was obtained. The characterisation

of this hydroxylamine was incomplete due to the high air sensitivity

of alkyl tin compounds. Although there are only weak grounds to

suggest the formation of trimethyltin radical during the reaction

and hence its combination with the nitroxide to form the

hydroxylamine, alkyl tin halides have been used as precursors

for the production of alkyl tin radicals through the abstraction
103

of the halogen by an electron rich olefin

The reaction between silicon tetrachloride and di-t-butyl-
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nitroxide has been investigated in this work. 2-Methyl-2-

nitrosopropane and isobutene were obtained. But the difficulty

encountered in analysing the rest of the reaction mixture put

suggestions for a possible mechanism for the reaction in the

realm of pure speculation. However, the formation of the

nitroso compound and the isobutene do sugge st that trichlorosilyl

radical might have been formed and abstracted hydrogen from

the nitroxide.

Homosolvolysis by now seems to be quite an important

branch of free-radical chemistry but there are still a number of

difficulties to be overcome for this field to expand . The most

important of all is to find a method of isolation and complete

characterisation of the O-substituted hydroxylamines and to

use this method to establish that homosolvolysis is an equilibrium

process.

The mechanism mentioned above for a homosolvolysis

may be visualised as an S I process (analogous to the heterosolvolyticH.

S^l process). The solute undergoes unimolecular decomposition
with subsequent reaction of the fragments with the nitroxide solvent.

Perhaps an S 2 mechanism is more correct with the nitroxide
Jrl

entering and the leaving group being displaced in one concerted

step analogous to an S^2 process. In the case of strong electrophiles
this newly formed bond would undergo subsequent homolysis.
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