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NEW ROUTES TO0 HIGHLY FLUORINATED ETHERS

by
PETER T, TELFORD

The aim of this research project was to devise a viable synthetic
route to perfluoropolyethers, Current commercial processes are

elaborate but inefficient and hence are limited in application by cost.

The approach undertaken in this project consisted of essentially
two steps; (1) the free radical addition of a polyether to a
fluorinated olefin and (2) the direct fluorination of the polyadducts

derived from the addition process (scheme 1)

: ot
c31130(01120£120)nor:H3 + F-alkeneWRfCHQO(Cch O)nOCHQRf

F2 l
a == peroxide, heat ' 1
Rf CF,0(CF,CFO) OCF,Rf
b = gamma rays R%'

(scheme i)
(BRf = polyfluorocalkyl, Rf' = perfluoroalkyl)

The research work was carried out in two phases, The initial
investigation examined the free radical addition of simple mono-, di-,
and poly—ethers to various fluorinated olefins. The participation of
a 1,5 hydrogen transfer process was found to have a major influence on

the production of poly-adducts,

The second phase of the process involved the development of
techniques for the further fluorination of the simple adduct systems.
Fluorination was achieved using cobalt trifluoride for volatile systems
but the approach was limited by fragmentation of the substrate as the
molecular weight of the adduct increased.

Techniques for direct fluorination have been developed and a



range of simple ether adducts were successfully fluorinated producing

the corresponding perfluoroethers,

The findings from the model compound studies were applied to
polyethylene glycol diethyl ether (av. molecular weight 456).
Addition of the polyether to hexafluoropropene, followed by
fluorination of the resulting polyadduct with elemental flucrine,
produced a perfluorocether with the following structural features

in good yield:

C'}FB C‘FZCFZCFB
CF30F2CF20F0(CF20F20)n(CFZCFo 21(IJ|FCF2CF20F3
CF

3



PAGE NO.
Acknowledgements i
Memorandum ii
ABSTRACT iid
CHAPTER ONE - INTRODUCTION 1
A, Background 2
3. Fluorination using elemental fluorine 3
1. Discovery and Generation of Fluorine 3
2. Theory and Mechanism 3
3. Site selectivity in free radical halogenation 5
4. Development of direct fluorination techniques 38
5. Recent approaches to direct fluorination 12
(a) Exhaustive fluorination of organic
molecules : 12
(b) Direct Fluorination of Hydrocarbon
Polymers 27
(c) Selective Fluorinations of Organic
Molecules 35
CHAPTER TWO - PREPARATION OF PERFLUOROPOLYETHERS
(P.F.P.E.) 40
A, Introduction 41
B. 1. Preparation of highly fluorinated ethers by
polymerisation processes 41
2. Preparation of Polyethers by Direct
Fluorination of Polymers 46
C. The Durham Strategy 48
CHAPTER THREE - THE FREE RADICAL ADDITION OF ETHERS
TO FLUORINATED ALKENES 50
A. Introduction 51
1. Free Radical Reaction Mechanisms 53
(a) Formation of a ether Radicals 53
(b) The Addition Step 54
(c) The propagation or chain transfer step 54
2. Sterecelectronic Effects 55
3. Substituent Effects 55

CONTENTS

v



C.

Discussion

1. Effects of the hydrocarbon ether structure
The Hydrogen Transfer Mechanism

o

(a) Evidence for intramolecular hydrogen
transfer
(b) Effect of alkene structure on intra-
molecular hvdrogen transfer
(c) Effect of Temperature
Conclusion

CHAPTER FOUR - OXIDATIVE FLUORINATION USING COBALT

TRIFLUCRIDE
Introduction
Discussion
1. Acyclic polyether adducts
2. Effect of the Structure of the polyfluoro-
alkyl group

Conclusions

CHAPTER FIVE - DEVELOPMENT OF DIRECT FLUORINATION

C.

TECHNIQUES
Introduction
Discussion
1. Preliminary Reactions
2. Copper tube reactions
3 The Capillary Reactor

(a) Fluorination Reactions

4. Fluorination of Di(2,2,3,4,4,4-hexafluoro-
l-methylbutyl) ether

(a) Capillary Fluorination
{(b) Sealed System Reactor

5. Miscellaneous sealed tube reactions

Conclusions

CHAPTER SIX - PREPARATION OF A PERFLUOROPOLYETHER

A.

Introduction

v

59

62
70

71

72

73

76

76

30

82

34
85
85
85
86
90

90

94

94
96

98

100

101

102

i

PAGE

NO.



A.

B.

Discussion

1. Free Radical Addition
(a) Modification of Polyethylene glycol

(400) (PEG 400)

(b) Addition Process

2. Direct Fluorination Process
(a) Capillary Fluorination
(b) Sealed Tube Fluorination

Conclusions

CHAPTER SEVEN - MISCELLANEOUS REACTIONS

Introduction

Discussion

1. bttempted Dehydrodimerisation of

™ _I(: T Cl

CH3OCH(Rf)CH20LH3 and R_Cd2O HECHZOCH3
(Rf = CFZCFZH)

2. Attempted Ring Opening Polymerisation of
2-(1,1,2,3,3,3-hexafluoropropyl) -1, 4-dioxane

3. Dehydrofluorination of Di-1-(1,2,3,3,4,4-
hexafluorocyclobutyl)ethyl ether

CHAPTER EIGHT - IDENTIFICATION OF COMPOUNDS

General Introduction

Mass Spectrometric Techniques

1. Chemical Ionisation (CI) Mass spectrometry
(a) Positive CI

(b) Negative ion chemical ionisation. CI-ve
Identification of ether/F-alkene adducts
1. Mass Spectrometry

(a) Electron impact mass spectrometry
(b) Positive Chemical TIonisation Mass
Spectrometry

2. NMR Srectroscopy

(a) léH NMR Spectra

(b) F NMR Spectra

PAGE NO.

103

103

103

104

105

105
106

106

108

109

109

109

114

114

114

114
116

118

118

118

119

119

119
120



EXPE

Identification of Perfluorocethers
1. Mass Spectrometry

(a) Electron ilmpact Mass Spectrometry
{b) Electron capture negative ionisation

2. N.M.R. Spectroscopy

RIMENTAL

INSTRUMENTATION

CHAPTER WINE - EXPERIMENTAL TO CHAPTER THREE

A.

Introduction

1. Purification of Reagents

2. Gamma Ray Initiated Free Radical Additions
3. Chemical Initiation

General Procedure

1. Gamma Ray Initiated Reactions
2. Chemical Initiated Free Radical Reactions

Additions with Diethyl Ether

Addition to hexafluoropropene
Addition to perfluorocyclobutene

. Addition to perfluorocyclopentene
Addition to perfluorocyclohexene
Addition to chlorotrifluoroethene
Addition to trifluoroethene

. Attempted Addition to perfluoro-3,4-
dimethyl-hex-3-ene

~IOY U s W N

Additions with 1,2-diethoxyethane

1. Addition to hexafluoropropene
(a) Using excess ether
(b) Using excess olefin
(c) Using excess ether and chemical
initiation
2. Additions to perfluorocyclopentene
3. Addition to perfluorocyclobutene

Addition with 2,2 -Diethoxydiethyl ether

1. Addition to hexafluoropropene

121

121

121
121

122

128
128

129
129
129
130
130
131
132
132
132
132

132
133

133

134
134

135

PAGE

NO.



(]

Addition with dimethoxyethane

1. Addition to hexafluoropropene
2. Addition to tetrafluoroethene

Acetone/t-RButancl Ratics
Miscellaneous Additions

1. Addition of CH_CH(RFYQOCH CH_OCH CH (7
- SRS e il ‘-’*‘3\' AN -~ 2 2 2V1* N

to Hexafluoropropene

2. Addition of CH3CHjEH\Rf)CH20CH2CH3 (6)

to Hexafluoropropene

CHAPTER TEN - EXPERIMENTAL TO CHAPTER FOUR

A,

Fluorination of Organic Compounds using
Cobalt Trifluoride

1. General Description of the Cobalt Tri-
fluoride Reactor
2. General Procedure

Fluorination of Adducts

1. Fluorination of 2,2,3,4,4,4-hexafluoro-1-
methylbutyl ethyl ether (13)

2. Fluorination of di(2,2,3,4,4,4-hexafluoro-
l-methylbutyl)ether (14)

3. Fluorination of 1,1,1,2,3,3-hexafluoro-4-
methyl-5,8~dioxadecane (7)

4, Fluorination of 1,1,2,3,3-hexafluoro-4-

methyl-6[1,1,2,3,3,3-hexafluoropropyll-
5,8-dioxadecane (9)

5. Fluorination of 1,1,1,2,3,3,10,10,11,12,12,
12,dodecafluoro-4,9-dimethyl-5,8-dioxa-
decane (10)

PAGE NO.

135

135
136

1227
L2020

137

137

137

138

139

139

139

141

141

141

141

142

142

6. Fluorination of 1,1,2,3,3,10,10,11,12,12,12-

dodecafluoro-4,9-dimethyl-6-11,1,2,3,3,3-

hexafluoropropyl]-5,8-dioxadodecane (11)
7. Fluorination of 1-[1,2,3,3,3,4-hexafluoro-

cyclobutyl]ethyl ethyl ether (19)

142

143

8. Fluorination of di-1-(1,2,3,3,4,4-hexafluoro~-

cyclobutyl)ethyl ether (20)

9. Fluorination of di-1-(1,2,3,3,4,4,5,5-octa~

fluorocyclopentyl) ether (22)
10. Fluorination of d4i-1-[1,2,3,3,4,4,5,5,6,6+
decafluorocyclohexyl]ethyl ether (24)

11. Fluorination of 3-chloro-2,2,3-trifluoro-1-

methylpropyl ethyl ether (17)
12. Fluorination of 2,4-[1,2,2,3,3,4,4,5-octa-
fluorocyclopentyl]-3,6-dioxaoctane (30)

142

145

13. Attempted fluorination of a mixture of ethyl

di-glyme: hexafluoropropene 1:3 adduct
14, Attempted fluorination of 1,1,1,2,3,3-tri-
fluoro-4-methoxy-6-oxaheptane (2)

145

145



PAGE NO.
CHAPTER ELEVEN - EXPERIMENTAL TO CHAPTER FIVE
DIRECT FLUORINATIONS 146
A General Technigques 148
1. Preparation of a cylinder filled with
Fluorine, or with a fluorine/nitrogen
mixture under pressure 148
2. Analvsis of Products 148
(a) The N.M.R. spectroscopy technique 149
{b) Mass Spectrometry/g.l.c. technique 152
B. Direct Fluorination using the Copper Tube System 158
1. General Procedure 158
2 Direct fluorination of adduct 1,1,1,2,3,3-
hexatluorc-4-methyl-5,8-dioxadecane (7) 160
(a) At 0°c 160
(b) At 20°C 160
(c) From 0°C to 20°C 160
3. Direct Fluorination of 1,1,1,2,3,3,10,10,11,
12,12,12-dodecafluoro-4,9-dimethyl-5, 8~
dioxadodecane (10) 161
(a) At oocO . 161
(b) From O°C go 20°°C 161
(c) 0O°OC to 52°C 162
C. Direct Fluorination using the Capillary Apparatus 162
1. General Procedure 162
2 Direct fluorination of 1,1,1,2,3,3-hexa-
fluoro-4-methyl-6-[1,1,2,3,3,3-hexaflucro-
propyl]-5,8-dioxadecane (9) 164
3. Direct fluorination of 1,1,1,2,3,3,10,10,11,
12,12 ,12-dodecafluoro-4,9~-dimethyl-5, 8-
dioxadodecane (10) 164
(a) From 200C to 5008 164
{b) From 20°C to 110°C 164
4, Direct fluorination of the tri-hexafluoro-
propene ethyldiglyme adducts (35) between
20°C and 100°C 165
5. Direct fluorination of Di-[l-methyl-2,2,3,4,
4,4-hexafluorobutyl]ether (14) 166
D. Sealed System Fluorination Reactions 166
1. Condensation of Fluorine 166
2. Sealed System Fluorination ofClOBMﬁGO (63) 168
(a) &t 20°C 168

(b) at 40°c 168



PAGE NO.

D. 3. Sealed tube fluorination of the mixture
C12F16M10%2 (28 169
4 Sealed System Fluorination of 1,1,1,2,3,3,
10,10,11,12,12,12-dodecafluorc-4,9-dimethyl-
6-11,1,2,3,3,3~-hexafluoropropyl]-5,8-dioxa-
dodecane (11) 169
{a) Prefluorination in the capillary
apparatus 169
{(b) Sealed System Fluorination of mixture
(81) at 40°C 170
(c) Sealed System Fluorination of mixture
(81) at 65°C 170
E. Miscellaneous Sealed Tube Reaction 171
1. General Procedure 171
2. Sealed tube fluorination of di-[-methyl-
2,2,3,4,4,4-hexafluorobutyllethyl ether (14) 171
(a) Attempt at using neat fluorine 171
{(b) Using 30% fluorine 171
(c) Using 30% fluorine in nitrogen and
irradiating with gamma rays 172
3. Sealed tube fluorination of the mixture

C10%16.1%5.90 (1D 172
(a) Using neat fluorine and irradiating
with gamma rays over 10 hrs. 172
(b) Attempt at using neat fluorine and
irradiating with gamma rays over 120 h. 173

CHAPTER TWELVE - EXPERIMENTAL TO CHAPTER SIX 174
A. Preparation of hexafluoropropene/polyether adduct 175
1. Preparation of Polyethylene Glycol Diethyl

: Ether 175

2. Free Radical Addition of Polyethylene glycol
diethyl ether to Hexafluoropropene 175
B. Fluorination of hexafluoropropene/polyether adduct 176
1. Capillary Fluorination ‘ 176
2. Sealed System Fluorination 177
CHAPTER THIRTEEN - EXPERIMENTAL TO CHAPTER SEVEN 178
A. Attempted Dehydrodimerisation Reactions 179
1. 3-11,1,2,2-tetrafluoroethyl]-2,5-dioxahexane 179

2. 1,1,2,2-tetrafluoro-4,7-dioxaoctane 179



~Nii

PAGE NO.

B. Attempted Polymerisation of 2-(1,1,2,3,3,3-

hexafluoropropyl]-1,4-dioxan 180
C. Dehydrofluorination of 1,1-di-1-[1,2,2,3,4,4-

hexafluorocyclobutyljethyl ether 181
APPENDIX ONE - INFRA RED SPECTRA 182
APPENDIY TWO - N M, R, SPECTRA 1985
APPENDIX THREE - MASS SPECTRA 227
RESEARCH COLLOQUIA, SEMINARS AND LECTURES 312

REFERENCES 321



CHAPTER ONE

INTRODUCTION

et



CHAPTER ONE

A. BACKGROUND

Organofluorine compounds possess many desirable pro-
1,2

us facets of industry,

@]

perties and find applications in vari
such as polymers, anaesthetics, blood substitutes, cdrugs,

anAa l1Tubhricantc
vvvvvvvvvvv ’ gerants and iupricants.

The unique properties of fluorocarbon compared to hydro-
carbon systems are due mainly to two factors, (1) the differ-
ence in electronegativity of fluorine and hydrogen, and (2)
the influence of the non-bonded electron pairs of the fluor-
ine atom on the fluorine~containing molecule. Several ex-
cellent books have been published discussing organofluorine

chemistry in some detail.l’2’3’4’5'6

The work described in this thesis concerns the synthesis
of a particular type of organofluorine compound, perfluoroc-
polyethers (PFPE). PFPE are extremely important as vacuum
diffusion pump oils and high performance lubricants cue to
their exceptional chemical and thermal stability. Recently
P.F.P.E. are produced on an industrial scale using elaborate

but inefficient techniques.

A major part of our synthetic strategy to this class of
compounds has involved a new perfluorination process and so

it has been valuable to review previous work in this field.



1B. Fluorination using elemental fluorine

1. Discovery and Generation of Fluorine

Filuorine was originally isolated in significant

'Y who generated

quantities by the French Scientist Moissan
it by the electrolysis of a dilute solution of potassium
fluoride in anhydrous hydrogen fluoride. In order to

prevent loss of hydrogen fluoride by evaporation it was

necessary to operate the cell at -25°C.

Today, laboratory scale production of fluorine is
still via electrolysis. However, an electrolyte with the
composition KF.2HF is used as this has a convenient melting

point of around 89°C.

There are several designs of fluorine cell avail-
able both for laboratory and industrial scale production.

These designs have been comprehensively reviewed by Rudge.9

2. Theory and Mechanism

It was understood during some of the earliest
attemptslO of direct fluorination that the process occurred
by some kind of .radical chain mechanism similar to that ob-

served for the photochlorination of hydrocarbons (Scheme 1).

F2 —s 2F° ; initiation
F*" + 24 —» R° + HF )
) propagation
R® + F2 — RF + F° )
F° + R® - RPF )
. ) termination
R* + R* —s RR )

Scheme 1



As the reaction was known to proceed in the dark
and at lower temperatures the initiation of the process was
not clearly understood. It was suggested that, although

filuorine was known to be minimally dissociated at room temper-

. __’\O A » . - .
ature (F,=&2F K=x10 “ )‘i this small abundance of fluorine atoms
was enough to initiate the free radical process. An alter-

nativesplausible theory put forward by Miller et alll postul-
ated the reaction between a fluorine molecule and a hydrocarbon
to produce a fluorine atom, hydrogen fluoride and an alkyl

radical as the initial step (egn. 1)

R - H + X2 — R" 4+ HX + X° (eqn. 1)

Comparison of the heats of reaction for equation (1)

for the halogens F2, AH~N+ 4.1 kcal; C1 AH~N~+ 53.9 kcal;

2!
Br2 AH = +676 kcal; immediately shows that the mechanism is
feasible in the case of fluorine and extremely unlikely in

the case of the other halogens.

Little experimental evidence was available to con-
clusively support Miller's proposal but recent experiments at
extremely low temperatures in cryogenic reactors,12 where
fluorination still occurs, give the mechanism strong support.
In the case of olefins the reaction with fluorine is even more

likely

:>=::<i + FP—F —» _/+——4\\ + F° AH = -1.2kcal
F

(ef. C1 AH = + 22.5 kcal; Br AH = + 23 kcal)

2’
Supportive evidence for this mechanism is fairly

well documented. It is known that fluorine will act as a

free radical initiator in the dimerisation and halogenation

of perhalo-olefins.l3’l4



F

Clz + CClZ_CCl2 m CC13"“’CC13 (80%) (13)
C1l Cl ’ | l I ‘
~ / i
i |
j>:==<\ + F-F ———» -? -C-+-C-C=-¢C=-20C~- (14)
| | | | l
Cl Cl F F F P

Also fluorine sensitised oxidation reactions have

been noted.15

cl cl Ccl j/o
\>}==d<; + F, + 0, —= Cl-C-2¢C (15)
|
Cl Ccl F Cl
3. Site selectivity in free radical halogenation

Table lJaillustrates the relative selectivities of
fluorine, chlorineerﬁromine radicals when ab-
stracting a hydrogen atom from a primary, secondary, or

tertiary site of a hydrocarbon.

TABLE la.16
Rel. rate of abstraction
Radical Temp. -CH —CH. - —C-H
3 2 ]
Fe 27 1 1.2 1.4
cl- 27 1 3.9 5.1
Br’ 127 1 82 1600

As can be seen in the case of the more reactive
radicals F* and Cl° little selectivity is shown in hydrocarbon

molecules. However when polar groups are introduced into the



. 1
substrate selectivity is observed. For example Bochemiller 7

observed the following reactions

/ EZ/NZ
CH3CH2CH2C - OH :7§66$ CHZFCHzCHZCOOH + CHBCHFCHZCO2H
FZ/N
2
(CH3) ZCHCH2C02H W (CH3)2CFCH2COOH (17)

Also, in the case of propionic acid the relative
rates of abstraction from the a and 8 sites by methyl radi-

cals and chlorine atoms has been comparedlg, (Table 1b).
TABLE 1b

Radical Rel. Sel. in H® abstraction
CH3 - CH2 - COOH

CH3 1 7.8

Cl° 1 0.03

Moreover, the reaction between l-fluorobutane and

the halogens gives similar results (Table 2).

TABLE 2.19
Halogen Temp.OC Relative selectivity at each position
FCH2 - CH2 - CH2 - CH3
F* 20 <0.3 0.8 1.0 1
cl- 35 0.8 1.6 3.7 1
Br- 146 10 9 8.2 1

These polar effects are not surprising as halogen atoms are
electrophilic radicals and will therefore prefer to attack

positions where there is high electron density.

Perhaps the best rationalisation of these observ-

ations is given by the Hammond Postulate2O which states "the



geometry of the transition state for that step resembles
the side to which it is closest in free energy",

T.e.

}
T1
Yot
G 2
X" +RH
v
R"+XH
Diagram 1. X = Cl or F.

For example considering diagram 1 it is clear
that AGl < 4G, and therefore it would be expected that the
geometry of transition state Tl would closely resemble that
of the starting materials. It follows that polar character-
istics of the starting material will be important in the ab-
straction of the hydrogen atom. The energy profile in dia-
graml is a good model for reactive systems like fluorine atoms

and chlorine atoms, and as it is observed these two radicals

are most affected by polar effects in substrates.

To consider another possibility examine diagram 2.



[

>

(!
>
@

R-H+X"

v

X =Br or I

Diagram 2.

This diagram is a good model for an endothermic
process such as free radical bromination or iodination. In
this instance AG3>AG4 and by Hammond's Postula£e it would be
expected that transition state T, should resemble the inter-
mediate radical R in geometry. Hence the stability of R’
should be the major factor governing the site of hydrogen atom

abstraction and not the polarity of the starting materials.

4. Development of direct fluorination techniques

Most early attempts to control the extreme reactivity
of elemental fluorine with organic molecules involved some
form of dilution technique and included a method of heat
dissipation. Usually the reactions were carried out at
elevated temperaturesin the vapour phase, as lower temperature

reactions had resulted in the formation of polymeric material21



and- surprisingly, a higher proportion of fragmentation pro-
ducts. In each case both the fluorine and substrate vapour
were heavily diluted with an inert carrier gas such as helium
or nitrogen. There were many early reactor designs of this
type all of which incorporated some, if not all of the afore-
mentioned features. The actual construction detail of these
reactors has been amply covered in some excellent reviews on

22,23,24

the subject and so will not be dealt with in depth

here.

One of the more successful designs was the jet-
reactor25 of Bigelow and Tyzcowski; this reactor used no
packing but favoured a short contact time between the fluorine
and the substrate before gquickly quenching the products in a
liquid air trap. Using this technique a range of aliphatic

alicyclic, aromatic, and functionalised __hydrocarbons were

directly fluorinated with interesting results (Table 3).

Other reactor designs utilized a divided metal
packing as a heat sink. These metals, however, had such an
effect on the reaction that they were suspected of having a
catalytic function. As the reaction between the substrate
and the fluorine is carried out over the surface of the metal,
the fluorine may react, in part, preferentially with the
metal forming a higher valency fluoride. The high vélency
metal fluoride may then react with the organic substrate,
replacing a hydrogen in the substrate with fluorine and itself
reverting to its normal valency fluoride (Scheme 2).

i.e. A

Ag + F2 — Ang step 1
2AgF, ————= AgF + F, )
) step 2.
R-H + F2 -+ R-F + HF )

Scheme 2.
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TABLE 3
Substrate Reactéon Product (% Yield) Reference
e Temp C
1 — {Q ~
C2H6 100-175 C2F6 (87) 26
— 8! { R0\
(CH3)3CF 100-175 (CF3)3CF (88) 26
(CH3)2CO 80 (CF3)2CO (10) 27
0 0
L ]
CH3CC2H5 100 CF3CC2F5 (15) 28
(a)
<:> 120 CeFqs 29
CH.NH 200 CF_NF. ,CHF., (@) 30
372 37727 3'
CF3NFCHF2
CFZ(CI\)2 175 NFZ(CF2)3NF2 (15) 31

(CF,CN) 175 L\F ' (20) 31
[N
|
F
CF
3 CF, CF,
A/A\\ 4%;\\ N\
| /ﬂi " ‘I\k /jl /JL
+ 32
CF§L§§N CF3 CF3 N F F F
(9%) (3%)

(a) No yields given.
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33,34,35

Among others gold and silver plated
copper catalysts were perhaps the most effective. Using
this "catalytic" fluorinaticon technigue several organic com-

pounds were fluorinated to give the desired products, the

results of these reactions are summarised in Table 4.

TABLE 4

Substrate Conditions °C. Product (% Yield) Reference
C6H6 265 C6F12 (58) 36

n heptane 135 C7Fl6 (62) 36
C6H5CF3 200 C7Fl4 (85) 36
C6H4(CF3)2 200 C8Fl6 (87) 36

& . .

© 280 @ (40) 37
CF CF »
O 3 200 F 3135) 37

/[::]\ 200 Au/Cu /[:::L (40) 33
CH CH

CF3 CF3

3
C.H F
[::]/ 2°5 200 Au/Cu [EE:TCZ 5 (21) 33

Although these techniques were invaluable contrib-
utions to the development of direct fluorination the resulting
products were often in minor yield, and contained in mixtures

difficult to separate.

It was also a regular feature that extensive frag-

mentation of the substrate molecule occurred.



iZ

5. Recent approaches to direct fluorination

Mcdern applications of direct fluorination have
developed in three main areas:
a.  Exhaustive fluorination of both functionalised and
non-functionalised hydrocarbons;
b. direct fluorination of hydrocarbon polymers;
o selective replacement of one or two hydrogen atoms in

a molecule.

As previously outlined fluorine has many problems
associated with its handling and extreme reactivity with hydro-
carbon molecules. It is not surprising, therefore, that each
of the above categories requires different approaches for
successful fluorination and so it would be appropriate to
consider each application in turn although some overlap of

techniques is inevitable.

a. Exhaustive fluorination of organic molecules

Until recently the use of elemental fluorine for the
purpose of producing organo-fluorine compounds has largely
been avoided. It has often been considered a crude approach
and the use of milder fluorinating agents, such as high val-
ency metal fluorides,38 main group fluorides,39 and electro-

chemical fluorination4o has generally been favoured.

Although some direct fluorination techniques were devel-
oped using either low temperatures and/or inert solvents,4l'42
there was no general method that could be applied to a range

of functionalised organic compounds.
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(\ Fo/N,
U\:ii/J CFCl§~CF2Ci% C6F6Cl6 (average) (41)
F 20°¢ 908

C
vi\ //pl Fz/No

i/ , _EFET¢ Lrplz—LrLLz + szLLS (a4
C

The recent report Jdescribing the LaMar43 direct fluorination process,
however, suggests that it is a generally applicable technique. After
subsequent developments44 to the original design the process
has been used to successfully fluorinate hydrocarbon polymers,
perfluoropolyethers, branched hydrocarbons,45 functionalised

46,47 ,43 metal alkyls (M[R]n)49 and inorganic

hydrocarbons,
compounds.50 Lagow and Margrave, the inventors of this pro-
cess, approached the problem of direct fluorination from a
theoretical aspect27 and in doing so; attempted to establish

the feasibility of direct fluorination and gauge the required
experimental conditions by consideration of the thermochemistry

involved.  This approach has enhanced the scientific interest

in direct fluorination and is outlined below:

1. Thermochemistry of direct fluorination reactions

Table 5 details the thermodynamic data for the

direct fluorination of methane.27

The limiting factor of a successful direct fluorin-
ation process is the weakest bond contained within the re-
actant compound. It may be suggested from the thermodynamic
data that, although the overall process (step 7, Table 5) 1is

exothermic enough (A G = -103.4 kcal mofd) for carbon-carbon

293



TABU3527 Thermodynamic Data for steps in fluorination of CH4

step Cenction Moo . fHgog . 46298 | 8659
kecal mol " lkcal mel Tlkcal mol T kcal mol

1. Initiation F2+F' +37.7 +38.5 +29.5 +20.9
2. F2+RH+R=+HF+F= +3.9 +5.1 -5.84 [-18.9
3. Propagation| RH4F > R HIF -33.8 -33.4 -36.2 -35.5
4, Rf+F2+IEWF' -69.1 -69.5 ~-68.1 -64.1
5. Termination | R'+F - RF -106.8 -108.0 -97.5 =-85.0
6. R+R™ ~ R-R -83.8 -83.0 -70.3 -57.5
7.(herall. R%HFZ%W%WHF -102.9 -102.9 |-103.4 -103.9

Reaction
bond fission (C-C b.d.e.84-88 kcal mol—l) to occur, each in-

dividual step of the reaction is not, except termination step 5.
Hence if the concentration of atomic fluorine could be kept to
a minimum, thus avoiding reaction step 5, direct fluorination
should be feasible, from a thermodynamic viewpoint, without
extensive fragmentation occurring. The polymerisation pro-
blem, step 6, may also be overcome by limiting the mobility

of the alkyl radicals, e¢.g. in a crystaline state.

2. Kinetic control of direct fluorination reactions

In order to produce the conditions outlined in the
thermochemical argument the Lamar system used high dilution of
fluorine with helium initially and gradually approached one
atmosphere of fluorine. Using the dilution technique at room
temperature was sufficient to fluorinate hydrocarbon polymers

successfully. In the case of more volatile compounds,44



however, the substrate was maintained in the solid state
by cooling in solid carbon dioxide. This limited the free
movement of alkyl radicals sc inhibkiting coupling reactions

and also lowered the concentration of fluorine atoms relative

e 44
different temperature zones were used

The successful increase in fluorine concentration in
the Lamar process may be understood from steric factors. As
a hydrocarbon becomes progressively fluorinated the fluorine
atom substituents sterically protect the carbon skeleton.
This is perhaps best illustrated by Figure 1 showing the helicCle
arrangement of the fluorine atoms in polytetrafluocroethylene
(PTFE) . The electron cloud associated with these fluorine
atoms will tend to repel any approaching fluorine molecules
from the carbon skeleton. It is, therefore, possible to allow
the relative number of collisions between the hydrocarbon and

fluorine molecule to increase as the reaction proceeds.

As previously menticned a diverse set of compounds
both organic and inorganic have been successfully fluorinated
using the LaMar process. The results of these are outlined

in Tables 6, 7 and 8.

Although the application of the LaMar43 technique
and the improved variations44 are diverse and the yields
apparently high, there are considerable drawbacks associated
with the process. For example the LaMar process is only
applicable to solid polymers, the products of these reactions,
as detailed in Section 5b, are only idealised structures and

substantial cross-1linking, oxygen incorporation, and carbon-



carbon




TABLE 6.
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LaMar Fluorination of Hydrocarbons

Substrate

5

Cl

3§

v
¢ 1
iy n

Initial o
Temperature C

C -C - CH,

20

20

-78

~78

-78

-78

Product (Yield)

CF

CF

CF

o

CF

- C-CF (10)

$F3 ?F3 (10)
-C~C~-CF

| !F 3

CFy CF,

(|2F3 (‘2F3 (20)
-C~-CF., -C-CF

2 3
& cr

w
[¥8)

[+ 3 hydro (60%)]

Ref.

45

51
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TABLE 6 (contd.)

Substrate Taﬁ%%%%ﬁ%%cb Product (Yield)
-78 (3)
— 2
-78
p
adamantiane (4)
21’
_7g (26)
F F :

45

45

52
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TABLE 7. LaMar Fluorination of Functionalised Hydrocarbons
Substrate Starting Products (Yield) Ref.
Tg@rature
0 O
Il 1
LH3 - C - OC2H5 -100 CF3 -C - CI?2F5 (5) 47
CH, O CFr
[ 3 é
CHB—C—C—F -78 CF3— C -F (52) 47
| (
CH3 CF3
CH, O CF, O
i J; 3 w3
F - - -C-F -78 F - -C-C-TF (14) 46
' |
CH
3 CF3
i ?
|
CH3 - '? - CH3 -100 CF3 - IS| - CF3 (20) 48
0] 0
? 9
! f
CH3—O|S‘O - CH3 -100 CF3 - O%O - CF3 (20) 48
0 0
° 9 0 3
! i | !
H3C C112CH2CCH3 -78 CF3CCF2CF2CCF3 (5) 44
7 i
CH3 C CH3 -130 CF3 C CF3 44




TABLE 7 (contd.

Substrate

1
CH,C

Ccl

NC(CH2)3CN

|
@
-]

Starting

Temperature

-78

-78

Products (Yielad)

§
LEBL—F (50)
TN N
F2x(CF2)5NF2

[}

@)

Ref

44

44

44



TABLE 8. LaMar
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Direct Fluorination of Hydrocarbon Ethers

Substrate

CH.,CCH,CH,OCH
3 2772 3

CH3(OCH2CH2)ZOCH3

(CCH(}i)OCI{

2 2 275

Q/"’_//O
1,4 dioxane

[ (CH,)

3) 3CCH, 1,0

[ (CH,) ,CH},0

[(CH,)

3 2CHCHZ}ZO

[(CH3)2CHCH2CH2} 0

Starting

T@@Efaﬁue(% Product (Yield %) Ref.

-78 CF (OCF CF (CF
w N s A AN

CE..CE (21
377272 30

(@]
[¥8]

-78 CF,O(CF.CF,0O

JO(CF.CF,0) ,CF, (16)  53,54,55

-78 CZFSO(CF2CFZO)C2F5(2O) 53,54
F
-78 TZ T 2 (40) 47
CF
~
2~ 2
-80 [(CFy) CCF, 1,0 56
-80 [(CF) ,CF},0 56
-30 [(CF,) ,CFCF,},0 56
-80 [(CF,) ,CFCF,CF,},0 56
F, F,
F, ~O o_F, A
~-78 /] (30) 57
F, 0 07 F,
o/
Fy By
-78 o F s (30) 57
| \\/o\/

(30) 57

~78 {j\ F
<



carbon bond fission is suspected to occur. The improved
LaMar technique44 is only applicable to compounds which have
appreciable vapour pressures when in the crystalline state in
order to allow mobility between the various temperature zones
in the reactor. Most important of all is the long reaction
times required for complete fluorination, often in excess of
200 hrs is used for polymers and 100 hrs for smaller molecules,
leading to inefficient use of the fluorine reagent gas. The
reaction scale is usually of the order of a few grammes and

is a batch process.

These disadvantages are considerable and the process
cannot be seriously considered as a potential industrial
process.

The most recent general direct fluorination process has
been developed by Adcock et a158’59. The process described
involves the direct fluorination of an aerosol suspension of
the substrate. The aerosol medium is generally sodium fluoride
and the carrier gas, which also acts as a diluent, is helium.
The hydrocarbon substrate is condensed onto the surface of the
sodium fluoride particles thus exposing a large surface area
to the fluorine. The aerosol medium supporting the hydro-
carbon substrate is then passed into the reactor, which con-
tains several temperature zones, and several gas inlets to
admit fluorine of various concentrations. Hence as the sub-
strate gradually passes through the reactor it meets pro-
gressively higher temperatures and increasing fluorine concen-
trations. To obtain perfluorinated products a photochemical

step is often used as the final stage of the reaction.
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In summary the technique maintains the substrate in a
condensed or crystalline state, while allowing good mobility
noeos 1aro A o
(S R} LTulyo CTapuUOoCuU oudl

with low initial temperatures and fluorine concentrations.

The process has been successful in producing perfluoro
compounds from a range of hydrocarbon substrates. The results

are summarised in Tables 10, 11 and 12.

TABLE 10
Substrate Conditions Products (Yield) Ref.
CH3
! o 0 _ ,
CH3~!CCH3 -60™~0", 3hru.v. C(CF3)4 {10) 58
CH3
necpentane
-60-0°C, 4lr u.v. (30) 59
-30-10°C, 7hr u.v. 60
oy
CH3-?—CH2C1 low temp. 3hr. u.v. (CF3)3CCF2C1 (74) 64
CH3
CH3
]
CH3-$—CHzBr low temp. 3hr. u.v. (CF3)2CFCF2CF3(62) 4
CH
3 (CF3)2CFCF3 (10)




TABLE 11.

Aerosol Fluorination of Ethers

Substrate Conditions Products (% Yield) Ref.
o) O
TN o] R
r’ ;] -60+0°C u.v.3 hrs| FM] (50) cq
o 0
CHSOCHZCHZOCH3 -40+0° 1u.v. 4hrs CF ,OCF,CF,0CF, (36) 50
o . )
CH,0 (CH,CH,0) ,CH,| =40+0°C u.v. 4hrs. CF,0(CF,CF,0)CF, (22) 60
o =
CH,O (CH,CH,0) ,CH,| -40-0"C u.v. 4hrs.| CF,0(CF,CF,0),CF;(20) | 60
O
CH,O(CH,CH,0) ,CH,| -40~0"C u.v. 4hrs.| CF,O0(CF,CF,0) ,CF,(15) | 60
OCH
3 -60~0 u.v. 3hrs. \\\r_ 61
F OCF,  (22)
OCH 4 //; CF,
-60~0 u.v. 3 hrs. (32) | 61
| -60>0 u.v. 3 hrs. AN
5 OEJ (10) 61
(0] -60*0 u.v. 3 hrs.
o] g] (9) 61
) 0
CH, 0 -60,0°C, 3 hrs. u.vl CFy 0
:><14] F:><i (50) 59
C 0
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TABLE 12. Aerosol Direct Fluorination or Ketones

Substrate Conditions Products (% Yield) | Ref.
Q o Q
CH3CH2CCH2CH3 ~-20+107C,4hr.u.v. CFBCFzCCF2CF3(l3) 62
9 S 0
CHBCHZCH2CCH2CH2CH3 -30(K)C,4hnLv. nC3F7CnC3F7 (23) | 62
| !
i |
e | |
o /O |
-40+-0"C, 4hru.v. |{nC,F, C (13) ‘ 62
479 \\F
i ?
| )
CH3CH2CCH2CH2CH3 -30>107C,4hr u.v. C2F5CC3F4 62
ﬁ 0]
il
CH.CC (CH.,) -30+10°C, 4hr.u.v. CF,CC(CF.), (12) 63
3 3’3 3 3’3
| 7
| o
- O
(CH3)3C C(CH3)3 30-107C, 4hr. u.v. (CF3) 3C\,CFZCF(CFE))2 63
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Some interesting observations from these results include

the formation of perfluorcalkyl chlorides producing a per-

fluorinated molecule containing a predetermined reactive site
In the case of neopentyl bromide however significant rearrange-
ment of the carbon skeleton occurred which,; although not fully
understood, was attributed to the formation of an intermediate

, 6
carbocation. 4

The attempt to produce perfluorocyclic ketones was also
unsuccessful with ring opening occurring to produce the
corresponding aliphatic acid fluoride. Perfluorocyclic
ketones were prepared by a more indirect route, by hydrolysis

of the corresponding ketals or methyl ethers in 100% sulphuric

v ey

(61)
(D<) - O e
- (61)
Qe ol
i °

The technique has illustrated an interesting approach to
the direct fluorination of various hydrocarbons and functional-
ised derivatives. However there are obviously limitations
to the process. For example, the substrate must have physical
properties which will not affect the aerosol properties of
the sodium fluoride. Although the process is a flow system,

recovery from the reactor may be as little as 30%, the remaining



substrate being deposited, unreacted, on the walls of the
reactor. The technique is also essentially a small scale
process only a few grammes of substrate used over several

hours.

b. Direct Fluorination of Hydrocarbon Polymers

Fluorocarbon polymers have found a wide range of uses65

and so have become increasingly important industrial compounds.
Unfortunately the preparation of perfluorinated polymers is,

in many cases, not as facile as the hydrocarbon analogue. For
example polypropylene is a well known commercial product,
hexafluoropropene, however will polymerise only under forcing
conditions using free radical initiation. The difficulty
involved here has been attributed to the large steric require-
ments of the trifluoromethyl group in a polymer chain. It
may also be the case that perfluorinated monomers are difficult
if not impossible to make or may be prohibitively expensive.
Once formed problems of moulding the perfluoropolymers, e.g.
(PTFE) to produce finished articles may arise, in these cases
the polymer must be '"machined" or extruded, limiting the

application of the materials.

One technique that has emerged to combat the problems
involved in producing perfluoropolymers has been to convert
the corresponding hydrocarbon polymer to the perfluorinated

analogue by direct fluorination.

Two approaches to the direct fluorination of polymers may
be adopted (1) a perfluoropolymer may be prepared by direct
fluorination of polymer particles of small mesh sizes (12 mesh

max) allowing diffusion of the fluorine into the pores of the



polymer, (2) a finished article, formed from a hydrocarbon
polymer (e.g. a chemical beaker, fuel tanks, sealing rings),

+~ +he
o Tl

i

M
©
£

article the desired properties of the relevant fluoropolymer,
7.2. wettability, chemical and thermal stability, and in-
creased strength. In this case the internal bulk of the

material remains unchanged.

The initial work carried out on the direct fluorination
of a polymer surface was by Rudge ¢t aZ66 who successfully
fluorinated the surface of polyethylene. Subsequent work
by Okada and Makuuchi67 noted a vigorous reaction between
polyethene particles and fluorine which often ignited. In
this case the only guide to fluorine incorporation into the

polymer was by weight increase, a fairly crude technique.

Japanese workers68 have directly fluorinated PVF (poly-
vinyl fluoride) films substituting 65% of the surface hydrogen
atoms with fluorine. Perfluorination was not achieved using
this technique and carbon carbon bond fission as well as sur-

face oxidation reactions were prevalent.

With the development of the LaMar47 technique a fairly
extensive study of the fluorinétion of hydrocarbon polymers69
was made. The process has been deséribed in detail earlier.
The reactions were carried out at ambient (2OOC) temperature
using considerable reaction times, typically 100 hrs. Several
hydrocarbon polymers have been successfully fluorinated in the
form of small particles allowing diffusion of fluorine into
the core of the polymer. The results are summarised in
Table 9. The products indicated are jidealised structures only,
it was accepted that some cross-1linking and oxidation of the

surface had occurred.



TABLE 9
Substrate
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2'n
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{CHZVH}H
c=n
fCHz—CH%n

CH3

!
2CH2CH2CH~)-n

{CH
%
e - CH ¥

CH3’

— n

Conditions
e

20

20

20
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N
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O OH Tzij o;Ii:j n 20
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"
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Perfluorination of the hydrocarbon polymers was suggested
in each case but subsequent workers7l refute this claim. The
process has been applied to finished articles69 made of poly-
ethene or polypropene, such as chemical bheakers, fibres, films,
fabric, and rope, to produce items with a "fluorinated skin"
of up to 0.2mm thick. It was noted however that although
the chemical and thermal stability desired was imparted to
these objects, they often became gquite brittle due to the

cross—-linking process.

A problem that is associated with the direct fluorination
of polymer surfaces is the incorporation of labile oxygen in
the system. The abstraction of a proton from the partially
fluorinated polymer results in a relatively stable hydro-
fluorocalkyl radical. This radical may be long lived and
subsequently react with the diradical species oxygen. It
is, therefore, necessary if a fluorocarbon polymer analogous
to the hydrocarbon polymer is required, that precautions are
taken to exclude oxygen from the system. This oxidation
process has, however, been used to advantage to introduce
functionality into a polymer.72'73 The technigue was a
variation of the LaMar process and was used to incorporate
between 5% and 60% of acid fluoride groups w.r.t. monomer units
into a polymer. The process was named "oxy-fluorination", a

similar technique was concurrently reported by Manley.74

Fluorine sensitised oxidations were first reported by Miller,15
who reacted tetrachloroethene with a fluorine oxygen mixture

to yield 1l-fluorodichloroacetyl chloride.

1 c1 0
\ /c F,/0, N¢ - c” (15)

/ Cl Cl/l!" \Cl



The introduction of acid fluoride groups v7ia the LaMar
oxyfluorination process was suspected to occur via oxidation
of pendant methyl groups or alkyl groups rather than carbon

carbon bond fission of the polymer backbone, i.e.

0 0
o C-F
GH3 GH3 F,/0, ¢ I
CH,= C = CH,C —S—fe {OF,C - CP)C - CRb (75)
H H P b

n

This proposal was based on the observation that little
functionality could be incorporated into low density linear
polyethene.

The process has been applied to more volatile molecules

such as neopentane.76

Chemically inert polymers that incorporate functional

groups such as sulphonic acid groups, (NAFION77) or carboxylic

acic groups (FLEMION78) are industrially important materials
employed as membranes in ion exchange devices and chloro-
alkali cells. Further develovments in the LaMar process have

led to the successful fluorination of functionalised polymers79

such as copolymers of acrylate esters or acrylic acid with

ethene.
?H—CHZCHZ . CF—?FZCFZ o CFCF,CF,
C=0 \ 2 C=0 2 C=0 (79)
i —_— | - I
? ? \\ OH
ColHg CyrFg y
- n n n

or with polymers with pendant carboxylic acid groups

H F

. . | , |

+{CH2]§EH CHZCH2—$ . CF2CF2—$ o (79)
=0 HF $=o 2 $=o 2
5H F n F etc.

n
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Lagow et al have also applied their technique success-

80,81

fully to the preparation of perfluoropolyethers by the

ature and then at elevated temperature to promote fragment-

ation.
He/F, F,
R, = CF,, P
polyethylene oxide f c 3 2 5
FZ/He
{CHZ—O}n s COF2 + Fluoroethers. (81)
polymethylene oxide
HE/F
CH3 (2) heat

Rf = CF3,C2FSnC3F7

volyrropylene oxide

The synthesis of this important class of compounds is dis-

cussed in more detail in Chapter Two.

Partial fluorination of polymer surfaces may also impart
desirable properties to the material. For example better
soil release, soil anti-deposition and better wettability are
some of the characteristics obtained on partial fluorination
of a polymer. A commercial process has been developed by
Hayes and Dixon82 monopolising these effects. The process
involves exposing the polymer, e.g. polyester (polyethylene
terephthalate)B%o a dilute mixture of fluorine in nitrogen
(typically l:lO(Fz:Nz) for a short time period of between one
and fifteen minutes at room temperature. Various reactions

were proposed to occur (Scheme 3).
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4 L OCF=CHO} gA4<::j>_ g_CFxH4—xd>m
%C-\S;i>—-c—c—c~o}m ——————1 (83)

;)/ 9 ﬁ ' ? :
A —( C - OH L 1C—<L_ >%— cczﬂ4}m
HOCCHz)m i
1] i H

0 o o 3

1& —<§§2>~ C-CP=CHO .

Scheme 3

A maximum of three per cent incorpcration of fluorine was
detected. The process was also applied to polyamides?4
polyethene, and polypropene.85

The direct fluorination of graphite in various forms

37
}x

has resulted in fluorinated compounds ranging from {CFO 68
87 86 86 . n

and fC4F}x to -(-C2F)X and {CF}X . The formation of

carbon monofluoride %CF}X is favoured at elevated temperatures

ca. 6OOOC and that of dicarbon monofluoride %CZF%X at

350—4OOOC.86 Interest in carbon monofluoride has arisen from

its application as cathode material in high energy lithium

batteries.

The perfluorination of a polymer surface usihg a cold
plasma discharge to initiate the reaction has, more recently,
been reported.88 In the report it is claimed that ESCA
studie589 have revealed that previous direct fluorination

attempts on polymers resulted in carbon carbon bond fission

and oxygen incorporation. The reaction between a polymer
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surface, e.g.low density (1.d.) mnolyethene, and fluorine is consid-
erably accelerated by the formation of active species such

as ions and radicals generated in the cold plasma discharge.
The fluorinating species arise not only from fluorine, but
also from carbon tetrafluoride (CF4), hexafluoroethane (C2F6)
or sulphur hexafluoride (SFG)' The plasma generates a high

density of fluorine atoms and other ionic or radical species

derived from the "inert diluent gas", and the polymer surface.

Using this technique a perfluorinated layer to a depth
of 608 may be obtained in the case of l.d.polyethene film.
The limiting factor to the depth of fluorination tends to be
the competing etching process of the polyethylene surface by
cations in the plasma. Distinct advantages of this technigue
over other methods is the much shorter reaction times, ca. 30
minutes as opposea to 3 days for the LaMar process. There
is, also, little if no incorporation of oxyvgen into the poly-
mer surface. It remains to be seen however how generally

applicable the technigue will be.

The exact mechanism of the reaction is not well under-
stood but kinetic studiesgo have been carried out and the in-
fluence of the ultra violet radiation, generated by the plasma,

investigated.91

The use of direct fluorination in the preparation of
perfluoroelastomers from fluorohydroelastomers has appeared
in the patent literature.92 Usually the terpolymer (1) of
tetrafluoroethylene, perfluorophenylethylene and perfluoro-
methyl vinyl ether is cross-linked with a difunctional hydro-

carbon unit, e.g. dipotassium salt of polyethylene oxide (2).
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'(‘CFZCFZ")‘H{—{CFZ CIIF ‘}'H_'(C ) C 2‘)“p (1)
OCF,
K 0y CH.CH.O K’ 2
0 \LCH2CH2 +n ,CH,0 K (2)

The resulting elastomer exhibits good performance up
to 600°C. This may be improved however by reaction of the
cross—linked polymer with fluorine diluted in helium or nit-
rogen at ambient temperature. The result is an essentially

perfluorinated elastomer.

c. Selective Fluorinations of Organic Molecules

The selective fluorination of complex organic molecules
using elemental fluorine is becoming an increasingly important
technique. Although not directly related to the topic of
this thesis, it is valuable to draw the reader's attention to
the degree of control that is possible in reactions involving

derivakives
elemental fluorine and hydrocarbon]. The efforts of other
workers,outlined in this section,i1s not a comprehensive review

of the subject, but rather, a brief summary of the results

possible in this field.

There is considerable interest in the preparation of
partially fluorinated organic molecules due to the high bio-
logical activity that may result. Partially fluorinated
molecules find uses particularly in the pharmaceuﬁical and

agro-chemical industries,
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anti cancer agent

Despite the extreme reactivity of fluorine in free
radical reactions with hydrocarbon derivatives it has been
shown that great selectivity is possible without degradation
of the carbon skeleton of the mélecule,or polysubstitution

at several sites.

The first instance of selective fluorination to be
observed was the direct fluorination of n-butyric acid by
Bochem'u'ller,l8 previously discussed in Section B3 , the
selectivity in this case may be attributed to the polar

nature of the substrate.

The reaction of elemental fluorine with unsaturated
molecules in general results in simple e¢Zs addition products.
For example the addition of molecular fluorine to 1,1-diphenyl-

ethene carried out by Merrit et aZ.94

C6H5 //H 5% F2 . C6H5 H (94)
S CFCl,/CHC1
/\ 303 FF
CGHS H -78 C C6H5 H

and in the case of alkynes,tetrafluoro-compounds result.

% F

- 2 e
C6H5C—CR ?7@56’ C6H5CF2CF2R (95)
solvent
R = CcHg, CHy, H



This simple reaction has been applied to the synthesis
of more complex molecules such as steroids to give high yields

of the difluoroderivative

N U
SREE
cFel— " (26)

b CrCly; i

AcO c1t1 T8 aco c1 &1

The mechanism is electrophilic in nature and is carried out
at low temperatures in the presence of radical scavangers (e.g.
nitrobenzene) to inhibit the side reaction of random poly-
substitution of hydrogen atoms in the molecule. Yields are
noted to be increased in the presence of polar solvents such

102,103

as trichloromethane and ionic mechanisms have been

suggested for the reaction.

Selective fluorination at a saturated carbon is perhaps
a more surprising phenomenon. Selective fluorination
at a tertiary carbon in a molecule containing no carbon carbon
unsaturated bonds is possible. The reaction is stereo-—
celective andusually occurs at the site most removed from an

electron withdrawing centre.

Examples of these reactions are contained in Table 13,



TABLE 13 Selective Fluorination of Saturated Hydrocarbon Derivatives

Substrate Conditions Product (Yield) Ref.
OR ~ ?R’
1
/; 5%.,_2':;_“ /7
R\F CHC1, R o7
H ReMe, Bu CFCLyy F R=Me (65)
128 =COC, H,NO, (p) -70°C R = tBu(83)
5% F, F
in CHCI, * 97
(@) OR
OR CFCl,, -70C P <z OR
~N . ) /
R=COC H,,NO,, (p) R = COCH,NO, (p
5% F2 in N2
in CFCl,, (84) 98
O
-78°C
[ X
E
5% F., in N
2 2!
in CEC13, (83) 98
N NHCOCF 5 -78% / NHCOCF
99
99
99
! O,
- i ~787C ‘
CFyCO, H CFLO, H




An extensive studyloo on the substitution of hydrogen by
fluorine in various aromatic compounds has suggested, from the
nroducts observed, that an electrophilic substitution mechanism
occurs. The yields quoted are extremely high but conversions

are so low as to render the technigque synthetically unimportant.

hAguecus rhase flucrinations of primary amines to yield
. . 101,102 .
N-N-difluorcamines have been carried out, carbamam-
103 . . . . . q
ates may also yielcd M, ,N-difluoro derivatives but under

these conditions hycdrolysis may occur to give the c¢ifluoro-
amine compound, (Table 14},

TABLE 14 Acueous phase fluorinations of Amines- -+ Carbamamates

g
Substrate Conditions ~¥oauc§s Ref,
T o B ] (Yield %)
30% F7 in N2
“OOC (66) 102
MH, NE,
nC4HqNH7 30% F2 in NZ nC4HqNF2 (25) 102
0°¢
{ o 30% ¥, in N, <;_>*9 (16) 103
NH 5OC “ NHE
F
Nmz(CH2)3COOH
CH3NHCHO 30% F2 in N2 CHBNHCHO, (31) 103
-30%C
(no solvent) CHBNF2

Other polar solvents such as trifluorocacetic acid have
also been frequently used, verhaps the most important dis-

covery being the D.F. of uracil to produce 5--fluorouracil?3’]‘04

the reaction occurring in either HZO' or CF3COOH.

The mechanism in these polar solvents is suspected to
occur p{g an intermediate hyvofluorite, e.g. CF

3COOF generated

in gitu of the substrate.
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IIA. Introduction

Perfluoropolyethers are perhaps the most important

class of fluoropolymers to be produced on an industrial scale
in recent years. The importance of P.F.P.E. arises from

the exceptional thermal and chemical stability that they dis-
play and that they remain liquid over large temperature ranges.
Thermally P.F.P.E. are known to withstand temperatures in
excess of 350°C without suffering substantial fragmentations

or decomposition. Chemically P.F.P.E. are extremely inert

and have been shown to be stable in the presence of liguid
oxygen. The only known reaction of P.F.P.E. is with aluminium
chloride at elevated temperatures which results in cleavage

of the carbon oxygen bond or replacement of a fluorine atoms
with chlorine. The thermal and chemical stability of P.F.P.E.

105,106 This ex-

has been the subject of several studies.
ceptional stability makes P.F.P.E. suitable for many important
applications such as lubricants, diffusion pump fluids, inert

fluids and heat exchange fluids.

It is not surprising, therefore, that the preparation
of P.F.P.E. has been the subject of intensive industrial re-
search in the past decade. Early work in this field was
centred on polyfluoroethers rather than the more important
perfluorinated analogues. Many of these early approaches
have been adequately reviewedlO7 and will only be summarised

here.

IIBl. Preparation of highly fluorinated ethers by
polymerisation processes

The first example of a highly fluorinated polyether

was produced by the free radical induced polymerisation of



. 1
hexafluoropropene with ethylene oxide. 08
0 CF
B 7N u.v. [ 3 o8
CF3CF = CF2 + CH2 —_— CH2 or peroxide fCCF2CH2CH2O)~n ( )

Subseguent reactions with various clefin epoxides have
produced more. interesting polymers. For example the poly-
merisation of perflucoroacetone and ethylene oxide in the

presence of caesium fluoride yields crystalline products.lo9

cF, /o ICF3
N ]
=0+ d.¢c'— cH Csk, COCH_CH o]r (109)
/ i 2 2 _n

CF3 CF3

Homopolymers of highly fluorinated epoxides may be

produced using a Lewis acid as the initiator.llo
CF
7N i3
CF3 - CH — CH2 + A1C13 E— %?CHZO%m (110)
H

Hexafluoroacetone forms low molecular weight polyethers

when copolymerised with ethylene under free radical conditions%ll

CF CF

3\ . l 3
- — peroxide
/,C o + HZC CH2 A f?OCHZCHZ%n (111)
CF3 CF3

Finally formaldehyde is known to copolymerise with

fluorinated olefins in the presence of caesium fluoride.112
3 2 CSF o

= CF, + =0 == 4C = CF,OCH,¥ (112)
CF3 H CF3

The partially fluorinated polyethers do not possess the
same thermal and chemical stability as the perfluorinated
analogues and so their application is, comparatively, somewhat

limited.
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Preparation of perfluoropolyethers was made possible

by the discovery and preparation of perfluoroolefin epoxide

b=

13
monomers. Several patents have appeared in the liter-

ature concerning the polymerisation process. An early

example involved the polymerisation of tetrafluoroethylene

1
oxide over an activated charcoal catalyst. 14

o) activated
-~ N\ charcoal

CF2 —_— CF2 ~865-30°C" CF3CF20(CF2CF20)DCF2COF (114)

A similar process for hexafluoropropene oxide was

reported also.l15

) activated CF CF 0
“~ N\ charcoal I3 | 3/
CF,CF — CF > CF,CF,CF.O[CFCF,0] CC (115)
3 2 room temperature 372772 2 'n N
F

Later examples revealed that the polymerisation could be

effected by a perfluorocalkoxy anion generated from an acid

fluoride. 1®
R4N+F—
R,COF + CF)— CF, ———— RCO(CF,CF,0) CF,COF (116)
~
0
[R; = CF4(CF,) _ n = 1+10]

The resulting PJLP.E,s-fram these processes were except-
ionally stable materials but it was found that this stability
could be improved further by removal of the acid fluoride end
groups. Several techniques have been employed to "cap"
the polymers. For example the acid fluoride may be hydrol-
ysed and the resulting carboxylic acid simultaneously fluor-
inated and decarbonylated by passing fluorine through the

liguid polymer at elevated temperatures.115



W
>

0 0
4 f,y0 4 "2

’ 4 _—._O___b ’
R Cl " RE S 50-250°C g T
F oW
CF CF
’ _ — L,3
R = CF3CF2Cb20[éé¥20] &1,

An alternative technigue is hydrolveic cf thz acid flvoride,

with subsequent pyrolysis of the potassium salt cf the re-

sulting carboxylic acid.ll7
470 /O
R.C 4. RrS-C A . _
£ KOH £ N —=> R_ H (117)
N -+ f
F 0O
CFr Cr
, | 3_
(R = CF3CFZCF20[cé%ZO]nt ]

Finally, photolysis of the acid fluoride results in a

coupling, decarbonylation reaction.ll8
0
/ u.v. / 4
R."-C g R. -R + 2CO (118)
f N £ f
F
F
3
/ —_ —
(R, = CFBCFZCFZO[ié%zo]:g‘ ]

A second industrial synthesis of PFPE has been reported

which involves the photopolymerisation of fluorinated olefins

119

in the presence of oxygen. The resulting PFPE are known
+

as the "FOMBLIN" range of fluids (MONTEFLUOS company) . For
example the copolymerisation of hexafluoropropene and tetra-

fluoroethylene in the presence of oxygen.120

t . .
FOMBLIN is a registered trade name of the Montefluos group

of companies.



45

_ L h.v. .
CFBCF = CF2 + CFz— CF2 + 02 100005 250C

Re (C,F,0) [(C,F,0,) (C5F 0) (Ceroq)“?FCOF

CF
(TIT) 3

Unstable linkages such as the peroxide groups and the
acid fluoride end groups are removed by heat treatment of (III)
and subsequent direct fluorination.

(ITT1) CF_O04C_F O+—C_F O%r CFCOF

or b 372747797376 |

CFy

CF3O(C2F4O +E{C3F6O-+ECF2CF3

The most recent industrial process for the production
of PFPE has been reported by Japanese workers.121 This
process, a ring opening polymerisation of 2,2,3,3,tetrafluoro-

oxetane, produces a highly fluorinated polyether.

~N
nd CF CsF . {CH.CF.CF.O% (121)
N 2 or 2772727 n
CF2 SbFS

(IV)
The polyether (IV) may then be fluorinated further or
chlorinated, both using an ultra violet initiation process.

7.e. fluorination

F
2
{CHZCF CFZO-)-n o {CHZCF Con%p{CHFCF

A

ZConfa{CFZCF CF O+
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or chlorination

Cl
2
Cr_CF H.CF_CF._ i y
valzv_zv_zo%n H—Gﬁ {CHZCFZ FdO}E;4CHC]CFZCF20%5+CC12CF2CF2O+C
A

It is claimed that a perfluoropolyether of the general
formula:
tCF,CF

oCF 0k

121

may be produced, but as the patent concerns mainly poly-

halogenated ethers it must be assumed that the perfluoroether
is difficult to obtain in a pure form. As yet no details of
the chemical and thermal properties of these polyhalogenated

materials have appeared in the literature.

IIB2. Preparation of Polyethers by Direct Fluorimtion of Polymers

Lagow et alez have applied the LaMar43 technique to
a series of partially fluorinated and non-fluorinated poly-
ethers, Table 15.

Using a slightly different approach Lagow et a2123

directly fluorinated a polyester using the LaMar43 process
and subsequently converted the carbonyl groups to difluoro-

methylene groups using sulphur tetrafluoride.

CH, O 0
12 || 1.F,/He CF
4 ——
fcn, . FH20CCH2CH2CO+n 3 5F, /iF £CF,C CF,0(C,F, )0 (123)
CH CF'y
2 (no yield given)

poly (2,2-dimethyl-1,3-propylene succinate.
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TABLE 15. LaMar fluorination of Polyethers
Substrate Conditions Product Ref
: / g g 81
{CH2CH20%H He,F2 {CF2CF20%p :
polyethyleneoxide 1. Ambient
2. heat
: 3 81
fEHCHZO¥n He/}:2 {?FCFZO+Q
H3 1. Ambient CF3
polypropyleneoxide 2. heat
{CHZO}n He/F2 decomposition 81
polyethyleneoxide 1. Ambient bOFZ + volatile
ethers
2. heat
.
_ lCF3 He/F, ICF3 \ 122
r~—C-0-CH,CH,O 1. Ambient C-OCF.,CF,0 L+
2772 2772
| n 2. heat )
CF3 \ CF3 Vs
hexafluoroacetone
ethylene oxide co-
polymer
CH 122
('2F3 | 3 He/F, /ch3 C\F3
C O CH,CH,O 1. Ambient +4—— C-0OCFCF 0
2772 2
2. heat |
CF CF s
3 n 3
hexafluoroacetone
polypropylene oxide
copolymer
fF3 He/F4 T3 \L 122
Cc - O-CHZCHZCHZO : 1. Ambient ? - O~CF2CF2CF20
\ | 2. heat
CF3 n CF3 H
hexafluoroacetone
oxetane copolymer
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l.FZ/He

= 123
f(CHZ)BOC(CHZ)4CO+n Z.SF4/HF [(CF2)4O(CF2)6O+D ( )
poly (1,4 butylene adipate). (no yield given)

However although the LaMar process would seem to be a

/
particularly adaptable technique resulting in a variety of
interesting polymers, there are several distinct drawbacks

which have already been discussed in Chapter Onhe, Section BA4.

C. The Durham Strategy

In our laboratory we have proposed a new synthetic route

to P.F.P.Es. of known structure and molecular weight range.

As previously discussed in Chapter One it is known that
the progressive fluorination of hydrocarbon compounds becomes
easier to control after ~=rtial fluorination.

124,125 have invest-

Previous stuwie:s iy our laboratory
igated a free radical addition of F-alkenes to simple hydro-
carbon ethers. The introduction of a polyfluoroalkyl group
in this manner has a dramatic stabilising effect on the molecule

125

during further fluorination using CoF, at elevated temperatures.

3
Using a similar approach, for the synthesis of P.F.P.Es.,

we proposed to investigate the addition of F-alkenes to higher

molecular-weight systems such as glymes and subsequently per-

fluorinate the addition procucts using elemental fluorine,

T.e. RE
- (i) '
CH3O(CH2CH2)nCH3 + F alkene(zIT—> RfCHZO(CHZCHO)nCHzRf
(1) = peroxide, heat (Rf = polyfluoroalkyl)
(ii) = ¥ rays .
A 2
il
)(“ -
Rf "FZO(CFZCFO)nCF2Rf

(Rf™ = perfluoroalkyl)
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As the process avoids a polymerisation step the mole-

cular weight range of

R P = | YR A=
riginal polyether.

is desirable in P.F.P.

more specifically.

the product will be dependent on the

This limited molecular weight range

Es.as it enables them to be applied

Before the attempt to prepare a P.F.P.E. by this pro-

posed route)Z main areas have been investigated: (1) the

free radical addition

of F~alkenes to acyclic ethers and

(2) the development of a direct fluorination process.



CHAPTER THREE

THE FREE RADICAL ADDITION

OF ETHERS

TO FLUORINATED ALKENES
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AL Introcauction

. . . 124,125
In our laboratory there is an ongoing project

investigating the use of the carbon hydrogen bond as a
functional group in free radical addition reactions to

fluorinated alkenes.

RE
. ) o . |
X--CH,~0-R _PIOP | y_cfj-o-r —oialken=s o o

HOR
+ propH XCH,OR
RfH

I .
X-CHOR + XCHOR

P S
‘ eLc.

[prop = propagating radicall

Various investigations have been carried out and, in partic-
ular, the effects of the substituents (-X) on these radical

4
processes have been studied in detail.lz"126

The technique
has proved to be a useful route to functionalised fluoro-
carbons and, more specifically fluorinated ethers. The

ethers that have been prepared by other workers using this

technique are listed in Table 16.

TABLE 16 Free Radical Addition of Ethers to F-olefins
using excess Ether

Ether F-alkene Conditions Products (%yield)
E LR
CH3CH20CH2CH3 CF3CF=CF2 gamggoéays, CH3CHOCH2CHJCH3CHOCHCH3
(38) (43)
(Rf=CF2CFHCF3)
iy
(CHBCH2CH2+20 CF3CF=CF2 gammaorays, CH3CH2CH20CHCH2C{3
20°C -
(12)
*+ CH,CH,CHOCHCH,CH,
Rf Rf (28)
(Rf=CF2CFHCF3)




Conditions

TABLE 16 (contd.)
Ether F-alkene
(CHﬁCHACHACHA}AO CF_CF=CF.
3 Z 222 3 2
[;ii:] CF,CF=CF,
O CF3CF=CF2

~—0

<\_—::> CF,CF=CF,
_ { 7 CF3CFECF2
O «|

danma ravs .
) o 4T
207C

gamma_rays,
20°C

gamma _rays,
20°C

ganma_rays,
207C

gamma,_rays,
20°%C

gamma_rays,
20°%C

ganma_rays,
20°C

gamma_rays,
207C

3 27

+

CH3

+

CHy

8]
)

Products (% yield)
Rf

(‘H(‘Tﬂ(‘ H.C
HGF%PPz LC H3

(16)

Rf Rf

I
CH CH2CHOCI-1CH2CH2CH3

2 (28)

Ff Rf
!
CH,CHOCHCH. CH ,CH

272
RE

CH (26)

(Rf=CF_CFHCF

RE

2 3)
Rf

W:ji](6l) +

(RE=CF,CFHCF 5)

(35)

RE
F—_T (65)

 (Rf=CF,CFHCF,

)

RE

(70)

(RE=CF . CFHCF

2 3)

(Rf=CF CFHCEF

2 3>

(Rf;-<<:> )
(91) 1

(83)

O
(o
(Y
oc

O REf""”

le) e - —<>
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1. Free Radical Reaction Mechanisms

Free radical reactions between ethers and F-alkenes
have been adequately reviewed by other workers in the
124,125 . . .
laboratory : and so will only be dealt with briefly

here.

Fluorinated ethers of the type illustrated in Table 16
are produced via a free radical chain mechanism. There
are several steps involved in chain mechanisms which are

outlined in Scheme 4.

Reaction Step
1. R-H ——=» R+ H Initiation
L] I |
2. R + >=—= —— R—-c—c|:' Aadition
|
1l i L) e .
3. I%?%F + = — E%¢%?§~§ .melomerisation
(Y ] t .
4. R%?C + R-H —— RC-C-H+ R Chain Transfer or Propagation
; or
{ e . i |
5. RL~C +H ——s R-CC-H
T vl . .
Dl . C Combination
6. R%?Q + R — Rﬂ?@-R
7. R—¢—¢. -423££> } Termination
Scheme 4

Several factors contribute to a successful free radical

addition of an ether to a F-alkene.

a. Formation of o ether Radicals

In the case of hydrocarbon ethers the formation of the
a ether radical is energetically favourable due to the stabil-
isation of the resulting radical by the adjacent oxygen atom.
This stabilisation may be rationalised by the interactions

shown in Figure 2.




o4

R-0-CH-R o R-3-0Ci-R" (a)

(1) (ii)

—/HT‘/ | ; ~CH-
) ' (b)

b. The Addition Step (step 2 scheme 4)

The addition of the a ether radical to the F-alkene is
generally favourable. Considering Figure 2, it is clear from
the structures (i) and& (ii)} that the a ether radical is nucleo-
philic in character. ZTonsequently we find that the ether
radicals in general react readily with fluorocarbon olefins

which are themselves usually susceptible to nucleophilic

attack.

c. The propagation or chain transfer step (step 4 scheme 4)

, The propagation step relies on a favqurable reaction
[ I
between the propagating radical (R—C—¢ ) and the hydrocarbon
‘ ]
ether. If this step is hindered then a 'short chain' mech-

anism will result with low conversion to product.



2. Stereoelectronic Effects

Considering Table 16 several features emerge, most

important of which is the difference in reactivities of the

cyclic ethers. The reactivity of the cyclic ether is
governcd by a sterecelectronic effect:127

(cyclic ether) : (transition state)

Figure 3

For the transition state (Figure 3), leading to the radical,
a maximum interaction between the oxygen lone pair and the
breaking carbon-hydrogen bond will lead to enhanced re-
activity. Table 16 indicates that for values of n=5 or 7

a more favourable conformation may be obtained than for n=6.

3. Substituent Effects

]
Studies‘26 into the free radical additions of substit-
uted ethers to F-alkenes indicate that when x- is electron

withdrawing the reaction is inhibited (Scheme 5).
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R
X-OCH 5 R X-OCH-RE X-0-CH-R + X-OCH-REH (step 1)
R

(1ii) (iv)

. s » m— a °
x-0-Cu-g Loalkene ¥-0-CH-Rf (step 2)

R
(iv) (v) (R= a\hﬂl)

Scheme 5

The electron withdrawing substituent is thought to
effect the propagation sﬁep {step 1 scheme 5) rather than
the addition (step 2 scheme 5). The inhibition of step 1
is most probably due to reduced reactivity of the ether (iii)

with the electrophilic propagating racical.

ThereZore when Xis aperfluoroalkyl group the ether is de-
activated to further addition. Table 16 however, indicates
that, even in the presence of excess ether, polyadducts are
produced with acyclic ethers. The formation of the poly-
adducts may be explained128 by an intramolecular hydrogen

transfer process as indicated in Scheme 6 route (ii).

RE
. WG
0\ Y . N0\t H° F-alkene A~0
room temp.
/\
> (1) 1,5 hydrogen
(ii) transfer
CF2CFHRf CFZCFH Rf
J : A
N0 4+ o~ °
‘ F-alkene
l/A\O/A\
RECFHCF F,CFHRE

2 2 .
Scheme 6 0 + 7~



B. Discussion

In this chapter the addition reactions of various simple
gcthers to several flucorinated alkenes have been used as
models for the corresponding addition using polyether systems.
Jeing these model compounds the factors controlling poly-
substitution have been investigated. Two factors have been
found to make major contributions in producing polyadducts:

1, the structure of the ether; and 2, a 1,5 hydrogen tran-

sfer process.

1. Effects of the hydrocarbon ether structure

Model compound studies with methoxy glymes revealed
that attack does not occur readily at the methoxy site,

and mono-adducts predominate in the products.

L
Yy rays
CH3OCH2CH2CCH3 + C3F6 —565%——*» RfCHZOCHZCHZOCH3 + CHBOCHCHzOCH3
(1) (2)
30% 60%
(Rf = CFZCFHCF3)
M)
1. ) .
CH3OCH2CH20CH3 + C2F4 —_— CH3OCHCH2CCH3 + REf CH2CCH2CHZOCH3
(3) (4) (Rf'=CHCEH)
[1.= di-tertiarybuzyvl 53% 18%
peroxide, 140°C] + telameric adducts 31%
(5)

Conversely using ethoxy ether systems attack occurred

preferentially at the end groups.




RE

. Y rays . .
CH3CH2OVH2CH2CCH2CH3 + C3F6 ———;L—D CH2LH2CCHCd2CCH CH (14) [5]

rE ?f ]
+ CHAéHOCHCHACCHACHW
3 Z Z 3

3:1 (% yields) 8 Lo (27)  [22]
A
Ether: C,F | )
36 + CH,CHOCH,CHOCH CH,
1:2 [% yields] (minor (9)

camponent)

Rf RE

| |
+ CH3CHOCH2CH2OCI—1CH3 (11) [16]

(10)
(Rf: crcFncry) —

Rf Rf ?f

I
+ CH3CHoéHCHzoCHCH3 [14)]

(11)

These results indicate the following order of reactivity.

CH3CH20 - > - OCHZCH20 - > CH3O.

The difference in reactivity between the ethoxy and
methoxy groups may be accounted for by the difference in
stability of the secondary and primary radicals formed res-
pectively. However, the order of reactivity of the
OCHZCHzo group requires a different explanation as it is a
secondary site yet less reactive than the ethoxy group. The
explanation has previously been discussed in the introduction
of this chapter in that electron withdrawing substituents
lower the reactivity of the ether toward electrophilic pro-

pagating radicals. A further cause of the deactivation of



the - OCHZCHZO - group may be steric hindrance, if the ether
molecule is bulky, as in the case of glymes, the approach of

the propagating radical may be hindered.

2. The Hydrogen Transfer Mechanism

a. Evidence for intramolecular hydrogen transfer

An intramolecular 1,5 hydrogen transfer mechanism
may be used to account for the product distribution in the
addition of ethyl glyme to hexafluoropropene. Although
attack occurs preferentially at the end groups (8) is pro-

duced in higher yield than (10).

Rf
//\\O//—_\\O//\\ + C3F Y rays o~ \\\Q/l\\(z) 482

3 6 200C

Rf
+ /\0/_J\0/\ (é) 140/

Rf /if_\\
+/‘\O N

R R
(+ //J\\O,/"—L\{y//\\ (9) minor

yield)

Rf RE
NS TN o) 1)

(Rf = CFZCFHCF3)

It is clear that the intramolecular hydrogen transfer plays

a major role in producing poly adducts.

The attempted addition of (13) to hexafluoropropene
_gave poor conversion to the di-adduct (14) [reaction al.
However addition of excess diethyl ether to hexafluoropropene

produced (14) in ca. 52% yield. [reaction b].



N
o]

rays 5 R
AOA
(a)
P S G <
2 o074 CgF, - T L O/B\ (b)
(13) 48% (14) 52%

It is probable that in reaction (b) the intra-
molecular hydrogen transfer process facilitates the pro-
duction of the radical (iv)

CF
. cp B EFZ . CF,CFHCF,
oo~ gamma N 7376 AN . ~o N

rays

(1)

C3F6

(Rf = CFZCFHCFB) Rf RE ete.
|
/A\ 0"~
The low conversion to the di-adduct (14) from (13)
(reaction (a)) may be accounted for by the limited reaction
of (13) with the electrophilic propagating radical due to the

inductive effects of the polyfluoroalkyl group.
RE

RE
~oAN Erop AN
(13) (1v)

Further evidence of the intramolecular mechanism
was given by the addition of adduct (7) to hexafluoropropene

resulting in the production of (10) and (1ll) in good yield.



61

RE Rf Rf
No TN AN L op gama Ao o Al 43
376 rays
(7) (10)
RE RE RE
(Rf = CF,CFHCF,) AN oo A o
2 3 21%
(11)
Adduct (6), however, gave little further reaction with hexa-
fluoropropene.
RE Rf Rf
N0 7 . 0~ 4+ c.p, dama_ o~ oA — o N 2%
3°6 rays
(6) (9)

The difference in reactivity between (6) and (7) was assessed
by measuring the acetone/t-butyl alcohol ratio obtained by
the decomposition of di-tertiarybutyl peroxide in each adduct

21,126
have shown the acetone/

system (see later). Other workers
t-butyl alcohol ratio may be related to ease of hydrogen ab-
straction from the adduct system. It was found, by measuring
this ratio that (6) is much less reactive toward free radical
addition than (7). The cause of this low reactivity is most
probably due to the inductive influence of the polyfluoroalkyl

group, over the whole molecule, being greater in (6) than in

(7).

(1) Acetone/Butanol Ratios

Acetone/butanol ratios are based on the deposition seq-

uence of di-tertiary butyl peroxide (DTBP) at a specified

temperature:
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ii
= O + CH3

If R is formed easily, then the tertiary butoxy
radical (b) will react to give mainly tertiary butanol via
route 1i. If R is not formed easily then the tertiary
butoxy radical will decompose to give acetone and a methyl
radical vZa route (ii). Therefore measuring the ratio of
the acetone and butanol in the products will give an indic-

ation to the reactivity of the substrate R-H.

Acetone/butancl ratios have been measured for adducts
(6), (7), (8), (10) and (1l1l), the results are shown in

Table 17.

Clearly these results indicate that sites adjacent to
polyfluorocalkyl groups are deactivated to further free radical
reaction with hexafluoropropene. It may be anticipated
therefore that polysubstitution via a stepwise mechanism would
be unfavourable. However as the reaction of (7) and (13)
indicate, polysubstitution does occur by means of an intra-

molecular hydrogen transfer process.

(b) Effect of alkene structure on intramolecular
hydrogen transfer

Further studies probing the effect of changing the
structure of the alkene upon intramolecular hydrogen transfer
have been carried out. The results of these additions are

summarised in Table 18.
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TABLE 17 Acetone/Butanol measurements at 140°C

Substrate Ratio

0.1
_//\\O TN o N

£
A PN 1.9
(6)
f
N0 7 ~.0 0.9
(7)
Rf  Rf
//\\0/’_4\\0 2.5
(8)

Rf Rf
./)\\0//__“\\.0/L\ 75.0

(10)
Rf RE %f
//*\\O/"—l\\o/A\ © no t-butanol detected
(11)

Rf = CFZCFHCF3

TABLE 18 Free Radical Addition of F-alkenes and cycloalkenes
to Ethers (y ray. 20°9C)

Reactants Products (Yield)
Rf ,/Ef Rf
Et,0 + CF,CF=CF, /A\-O/L\
. (57%) (43%)
S (13) (14)
/f?@@ﬂi PN FCFC1) H
Et,0 + CF,=CFCl N0 : 0 ﬁ:z ,
(15)(906) (16)(106)
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TABLE 18 (contd.)

Reactants Products (Yield)
CF2CFH 2 (CF 2CFH) nH
Et,O + CF,CFH PN o/\ A~ o)\ n=2,3
(17) (80%) (18) (16%)
Et, O + F
2 e O_)\
(19) (90%) (20) (5%)
o NGO
Et.O0 +
2
e /)\\O
(21) (60%) (22) (27%)
F F H
NG - QT
P 0
(23) (40%) (24) (40%)

N0 O\ o CF CF=CF /\o/‘\o/‘\ + /\o/ ~No-"> 4

3 2
(7) (48%) (6) (14%) {5%]

3 : 1 (Yield) [16%]
1 : 2 [Yield] Rf Rf /L\ RE

N U N N

0
(8) (9)
(Rf = CF2CFHCF3) (27%3) [22%]
e \
* /KO (10) ?11 [16%]

Rf Rf RE
+ /‘\O/l_\o/l\

(11) [14%]



TABLE 18 (contd.)

Reactants

o o™ v (7]

1

/\ﬁ WloA

[op
un

Products (Yield)

O

~~o T~o ™

2

I

(25)
P>u
//\\O//EE(ZD//“\
(26)

26

(50%)

Diadducts (16%)

(27)

~

REf
/\o/\o/l\

(2

0]

-

Rf
//\\o//_—L\o

(29)

RE R
//K\Q/ji—\\o//\\

(30%)

- -

RE

RE
//L\o//”“\\o//k\
(31)

- ~. -

Rf  Rf Rf

/)\\O/)*R\\O/)\

(32)

) | ;

(33%)

(14%)

monoadducts (24%)

(33)

diadducts (33%)

(34)

triadducts (34%)

(35)

tetradducts (8%)

(36)
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It is clear that, with the exception of F-cyclobutene,
F-cycloolefins favourably undergo the 1,5-hydrogen transfer
step. Hexafluoropropene also readily abstracts a hydregen
atom intramolecularly but chlorotrifluoroethene and trifluoro-
ethene produce telomer adducts (18) and (16) rather than di-

substituted compounds.

The hydrogen transfer process, both inter- and intra-
molecular mechanisms, is well documented 125 and is generally

believed to occur through a linear transition state (Scheme 8).

¢ H

— ] —

(v

Scheme 8

If this is true, it would be expected that the conform-
ation of the transition state f{i) would be a major factor in
controlling the hydrogen transfer mechanism. Model building
studies indicate that a bulky Rf group would, sterically,
prefer to have the conformation of the molecule such that
1,5-hydrogen transfer is favoured. Diagrams 3a,b show the
conformations that produce least steric interactions and that

are favourable for 1,5-hydrogen transfer.

This is confirmed by the experimental evidence shown
in Table 18. An exception to this observed trend is the
addition to F-cyclobutene. It is obvious that with F-
cyclobutene, the strained 4-membered ring is not flexible
enough to allow a linear transition state to form easily and

hence mainly mono-adducts (19), (25) and (26) are formed.



3a demonstrates the case for the F-cyclopentyl adduct.

F§\C/F

N

VAR
H\] S N\,

DIAGRAM 3a

3k demonstrates the general case

VAT
~. N, \C//

DIAGRAM 3b

67
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Considering Figure 4 as n increases from 1 > 3 the

1,5-hydrogen transfer occurs more readily.

FZ‘——(ICFz)n ijFZ)n
F . H I F]\ i

O/\< O/\
H

FIGURE 4

The presence of substantial intramolecular hydrogen-
fluorine bonding (H..... F — ) in these adduct systems has
been noted in direct fluorination reactions {(Chapters Five
and Six). It must not be overlooked that some H....F
bonding may help form the desirable conformations required

for hydrogen transfer.

Perfluoro-3,4-dimethylhex =3 -~ene (tetramer of TFE) does
not react, under free radical conditions with diethyl ether

due to steric shielding of the carbon--carbon double ktond by

the bulky perfluorocalkyl groups. It is interesting to note
' 124

that with dimethyl ether only di-adducts are formed.
H

CH,OCH; + -\er\. Y - . CH,,OCH,

207°C
(aliobg?ds (all unmarked

i bonds to F)

From this observation it may be suggested that inter-
molecular steric hindrance may have a role in reducing re-
activity. It is known that chlorotrifluorocethene and tri-
fluoroethene have a propensity to telomerise and this is ob-

served with the results given in Table 18. The mono adducts
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formed may, theoretically, have two possible structures

CF.,CFXH CFXCF _H

2 2
A A

X = Cl, H
Two factors govern orientation: (1), stability of the
radical intermediate and, (2), preferred site of attack on

the ethene molecule.

It is known that reaction with chlorotrifluoroethene
is resiospecific as factors (1) and (2) supplement each
other,

T.e.

—CFz—éFCl > —CFCl«éFZ

order of stability

Also, nuclecophilic attack will occur preferentially

at the —CF2— group of the olefin.

Trifluoroethylene, is a more complex case, as factors

(1) and (2) are oppoOsing

~CF.,~CFH < ~CFH-CF

2 2

order of stability.

However, nucleophilic attack on the olefin will occur
once again preferentially at the difluoromethylene group.
Consequently it is not surprising that mixed products re-
sulting from attack at either carbon of trifluoroethene are

generally observed.
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Using chlorotrifluorocethene and trifluoroethene as
model olefins for 1,5-hydrogen transfer it was observed

that telomer type adducts (16) and (18) were produced rather

than disubstituted adducts. The mono-adducts produced were
somewhat surprising - In the case of chlorotrifluoro-
ethene the product (1l5) was produced as predicted. With

trifluoroethene, however, the only mono-adduct produced was
(17) derived solely from preferred site of nucleophilic

attack and not a mixture of isomers as anticipated.

(c) Effect of Temperature

Some addition reactions carried out using gamma ray
initiation at 20°C were repeated at higher temperatures using

DTBP as the initiator.

RE
N0 N +CF yCF=CF, {%JOFE* NN (6) (20%)

f
o0 N (7) (369%)

f Rf hil f
A
W

(28%)
(Rf = CF,CFHCF) RE )R\f
2 3
(10) ~ (16%)
+OO0+
//\\01?‘—\\6};\-+CFfEECFz Taooe mono-- adducts (32%)
(33)
1 : 4 T
di-adducts (42%)
(34)
tri-adducts (249)

(35)



RE
N +OO+ ' .
CH3Q}bCHéXH3~%L2F4 a0 CHfIHCHéIhS (53%) (Product ratio)
(3)
CH30CH2CH20CH2CF2CF2H (15%)
(4)

AAAAA [
. (]

o®

bl \
L o/

(RE =CF2CF2H)

The results of these peroxide reactions show clearly an
increase in temperature has two effects: (a) the initial
attack on the ether is less selective but still favours the
end groups and the order of reactivity shown below is still
valid,

CH3CHZO > OCHZCHZO > CHBO
(b) the 1,5 hydrogen transfer process, although still im-
portant, participates to a lesser degree as more products

from a stepwise process are produced.

C. Conclusion

The model compound studies completed in this chapter
have encouraging results. Inifially it has been established
that the position of attack on the ether may be directed by
choice of ether structure. Further, the models demonstrated
that polysubstitution is possible in relatively small ethers

and consequently this finding was applied to polyethers.
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IVA Introduction

The

use of cobalt trifluoride as a fluorinating agent
has been known for some time and the advantage of using
cobalt trifluoride over, for example, direct fluorination
is due to the endothermic nature of the following step

o) 1

2CoF3 E— ZCOF2 + F2 AH 173 = +52kcal mol

Consequently the overall exotherm of the cobalt trifluoride

fluorination process is less than that for direct fluorination.

The mechanism of the reaction most probably involves an

initial oxidation step (Scheme 9).

+
-e Ps —H .
C2H50C2H5 —_— [C2H5 0 C2H5]—————» C2H50 CHCH3
_H+ l+_H. /
CZHSOCH:CH2 - CthOCCH3
2] CoF
3 Scheme 9

i —_— .
CZHSOCHFCHZF ete

129
The technique was introduced by R.D. Fowler, but has

been extensively developed by Tatlow and co-workers.130

Using this process hydrocarbons may be partially fluor-
inated by passing through a reactor filled with cobalt tri-
fluoride, heated to around 20°C above the boiling point of
the substrate. Typically, diethyl ether may be fluorinated
over cobalt trifluoride at 60-80°C to yield a mixture of the

penta-, hexa- and septa-fluoro derivatives 131l

60-80¢ . .
C,H OC, H, Cor, (CHF ,CHF) ,0 + CFH,CFHOCFHCF,H + CF,HCF,OCFHCF,H
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The process was limited in application as often only
partially fluorinated products resulted which were difficult
tc separate. Recycling the products from the above process
and fluorinating at a higher temperature resulted in frag-
mentation and lower overall vields.

Recently another worker in the laboratory has developed

the CoF3 fluorination process further.l25’l32

It was shown that ethers with c-substituted polyfluoro-
alkyl groups may be successfully fluorinatecd over cobalt tri-
fluoride at around 44OOC, to produce the corresponding per-—
fluorinated ethers in high yield. It is important to stress
that unlike earlier reports on CoF 4 fluorination of ethers, the
product mixture usually contained only two components, the
perfluoro-ether (50-70% yield) and a perfluorocarbon fragment
(5-10% yield) arising from a cleavage of the ether. Develop-
ment of the Durham process produced a convenient, high yield
route to volatile perfluorinated ethers. The process is now
a general laboratory technique which produces better yields
than the rather less convenient electrochemical process.

Some of the perfluorinated ether products produced from cyclic

and acyclic ether systems are shown in Table 19.

. . 132,12
TABLE 19. Oxidative Fluorination over CoF3 1125

Substrate Temperature Products (Yield %)

CF.C
< 7/ o CFHEE 440°¢ gy T aCTHCE,
(70)

CF4 (CF,) ,CF,(3)

GTCFZCF}ICF3 440° O~ CF,CF,CF,
F (68)

(0%




TABLE 19 (contd.)

Substrate

_O__CF_.CFHCF
Z >

//4%\YCFHCFHCF
2 3

cFs3

CFCFHCF

_

C

3

-

H -~

O
gy

N\

a0

ChEChOCH2Ch3

CszFHCF3

C

CF2CFHCF3

CH.C
ph3iHOCHCH3

CF2CFHCF3

CH3CH2CIHOCHCH2CH3

F CF _C
Cr3CFHC§ VFZVFHCF3

Temperature

AN
“4 L

440

440

440

440

440

440

.

U1

CF.,CF,CF

N 277273
@ (6)
0
(p\r—\\/h\ (65)

—

CF3CF20CFCF3 (43)

CFZCFZCF3

C i -
pF3T-OfFVF3
CF3CF2CF3CF2CF2CF3
(41)

CF3CF2CF2CF2CF3

(9)

C CFC
FBCF2$F0|F F2CF3

CF,CF, CFZCFzCF3

(12)

CF

3772

CF3CF2CF2CF2CF2CF3

(30)
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IVB Discussion

The work described in this chapter was carried out to
determine (1) the limits to which the Durham process may be
applied to produce medium molecular weight range perfluorin-
ated polvethers, and (2) the effect of structural changes of
the polyfluorcalkyl group in acyclic systems.

1. Acyclic polyether adducts
132

Grieveson and Chambers have already reported the

successful fluorination of adducts (3) and (4) in good yield.
These reactions were repeated in order to standardise the

conditions to be used for the fluorination of higher mole-

cular weight ethers.
CoF

3
CF_CFHCF —_— CF_ CF.CF QI
3T 120% 377272
CH3CH20CH2CH3 Nz 50 ml/min. CF3CFOCF2CF3
13
(13) (47%)
COF3
CF3CFHCF2 CF2CFHCF3 —~—6—’ CF3CF2CE_CF2CF2CF3
| | 440°C |
CHBCHOCHCH3 CF3CFOCFCF3 58)
14 =
(1) (48%)

To extend the above process it was necessary to prepare
adducts of various polyethers to fluorinated olefins. The
most readily available source of polyethers are methyl glymes :

which are capped with methoxy groups, for example:

CH3OCH2CH20CH3 CH3O(CH2CH20)2CH3
monoglyme diglyme
(dimethoxyethane)

Several adducts derived from monoglyme have now been

fluorinated over cobalt trifluoride at 44OOC but considerable
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fragmentation occurred in each case. The most probable

cause of this extensive decomposition is due to a carbon

cxygen cleavage,resulting in the formation of the ctade molecule

RN Sl

=N

carbonyl fluoride (SchemelO).

P
F —\c - O R —S—  [F,C-0-R] ol F,C - OR
é H 1 -e
F,C=0 + R = FZCJ“-‘{_'E(‘w R
Scheme 1GQ

The following adducts all gave fragmented products in

this fashion CH_OCH. CH(Rf)OCH (2)(;), RfCH_.OCH.,CH OCH3(1) (4),

3 2 3 = 2 2772
[where for (1) (2) Rf = CF3CFHCF3 and for (3), (4) Rf = CF2CF2H]
and CH3OCH2CH(Rf)OCH3 (5) [where Rf =(CF2CF2)qHJFQ or 3]. Lowering

the reaction temperature had little effect on the stability
of these compounds; the fluorination of adduct (5) at 206°C
still resulted in products derived mainly from decomposition

of the substrate molecule.

The instability to CoF3 of methyl glyme adducts is,
however, in sharp contrast with the great stability exhibited
by the ethyl glyme adducts. This is clearly demonstrated by
the successful fluorination of ( 7). ' The fluorination of
( 7) also indicates the dramatic stabilisation, of a relatively
large molecule, that it is possible to obtain, by incorpor-

ation of a single polyfluorcalkyl group into an ether skeleton.

CH3 CF3
CF_,CFHCF,CHOCH.,CH.,OCH,CH éﬁggg* CF,CF,CF éFOCF CF_,OCF,CF
3 2 272 273 3772772 2772 2773
(7) (39) (16%)
+ CF3(CF2)3CF3 (7%)
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With 2:1 adducts of hexafluoropropene ethyl glyme (10), ( 8)
fluorination over CoF3 at 440°C yielded the corresponding
perfluorcethers (41) and (42) in ca. 4 yield
P
CFzCFHC 3 TFZCFHCF3 COF3 CF3
CH_ CHOCH_CH_ OCHCH o) CF_CF_CF_CFOCEF_CF_QCFCFE
37 4407C 372702 2| 2
(10) (41) CF3CF2CF2 (40%)
+ CF_,(CF,) ,CF {5%)
3 2°3 3(ig
CF2CFHCF3 CF2CF2CF3
CoF3
CH3CHOfHCH20CH2CH3 W Yslerns CF3CFOCFCF20CF‘2CF3
CFZCFQCF3 CF2CF2CF3 (42%)
(9) (42)
+ CF3$FOCF2CF2CF2CF3 (10%)
CF2CF2CF3
(43)
+ CF3(CF2)3CF3 (6%)
(40)

Similarly the tri-adduct of hexafluoropropene (11)

yielded the perfluoroether (44) although in lower yield than

(41) or (42).
CF ,CFHCF 4 cor fFZCFZCF3
CH,CHOCHCH, OCHCH —— 3 = CF_.CFOCFCF,OCFCF (332
3 2773 240°C 3 27773
CF,CFHCF ,CF ,CFHCF CFZCFZCE}EFZCF2CF3
(11) (44)
CF,CFOCF,CF,CF,CF,  (10%)
CoF 4 CF,CF,CF (43)
N
CH,CHOCH) + ‘CH OCHCH3 4 CF.(CF.).CF (3%)
’ (ii) % 3'77273773
(1)
(40)

Scheme 11 ~COF,
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The most likely cause of the diminished yield of (44)

is indicated by Scheme 11 the molecule fragmenting to
form 2 stable a-ether radicals. Subsequent fluorination
of radical (ii) leads to formation of (43). Radical (i),

however, contains a radical which, as previously discussed,
tends to eliminate carbonyl fluoride and produce the F-

pentane. A similar type of fragmentation is expected to
occur for the bis-adduct (10), however, both resulting rad-

icals will rapidly decompose forming F-pentane.

In an attempt to extend the process to produce ethers
of increased molecular weight a mixture of the tris adducts
of hexafluoropropene (HFP} and ethyl diglyme (_é) was passed
over CoF, at 440°¢. However a complex mixture of products
resulted. It was determined using mags spectrum glc tech-
nigues and nmr that the product mixture consisted largely of

volatile perfluorocarbon ethers and perfluorocarbons which

have arisen from fission of the carbon skeleton of the sub-

strate.
CFZCFHCF3 CFZCFHCF3
| CoF3 mixture of perfluoroethers
CH_,CHOCHCH,_,OCH, ,CHOCHCH E— -
3 2 2 3 440°C and perfluorocarbons
CFZCFHCF3
(35)

In conclusion the CoF3 process gives moderate yields
of perfluorinated ethers of intermediate molecular weight
(up to 820), however, yields noticeably decrease on (a)
extensive branching in the carbon skeleton, and (b) on

increasing the length of the polyether backbone.
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2. Effect of the Structure of the polyfluorocalkyl group

Several F-alkenes have been added to diethyl ether and
subsequently fluorinated over cobalt trifluoride at 440°¢C.
The investigation has been used to determine the stabilising
effect of various polyfluoroalkyl groups upon the ethers
during oxidative fluorination. The results will be used,
assuming similar parameters govern stability, to give insight
into which polyfluocrcalkyl groups will give greatest stabil-

ity in direct fluorination processes.

The fluorination of the hexafluoropropene adducts (13)

and (14 have been dealt with earlier in this chapter.

Several adducts containing polyfluorocyclealkyl groups,
derived from addition of diethyl ether to the relevent F-
cycloalkene, have been successfully fluorinated. The re-

sults are given in Table 20.

Fluorination of the F-cyclobutyl mono-adduct (19) gave
the corresponding perfluoroether and F-n-hexane which arises
from a cleavage of the ether together with ring opening of
the cyclobutyl ring. Similar results were obtained for the
di-adduct (20) and the F-cyclohexyldi-adduct (24). In the
case of the F-cyclopentene diadduct (22) the volatile com-
ponents were not isolated but as well as the perfluoroether
(48), a product resulting from the ring opening of one cyclo-

pentyl group was isolated (49).

In summary the polyfluorocycloalkyl groups do not have
a greater stabilising effect toward further fluorination

compared to the hexafluoropropyl group. It would seem
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of F-cycloalkene adducts over

cOF3 at 440°C

Adduct

/K

SZQ

rIj

&
orgh

OCF CF + perfluoro-n-hexane
45) (207) (46) (20%)
Fy o—’T\QF + CF4(CF,) ,CF,
(47) G&¥%) (46) (12%)
F
/;L CF, (CF,) ,CF,
0 g CF3+ CF3CFOCFCF3-FVOLﬂileS
(48) (40%) (6%) (49) (6%)
cpj/g\\o FCF,  + CF,(CF,) CF,
42% %
(50) (42%8) 51y  (15%)

that the tertiary site in the cycloalkyl group is a source

of instability and may well be responsible for the fragmentation

products observed in several cases.

Preliminary investigations using ethyl glyme

F-cyclo-

pentene di-adducts also suggest that polyfluorocycloalkyl groups

do not stabilise the molecule to fluorination as well as hexa-

fluoropropyl groups.



F FOH CoF /_F_\ /T;\
/Y ZY Sl G

4407C
3 CH~-O—CH CHZOCHZCH3 CF3CF O CFCF3
( 30) (48 )
+ other fragmentation
products

Fluorination of the adduct (17) yielded perfluoro-3-chloro-1-

methyl-propyl ethyl ether (52).

Cr.,CFrC1lH CFr.CFr.C1
| 2 CoF3 | 272
CH3CH20CHCH3 ———6—> CF3CF OCFCF3 + CFB(CF2)2CF2C1
440°C
(17) (52) (35%) (53) (11%)

It is interesting that the chlorine atom is retained
in (52) as this will allow the molecule to be functionalised

further.

17
|

; __ . Conclusions

The reason for the stabilisation imparted by the poly-
fluoroalkyl group is not well understood. Initially, the
polyfluoroalkyl group, due to inductive effects, may raise the
oxidation potential of the ether hence lowering the reactiv-

ity toward oxidative fluorinating agents.

Another plausible explanation, given by Lagow, when dis-
cussing stability in direct fluorination processes, is the
ability of the molecule to dissipate energy through vibrational
and rotational relaxation processes without fragmentation, which

is an essential feature in high energy fluorination processes.

Finally, it may be argued that the presence of the per-

fluoroalkyl group prevents fluorination to occur on adjacent
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carbon atoms by sterically protecting the ether skeletons.
This has the effect of preventing enough energy to be liber-
ated, in order to allow carbon carbon bond fission, from the
exothermic fluorination process, at any one point on the

molecule.
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VA INTRODUCTION

Recently there has becen considerable interest in
direct fluorination processes and it was envisaged that
such a technique may be appropriate for producing high
molecular weight perfluorcethers from adducts of fluorin-
ated olefins and polyethers. The adducts of simple ethers
and hexafluoropropene have been used to probe the feasibility

of direct fluorination in higher molecular weight systems.

The background to direct fluorination has already been
discussed adequately in Chapter One and will not be dealt with

further here.

VB Discussion

1. Preliminary Reactions

Preliminary experiments with adduct (10) high-

lighted the remarkable stability of adducts to direct fluorin-

ation. The product mixture from the reaction was shown to
contain a substantial proportion of OCF2 groups by examin-
ation with n.m.r. spectroscopy. The products illustrated

are only a representation and not a defined structure

RE RE Rf” Rf *

l F,/N, | |
CH,CHOCH,CH,OCHCH; ~ —*—%~ (a. RE-CFOCF,CH,OCH -Rf
(10) Rf = CF,CFHCF,

Rf = CF,CFHCF, RE = CH,CHE, CH,F

The experiment with adduct (10) was relatively
primitive, the ether simply being stirred vigorously in an

atmosphere of nitrogen and flucrine in glass apparatus.
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Similar experiments with the cyclic ether adduct

(80 were less successful. Due to the volatile nature of

the adduct, vapour phase reaction tended to occur leading
to violent explosions. The use of inert solvents to dilute

N4 3 AF +he v
i oAl i L

At a "
1C CT

~ ~ o
- ERWEE SN

stantially

l.or 2. 2' .
—_— explosion.
RE

(8O) 1. o~ cC Fz/Nz'

2. OOC, F2/N2, Arcton 113

2. Copper tube reactions

The success of the preliminary reactions lead

to the design of a more sophisticated technique. It was
realised that several features would be important, namely:
(a) an efficient heat dissipation medium to avoid vapour
phase fluorination and to control the exothermic reaction;
(b) dilution of fluorine in nitrogen and control of flow
rates of this mixture; and (c) dispersion of the substrate
over a large surface area to avoid side reactions of poly-
merisation as observed by other workers.z"36 The eventual

design of reactor used for model compound studies is illust-

rated in diagram 4._.

Several model compound adducts were directly
fluorinated with the copper "U" tube reactor resulting in
a mixture of partially fluorinated ethers. The results of

these experiments are given in Table 21.



0

J21oW
MOl

7 WoJbDIp

sdpJ)
PI0O—

2U0Z
uolobad agn} N

|

doJ1 *0Yv

|

JOPUIAD
N/H

T

1 a _




o0
(93]

TABLE 21.
Product
Substrate Conditions Empirical % Yield
Formulae
CH3CH(Rf) (X3H2CP120CH2CH3 0C,5hrs. C9Hll.2F8.80 5 32
(7) 10% F2 in N2 (54)
o
CH3CH(Rf)OCH2CH2OCH2CH3 20°C, 5 hrs C9H8?l402 25
10% F i J
(7) 10% FZ in RZ (55)
CH,CH (RF) OCH,,CH, OCH,CH, 0%, 2.5 hrs
; O ’
(7 1 20°C, 2.5 hrs ‘C9H9_5F12.502 40
10% FZ in N2 : 56)
(Rf = CF.,CFHCF,,) —
2 3
{ £ O, 3 Q
CH3CH\R:E)OCH2CH2OCH(RI)CH3 O°C, 5 hrs C12H11.5F15.502 5
10) 10% F2 in N2 (57)
CH,CH (RF) OCH,,CH,,OCH (RF) CH, 0%, 2% hrs.
O
L
10) 20°C, 2% hrs. (C).H, [Fig 0, 70
10% F2 in N2 (§§)
0, -0
CH3CH(Rf)OCHZCHZOCH(Rf)CH3 0 g+ao C 5 hrs. C12H5F2102 25
a0) 52°C 5 hrs. (59)

Examination of the product in Table 21, by gas
liquid chromatography, showed them to be highly complex mixt-
ures that were inseparable by normal techniques such as pre-
parative glc. The degree of fluorination was measured by
comparing the relative lgF and lH NMR integrals of an internal
standard (trifluoromethylbenzene) with those of the crude pro-
duct. The NMR data also revealed that, in general, the

ether linkages of the adducts remained intact throcughout the

reaction.
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The results iﬁdicate that the greater substit-
ution of polyfluoroalkyl groﬁps into the ether molecule the
greater the stability to direct fluorination. The stabil-
ity of the adducts was found to be gquite remarkable, the
systems being able to withstand elemental fluorine up to

20°C without substantial fragmentation occurring.

Although the success of the "U" tube technigue
was extremely encouraging, several drawbacks emerged. It
was not possible to achieve perfluorination in high yield

since, when forcing conditions were used (Run 5, Table 21),

there was considerable mass loss. The mass loss may be
attributable to ' volatile products not being
efficiently trapped. Although several attempts were made

the product recovery could not be improved for the stages
employing elevated temperatures. Also the product mixt-
ures, except those arising from reaction at elevated temper-
atures, were rather unusual in that they were extremely

viscous liquids. Normally it would be expected that the

system would become increasingly mobile as more C-H sites
were replaced by C-F sites. Consequently we at first de-
rived the erroneous conclusion that the high viscosity was
due to side reactions that involved fluorine induced coup-

ling, Z.e.

Rf CH.CH
: F, o +RIOCHCH , 133
RE’ —O|CH—CH —~% =» RfOCH~-CH oF RfOCH-CHORE’
-/ i ' '
Rf RE” Rf" Rf”

+ HF
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However, this conclusion was later disproved by fluorination
of the viscous material over cobalt trifluoride. (These
experiments are discussed in greater depth later in this

chapter) .

A modification of the "U" tube technique, con-
sisting of a coiled copper tube packed with copper (mesh 20)
powder, was used to avoid the supposed polymerisation pro-
cess. The attempts, however, were unsuccessful. The
reaction of (10) was extremely vigorous as a result of either
the large surface area of the substrate exposed to the fluor-
ine or, perhaps, to promotion of the reaction by catalytic

activity of the copper mesh.

3. The Capillary Reactor

This novel approach was developed to achieve im-
proved temperature control cof the fluorinations. The
apparatus used is illustrated in diagram.S; The stainless
steel capillary allows fine control of the fluorine nitrogen
mixture via micro-bubbles, thus preventing vigorous reaction.
The geometry of the glass reactor vessel maximises the fluorine/
substrate contact and allows intimate mixing of the substrate

molecules.

(a) Fluorination Reactions

Initial fluorinations were carried out to probe the
causes of the viscous intermediate stages of the reaction.
The adducts (9) and 00 were reacted with a 10% fluorine in
nitrogen mixture to procuce the viscous materials @ﬁ) and (@?.

The products (B9 and (00 were found to be an inseparable
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mixture of partially fluorinated ethers.

fluorination was estimated by relative

relative n.m.r.

signals of an internal

O
[\

The degree of
integrations of the

standard trifluoro-

methylbenzene
CF3CFHCF2CF2CFHCF3 1. -
| | " C12H9F199
CH_,CHOCHCH,OCH.,CH
3 2 2773
(9) S
CF3CFHCF2 CFZCFHCF3 1.
| | " C12M10F162
CH_CHOCH.CH.,OCHCH
3 2772 3
60)
(10)
[1. = 10% F2 in nitrogen up to SOOC]

(59

The product mixtures

and 60) were taken in turn and

passed over cobalt trifluoride at 440°C to produce the per-

fluoroethers (éz) and (41).

CF,.CF.CF
Cor, I 2772 3.
C12H9Fl702 _— CFBCF20CF2CFO?FCF3 (42)
(59 CF,CF,CF,
i
+ CF3CF2CF2CF20CHCF2CF2CF3
3?
+ CF3(CF2)3CF3
(40)
CoF3
C12H10F1602 _ > CF3CF2?F2 CF2CF2CF3
6O) CF ;CFOCF ,CF,OCF CF,
(41
+ CF3(CF2)3CF3

(40)
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From this evidence it may be deduced that the adducts

( 9) and (O did not undergo coupling reactions in the cap-

illary system, as originally thought, nor is the viscosity

due to polymeric type products. If coupling had occurred

then the products from the CoF3 reaction would have been more

complex due to random cleavage of the substrate.

T o
1L C

cluded that the intermediate viscous stage is due to extens-

ive hydrogen-fluorine bonding.

Further fluorination of adduct (10) wusing more forcing

conditions to obtain more highly fluorinated products was

only partially successful.

p—

1. o
CH3CH(Rf)OCH2CHZOC?L§f)CH3 5 C12F23H302 containing same
{
(Rf=CF2CFHCF3] . (0.259) EF3CF2CF2$FOCF2CF20$FCF3
1. = 10% F2 0>70°C 10 hrs. CF3 CFZCFZCF
2. = 25% F, wp to 110°C 6 hrsl
- @)

Although some of the perfluoroether (4l) was detected by glc. there

was significant mass loss in the reaction.

using higher molecular weight adducts (35) were again affected

by poor mass recovery.

RE RE RE
Ao Mg A 2o C1y iy 0
(0.18q)
(3.39) (35)

(mixture of tri-adducts)

1. = 108 F, 0 » 70°C 10 hrs.

[\
L
It

2

25% F. 0 - 100°C 10 hrs.

3

is Con—=

3

Similar reactions
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4. Fluorination of 2i(2.2,2,4,4. 4-hexafluore-1-methylbutyl) ether

- mmmcy YL
r

AN 21
Lapliialy

—
Qi
~——

The comparitive mild conditions of the capillary re-
actor enabled studies to be carried out on an even simpler
model compound the di-adduct of hexafluoropropene and diethyl
ether (14). The adduct proved to be more stable than either
(9) or 10. Although perfluorination could not be obtained

without poor mass recovery a significant degree of fluorin-

ation could be achieved as can be seen in Table 22.

TABLE 22
Av.Empirical
Adduct Conditions Formulae of 2 Yield
Products
3
Rt Rt ‘ 25; 2 C, oF1 4Hg0 L
)\3/*\ 20°C, 2 hrs 85
50°C, 3 hrs. (62)
(14)
Rf Rf 25% F, 20°c»50°C 5 hrsl.
)\o A 508 F,, 20°C+50°C 5 hrs|. “10716' 6" 7>
(14 (63)
Rf Rf 25% F, 20+50°C 5 hrs.
o (o)
(3/\ 50% F2 2450 g 5 hrs. C10H2-5F19.50 10
(.lg 100% F2 20~110°C 10 hrsl (fﬁ%)

The product mixtures were, understandably, inseparable.
However, using mass spectral/glc techniques it was possible
by investigating fragmentation patterns to identify isomeric

components.

Generally the major fragment of a partially fluorinated
ether (parent ions are not observed in electron impact spectra)

arises from a f cleavage resulting in the loss of a polyfluoro-
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Scheme
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Depending on the degree of fluorination the number of

hydrogens remaining in

of the fragment,

may be calculated from the mass

see Table 23.

TABLE 23

Isomer MWt. Side Chain lost Mass of Expected Fragment
ClOF18H4O 482 CFBCFHCF2 331

ClOFl7H50 464 CF3CFHCF2 313

ClOFl6H6O 446 CFBCFHCF2 295

ClOF15H7O 428 CF3CFHCF2 277

ClOFl4H80 410 CF3CFHCF2 259

clOFl3H9O 392 CFBCFHCF2 241
clOFlZHlOO 374 CF3CFHCF2 223

The mass spectral/glc investigation illustrated that

the fluorination was a relatively random process.

ducts (62; and (gg)

of isomers,

typically C

(Table 22)

1071577

F,.H,0 to clOFl7H50'

The pro-

both contained a large range

However, as

the reaction proceeded, fluorination became increasingly

difficult and as in product (64) the isomer range decreased

[C10F 1883

H,O to ClOFlQ 5

H



(b) Sealed System Reactor

59 have

Previously technigues such as u.v. initiation
been used by other workers to produce perfluoro-compounds.
We have developed a more convenient technigque using enclosed

vessels containing the substrate and fluorine/nitrogen mixes

or neat fluorine under pressure.

The first attempt at sealed system reactions was carried
out using a 70ml nickel tube fitted witha monel valve. The
di-adduct (14) was initially fluorinated in the capillary re-

actor using up to 50% fluorine in nitrogen

1. 25% F., 20°%c - 50°C 5 hrs.

2

2. 50% F, 20°% > 50°C 5 hrs.

2
Then product (637 from this reaction was pressurised
with 50% fluorine in nitrogen in the nickel tube. Remark-

ably, analysis of the products by glc. indicated little re-

action had occurred.

The degree of fluorination was calculated by the glc/

mass spec. method.

Therefore a similar reaction using neat fluorine for the
sealed tube stage was carried out. Products from the capillary
reactor (63) were sealed in the nickel tube and fluorine,
sufficient to generate seven atmospheres of pressure, was
condensed into the tube. The products on examination by glc.
were a series of highly fluorinated ethers with no sign of

volatile compounds arising from fragmentation.
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75%

{1 = 7ats, ZOOC, neat Fluorine]

Further reaction of C10F16H60 (63) using neat fluorine

at a slightly elevated temperature in the sealed tube success-

fully produced the perfluoroether (38) together with the per-

fluoroethers (43) and (66).

Cr_ CF_CF

| 272773
1.
C. F. HO —_— CF ., CFOCFCF 37%
1071656 | 3CTOPFCES (37%)
(38) CFCF,CFy
.=7at; neat fluorine;
o A~ PPN)
20°C, 10hrs;407C, + CF3CF2CF2CF20'CFCF3 (143)
24 hrs.: (éé) CFZCF2CF3
+ CFBCFZCF2
CF3
CF ,CFOCF / (11%2)
~N
CF3
(66)

A preliminary survey was conducted investigating fluor-
ination of other model compounds. Adducts (0) and (11) were
directly fluorinated in this manner to yield the perfluoro
ethers @1) and ( 44) respectively but in low conversion. The
remainder of the product mixtures consisted of partially
fluorinated compounds as indicated by n.m.r., and in addition,
some compounds arising from fragmentation. Fragmentation may
result due to incomplete fluorination at the capillary stage

leaving the products less stable to the sealed tube step.



CF,CF.Cr, CF,CF.CF

Iff RE | 273 | 2~ 23
/\o[—\o)\ 5i——— CF,CFOCF,CF,OCFCF,  + other unidentified
{11) (15%) compounds
(10)

?F2CF2CF3?F2CF2CF3

/K — =2 (CF_CFOCFCF .OCFCF + other unidentified
d A 2. 3 | 2 3
! compounds
CF2CF2CF3
a1)
(44) (10%)
1.= Capillary reactor up to 50°C using 25% then 50% F2 in N2
2.= Sealed tube reactor 7at, 100% F2 4093

Fluorination of (11) using slightly elevated temperatures
at the sealed tube step gave a higher yield of (44 )

CF,CF_CF

v . 1.Capiliary CF,CFOCF CFOéFéF 20
/k‘O [ \o /\ *7 Seale tibe 37 2 3 + more volatile
* % i A1)
3. . CF3CF2CF2 F2CF2CF3 esters
* = 40°C
‘1) = 80°% (44) (282)

It is apparent that with better temperature control at both the
capillary and sealed tube steps fragmentation will be minimised

and consequently conversion improved.

5. Miscellaneous sealed tube reactions

The possibilitonf developing a process using only
a sealed tube technique was investigated. The reactions
used the di-adduct (14) as this had been found to be the most
useful fluorination to monitor. Several sets of conditions
were used including attempts to initiate the reaction with

Y rays. The results of the reactions are listed in Table 24.



TABLE 24.
} s Empirical Formula R
Substrate Conditions of Product 5 Yield
Rf Rf 100% F2, 20%C Carbon deposited -
)\C))\ 7ats + volatile (fragmented)
pié) products
jff jﬁf 30% F2’ 3ats ClOFB H90 95
0 -78°C, 4 hrs.
o (67)
(14) 20°C, 4 hrs. -
8OOC, 4 hrs.
REf Rf 30% F2 3ats ClOFB.5H8.50 .93
0 —780C, 4 hrs.
(14) 20°C 4 hrs. (68)
Y rays 24 hrs.
Rf Rf 1.Capillary 25% F
o) (o) 2
50% F., 20°C>50°C 30
(14) 2 C10M3F17°
2.5ealed tube
20°%c, 10 hrs. (69)
Y 24 hrs.
Rf Rf 1l.Capillary 25% F2
)\ A 20°c+50°%C
© (o) 0
(14) S0% F2 20°C50C Carhon deposited -
2.Se§1ed tube + gaseous products
207C 10 hrs.
Y 120 hrs.

The Table 24 illustrates that some fluorination may be affected
using lower concentration of fluorine in nitrogen (<50%).
However, the reaction, at the pressure used, does not proceed

as far as the capillary flow system. The limited reaction
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may be due to the slow diffusion of the fluorine to the
substrate and the build up of hydrogen fluoride in the

vicinity of the substrate,preventing eificient diffusion.

Without a prefluorination step, the adduct (14) is
not sufficiently stable to withstand neat fluorine. However,
the initial results using 30% fluorine in nitrogen indicate
that future work investigating perfluorination viqg a s=2aled tube

technique, using the adduct (14) as the substrate, may well

prove promising.

Initial investigations into the use of Yy rays to initiate
fluorination suggest that some promotion of the reaction may
occur. However, further studies to assess optimum reaction

conditions will be necessary.

C. Conclusions

It is evident that partial fluorination of the
adducts is essential before exposure to neat fluorine. The
most successful technique used to achieve this was the capill-
ary system. A more efficient process however, would be to
effect the partial fluorination in the sealed tube, hence

allowing the whole process to be carried out in one vessel.

There is no evidence from the model compounds studied
to suggest that, given the optimum conditions, the process
cannot be extended to polyether adducts. Some fragmentation
of the side chains may occur with polyethers, however, this
would not affect the properties of the resulting perfluoro-

ether dramatically and therefore will be of little consequence.
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CHAPTER SIX

PREPARATION OF

A PERFLUOROPOLYETHER




A. TINTRODUCTION

This chapter deals with the attempted synthesis
of a perfluoropclyether using direct fluorination tech-
niques. The importance and commercial syntheses of such
materials has already been discussed in the introduction

chapters.
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B. . DISCUSSION

A new perfluoropolyether has been prepared using the

direct fluorination technique developed, successfully, for

simple model compound ethers (Chapter Five). The process
is dependent on two steps: (1), the free radical addition
of a polyether to hexafluoropropene, and, (2) the direct

fluorination of the partially fluorinated adducts resulting
from step 1.

(1)

1. CH,CH, 0 (CH,CH,0) CH,CHy ———= Ca. CHB<|:HO(THCHZO+Y(CH2(:}120+n_y?}1(:ﬁ3

Rf Rf R
CZE) (n=8-9) (Rf=CF2CFHCF3) (Zl) (y=4-5)
[(i) = Excess C3 6 di-tertiarybutyl peroxide l4OOC, autoclave]
2 —iiila Ca. C, FP_H_,O
' (iii) 4o 4 V3% 10

G2)

(ii) 25% Fluorine in Nitrogen 20°C » 50°C 5 hrs

(iii) 50% Fluorine in Nitrogen 40°c » 50°%C 5 hrs.

(iv) o
(72) — " (% CtoFer%e (20%)
73)

Fé/autoclave, -195°% -+ZOOC, 10 hrs |

1

—_— [ d
< <
il il

Fé/autoclave, 60°C 20 hrs

Yield calculated from adduct (71)

1. Free Radical Addition

(a) Modification of Polyethylene glycol (400) (PEG 400)

In Chapter Three it was stressed how important,
ethoxy rather than methoxy end groups are, in directing addit-
ion toward the ends of the ether molecule. It was necessary

to prepare the polyethylene glycol diethyl ether in the labor-
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atory. This was achieved by diethylation of PEG(400) using

a Williamson type synthesis (Scheme 13 )

NaH + - - +
(CH.CH_.O)H —_— O(CH.CH CH.O N
HO‘“"2'HZ")r\"' Toluene Na '('HZV"ZO%FHZC"Z' Na
(74)
(74} —li—~————° EtO(CH,CH,O)EL
va 2. S R
79
1. Et-I, 90°C 2. Purification over alumina
Scheme 13
The high purity of the ether (70) was found to be

essential for the free radical addition step. Purification

was achieved by passing over alumina in a solvent, resulting

in a product free of polyethylene glycol and peroxides.

(b) Addition Process

Reaction of (79 with hexafluoropropene, under free
radical conditions, resulted in an extensive incorporation

of hexafluoropropene units into the polyether backbone.

The adduct (7]) is a representation of the products

easily obtained by this route. It is known from model com-
pound studies that, when ethyl derivatives are used, the
addition is directed initially to thé end groups, followed
by a series of intramolecular hydrogen transfer processes

(Scheme 14.).

After the formation of the tetra-adduct (79 the

following addition steps will proceed in a less ordered

manners.



.
P
C
@]
. . 2l
() ——= CH,CHO(CH,CH,0) OCH,CHy —=—= CH,CH - CHCH,0 v
0
Rf Rf
e €3 [
CH,CHOCHCH,) ~=2—  CH,CHOCHCH,0 ~V
, ()
Rf Rf etre. Rf Rf
| | )
; Yo ot
CH ,CHOCHCH, (OCHCH,)) __,OCH, CHOCHCH,, _PXop o ...
(75) Scheme 14

The average molecular formula of the polyadduct
Vl) was deduced using n.m.r. integratians of the relevant
signals relative to an internal standard (trifluoromethyl
benzene) . The adduct (7)), itself, shows some interesting
properties, initial tests indicate it to be thermally stable
in glass apparatus up to temperatures of 200°C but rather

less stable when heated in the presence of metals.

2. Direct Fluorination Process

Following the successful preparation of simple perfluoro-
ethers the polyadduct (7)) was directly fluorinated in two
stages: (a) using a flow system introducing the fluorine/
nitrogen mixtures through capillary tubes; and (b) an auto-

clave reaction using neat fluorine under pressure.

(a) Capillary Fluorination

Purification of the polyadduct (7)) by passing over

alumina was essential to the success of the fluorination.

The capillary fluorination of Vl) began at room temperature
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using 25% fluorine in nitrogen. The polyadduct (D
quickly became viscous after about one hour due to the
added effects of hydrogen bonding. From this point it
was generally necessary to heat the reactor to enable a
smooth flow of fluorine bubbles. The product is a clean
colourless material of average molecular formula C,.F _H_O

40, 45 3710

(720 as estimated by relative n.m.r. integrals.

(b) Sealed Tube Fluorination

The sealed tube reaction of the partially fluor-
inated material C#Qﬁéngm(zg carried out at 60°C yvields a
clear colourless liqui&, which by n.m.r. and elemental anal-

ysis contains no residual protons. The n.m.r. spectrum 1is

consistent with the structure (73

Rf” RE™ ' RE”
CF3CFO(CFCF20)yCFZCFZO)H:§éFCF3
(73
n = 7-8 y = 4-5 Rf" = CF,CF,CF,

The infra-red spectrum of (/3) shows the presence
of carbonyl groups. The cause is most likely due to in-
gression of oxygen into the system at the capillary stage.
However, later developments of the process,l33 replacing
the capillary stage with a sealed tube step has avoided

oxygen incorporation.

C: Conclusions

The fluorination process that has been developed
is a simple yet effective technique. The initial mild

conditions are possible due to the remarkable stability of



107

the ethers which is achieved by the prior incorporatiocn
of polyfluoroalkyl groups. The process is capable of

scale up or conversion to continuous process.

The preparation of the perfluocropolyether is,
to the best of knowledge, the first example of a synthesis
where the molecular weight and structure of the polyether
is predetermined. Therefore, this approach will enable
the synthesis of high performance fluids tailored for a

specific use.



CHAPTER SEVEN

MISCELLANEOUS REACTIONS
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A. Introduction

Several reactions of the adducts have been attempted
with the general aim of increasing molecular weight, via
some form of coupling mechanism. The reactions are,
perhaps, not particularly relevant to any o©f the preceding

chapters and so are described here.

B. Discussion

1. Attempted Dehydrodimerisation of adducts (3) and (4)

Attempts to dehydrodimerise (3) and (4), under

free radical conditions, were unsuccessful.

RE
|
CH,OCHCH,0CH, ngg—zﬁ»
140°C
(3) autoclave
(Rf = CF,CF,H)
RFCH,,OCH,,CH,0CH, ngg—jﬂﬁ
140°C
(4) autoclave
(RE = CF,CF,H)

This confirms the findings of previous workers126

that the intermediate radical (i ) {Schemel5) is not stabil-

ised by capto-dative type interactions.

I I i
CH.OCHCH.ocH. DIBP CH.OC—CH_ocH., cambinationf . o~ oy oom
3 2% M3 T ol 30G-CH,0CH 7 s 2H
(3) (1) CH0C~CH, 0CH,

RE

Scheme 15
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2. Attempted Ring Opening Polymerisation of

CycTic Adduct [S)TRf (where RE = CF_CFHCF,) (75)

The polymerisation of cyclic ethers using Lewis

134
acid catalysts are known reactions (Scheme 16) .

“Mxn MX
[6\ b N
J FuX o] - l\oj

o

(ii) .
®
J
ete. / g. -
- Q N AT
\ ; O OMXn
Scheme 16

However, it was not possible to achieve the same effect by
reacting the cyclic adduct (76) and antimony pentafluoride.

Only the original adduct (76) was recovered from the reaction.

0 CFZCFHCF3 SbF5
__%_-av
reflux

(76)

Presumably, the polyfluorocalkyl group draws electron density
from the oxygen preventing formation of the intermediate adduct

corresponding to (ii).
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3. Dehydrofluorination of /L\O,/J\~ (20)

Dehydrofluorination of the adduct (20) over KOH

afforded the diene (77) and a mixture of alkenes presumably

(78) and (79) although a separation of the latter was not
poséible.
Rl KOH
//\\O N PN o -~ (27%)
(20) (77)
H
T ;
o
(78)
L o
1 (24%)
+
/\ o /\
(79)

Compound (77) was identified by a combination

of NMR and IR spectra. The 19F NMR spectrum of (77) con-
sisted of three multiplet resonances assigned as: 115.3 ppm.
(-CF=); 118.2 ppm. (—CFZ—); and 120.9 ppm. (—CFZ—). The lH

n.m.r. spectrum consisted of a doublet of multiplets, 1.06
ppm. Jl3=4.8H3(CE3-CH) and a multiplet at 3.8 ppm assigned
as the tertiary proton ([CH3CH[Rﬂ]20). The I.R. spectrum gave

a characteristic resonance at 1715 cm—1 arising from the C=C

stretch.
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The compounds Q@_) and (79) were assigned as

the IR of the mixture gave two olefinic resonances 1785 cm—l

-1 1 .
. The "H n.m.r. spectrum consisted cf a

and 1720 cm
broad resonance at 1.2 ppm (CE3), a resonance at 4.1 ppm
(—&H—) and a multiplet at 4.5 ppm (~-CFH-). The l9F n.m.r.
speétrum was complex with resonances at 114.9 ppm (vinylic F);

118.2, 118.8, 121.3 ppm assigned as _CFZ_; 133.5 ppm (tert-

iary F); 172.2 {a doublet Jlj=78H3) assigned as -CFH-.
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CHAPTER EIGHT

IDENTIFICATION OF COMPOUNDS




f—t
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A, General Introduction

Structural identification of the partially fluorin-
ated adducts and the perfluoroethers was achieved using a
combination of several mass spectral techniques and N.M.R.
speclroscopy. Unfortunately, many of the compounds did
not give good analytical results, presumably due to incom-

plete combustion as re-purification did not improve the

correspondence of calculated and found figures.

Before proceeding, the mass spectral techniques used
will be discussed more generally, as these techniques are

relatively new to our laboratories.

B. Mass Spectrometric Technigues

1. Chemical Ionisation (CI) mass spectrometry

(a) Positive CI

CI is termed a soft ionisation technique as low energy
charged particles are used to ionise sample molecules. CI
differs from the more conventional electron impact (EI) tech-
nique in that the ion source is operated at a relatively high
pressure of 0.2 to 2 torr (ef. 10—6 torr for EI). The vress-
ure is maintained by allowing a reagent gas (R) to leak into
the evacuated ion source. As a result the reagent gas is
more abundant and hence more likely to be icdnised than the
sample compound. Ionisation of the reagent gas produces

primary ions R (Scheme 17). Through collisions with other

unionisecd reagent gas molecules, the more stable secondary

. + - i
ions (R+H) are formed. . The secondary ions then proceed to
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react further with sample molecules (M) forming other stable

ions (Scheme 13 ).

RT R R+H)
R+ e = ] collisiongb ( )
primary seconaary
ion ions
Scheme 17
+
(M+H) + R
tertiary
(R+m) T o+ M on
secondary \\\\\‘ .
jon (M--H) + RH2
tertiary
ion
Scheme 138
. . + + .
The quasi-molecular ions (M+H) or (M-H) , obtained by

CI, are produced with little internal energy hence formation
of fragment ions is unlikely. However any fragmentation
that does occur is usually particularly significant as to
the structure of the sample molecule. In comparison EI
techniques may afford complex fragmentation patterns, as

the high energy conditions used for EI can promote unusual

cleavage reactions. As a consequence CI is a powerful tech-
. + + .

nique used to observe (M+1l) or (M-1) ions, especially when

parent ions are absent from the EI spectrum. However CI

may give little structural elucidation due to the limited

fragmentation.

Reagent Gases

Several reagent gases are commonly used for CI mass

spectrometry, some examples include: methane, CH4; isobutane,



C4H8; ethane, C2H6; hydrogen, H2; and ammonia, NH3. Re-
agent gases may vary as different ones may produce different

atterns in the same sample molecule. The

fracmentation »n
Iragmentation pa ! ame amp

varying fragmentation patterns observed are due to different

net energy release in the formation of the guasi molecular

ion (M+H) ' or (M-H) . The net energy release is dependent

on the relative proton affinities of the conjugate base of
+
)

the secondary ion (R+H and the sample molecule (M). Hence,

. + .
the more acidic (R+H) the greater the fragmentation of the

sample molecule.

Reactions other than proton transfer may occur depending
on the acidity of the sample molecule and the nature of the
reagent gas. For example, adduct ions may be formed with

several reagent gases,

ie. Mo+ NH,' ——e (M + NH,)"
+ +
M + C2H5 —e (M + C2H5)
M+ CoH,T ——= (M + CoH) Y
‘ 377 377
Even cluster ions may be formed:

oM + BT — - (2M + H)T

The formation of adduct species may be controlled by
choice of reagent gas in relation to a particular sample

molecule.

(b) Negative ion chemical ionisation. CI-ve

Chemical ionisation may also be operated in the negative
mode, generating negative rather than positive sample ions.
There are two methods used to generate the negative ions for
this technique, (l) electron capture and (2) reactant ion

chemical ionisation.
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(1) Electron capture

For this technique to be successful the sample mole-

cule (M) must be able to accommodate the low energy electron,
generated in the ion source, into a vacant low energy orbital.
Typical compounds capable of this contain one of the following:
sulphur, phosphorus, halogen or C=C. As a result alkanes

are generally inert to electron capture techniques and are
frequently used as buffer gases (B) in the ion source. The
function of the buffer gas is two-fold (a) to slow the im-
pacting eiectrons, hence making them less energetic, and (b)

to remove excess energy from the negative ion as it forms.

B+e +M——s M + B

(2) Reactant ion chemical ionisation

Negative reactant dion CI is similar to CI+ve as already
discussed. The negative ions are formed by reaction of the

sample molecule (M-H) with the reactant ion R~ or R . The

most common process is proton abstraction:

M-H+R — M + RH

Most of the energy release in the proton abstraction
process is absorbed as vibrational energy in the new R-H

bond, leaving the M species relatively stable.

Other typical reactions which occur are nucleophilic

displacement (1) and base induced eliminations (2)

R+\;C—y—————+R—C'—+y ‘ (1)
H

~_/ _
R+/[I e« R
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Adduct type ions may also be produced.
R+ M ————=  [R+M]

As in positive chemical ionisation the choice of re-
agent gas (e.g. ammonia, argon) determines the type of re-
action that occurs between R and M and also any subsequent

fragmentation of the sample ion.

C. Identification of ether/F-alkene adaducts

The most useful techniques for identification of ether/

F-alkene adducts were mass spectrometry and NMR spectroscopy.

1. Mass Spectrometry

(a) Electron impact mass spectrometry

The molecular ion peak was usually absent or appeared
with weak intensity in the EI spectrum of the adducts. The
highest mass number observed generally arises from 8 cleavage
of the parent adduct molecule resulting in the loss of the per-

fluoroalkyl group:

CF.CFHCF CF. CFHCF
2 3 - 2 3
- ./"
No NV
CH3CH20+ - AYYA
M/e 45 M/e 73 (a).
(100%) (40%)

The resulting fragment (a) then readily undergoes

cleavage at the carbon-oxygen bond to give the base peak.



(b) Positive Chemical Tonisation Mass Spectrometry

Isobutane was used as the reagent gas in all CI+ve
spectra.
The CI spectrum of the adducts generally exhibits a

+
)

(M+1 peak which is also usually the highest intensity peak.

Few fragment ions are observed in the CI mode.

For example:

Pan |+
Ao\

+ (R+H)+ N o/N\r B

( 19) M/e 237 (41%) (M+1)

(R=C ,Hg)
n

Rf Rf Rf Rf Rf Rf

)\c>/—J\ 0 A et A o /___J\\o)\ H O+ R
( 11) M/e 573 (2%) (M+1)

(Rf = CF,CFHCF,
R = C,Hg)
2. NMR Spectroscopy
1

(a) H NMR Spectra

The proton spectra usually exhibits a distinct doublet
arising from o -CFH-group

of multiplets)(8=4»7 ppm; TMS external reference) with a
coupling constant ca. 42 to 45Hz. The —OCHZ— protons give
a broad resonance at approximately 6=3.5 ppm. and cannot be
distinguished from the tertiary proton of the group -CH(Rf)-O-.
The resonances assigned to the methyl hydrogens of the ethoxy
end groups may be used to distinguish between an unsubstituted
end group CH3C§ 0 (SH%O.9 ppmﬁEJl3=4.2Hz) and a substituted end

group CH_CH(Rf)O (éH%l.l ppmJLJl3=4.7Hz). This was particularly

3
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useful in the identification of the adduct types (i) and

(ii)
Rf Rf RE RE
A 0 )‘\O/\ A O/—“\()\
(1) (ii)
(b) lgF NMR spectra

The lgF spectra of the hexafluoropropene/ether adducts
were all similar irrespective of the structure of the ether.
As the adducts usually contained two (or more) assymetric

centres the 19

F n.m.r. spectra contained separate resonances
for the diastereomers corresponding to RS+SR and RR+SS con-
figurations. The separate diastereomer resonances were
distinguishable for simple mono-adducts but as the molecule
became more complex the resonances broadened and were ill-
defined. In general the trifluoromethyl group produced a
resonance between 73 ppm and 77 ppm (external CFCl3 reference) ;
the difluoromethylene group appeared as an AB type formation

atca. 125 ppm (J 2’\124OH2); the tertiary fluorine of the -CFH-

1

group gave a doublet at ca. 220 ppm (Jl==4OHz).

2
The diastereomers were not separated nor were the spectra
assigned to a specific diastereomer.
Adducts derived from perfluorocycloalkenes were obtained
as a mixture of ¢7s and trans isomers. The l9F spectra of

such mixtures are relatively complex. However, assignment

of the resonances due to the tertiary fluorines r—%eféﬁ;ﬂ
124 HCF CF-R

for each isomer is possible.



D. Identification of Perfluoroethers

The mo
4

o+ oo fin
P AL WD “

.
perfluoroethers were mass spectrometry and N.M.R. spectro-

scopy .

1. Mass Spectrometry

(a) Electron Impact mass speCtrometry

Parent ions were not present in the EI spectra of
perfluoroethers. The highest mass number peaks usually
arise from a cleavage of the ether linkage producing a per-

fluorocarbon fragment, Scheme 19.

CF3CF2TF2 CF,CF.CF,

-e +
CFBCFOCF2CF2CF2CF3 CF3CF 0 CFZCFZCFZCF3
(43) (not observed

+ +
C4F9 C5Fll
M/e 219 (12%) M/e 269 (5%)
Scheme 19

(b) Electron capture negative ionisation spectroscopy

The parent ion of the perfluoroether was usually'absent
from the CI-ve spectrum. The highest mass was derived from

the o cleavage of the ether linkage (Scheme 20),



CF.CFP.CF

3 2‘ 2
CF3CFOCF2CF2CF2CF3
+e
CF3CF2fF2
CFBCFOCF2CF2CF2CF3
CF3TFO [CF3
CFZCFZCF3

M/e 285 (1l6%)

M/e 235

0]

(54%)

b=
[}
o

Scheme 20.
2. N.M.R. Spectroscopy
The 19F NMR spectra of the perfluoroethers were
relatively simple. Typical chemical shifts of character-
istic groups are as follows: RfCEzo, 85 ppm; CF,-RF, 83 ppm;

Rf—CEz—Rf, 120 ppm; (Rf)ZCEO, 135 ppm.
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INSTRUMENTATION

Infra-red spectra were recorded on a Perkin-Elmer

457 Grating Spectrophotometer using kBr plates or gas cells.

Fluorine (lgF) and proton (lH) nuclear magnetic reson-

Q2 Iro v
ir & VoL

n A56/60D s

13
L L s /

o)

meter operating at 56.4 and 60MHz respectively or on
Brucker EX90E spectrometer operating at 2Z4.6 and 90MHz
respectively. Chemical shifts are quoted relative to

CFCl, (upfield shifts being gquoted positive) and TMS (down-

3
field shifts guoted positive).

CI, Negative and electron impact mass spectra were
recorded on a VG2020 spectromneter or on a VG micromass 12B

spectrometer fitted with a Pye 104 gas chromatograph.

Carbon and hydrogen analyses were obtained using a
Perkin-Elmer 240 Elemental Analyser. Analyses for halogens

were performed as described in the literature.135

Fractional distillations of products were carriec out

using Fischer-Spaltrohr MS200 and HMS500 systems.

Analytical and preparative scale gas liquid chromato-
graphy (g.l.c.) were carried out on a Varian Aerograph Model
920. Columns used were packed with: 20% Krytox (perfluoro-
polypropyleneoxide) on chromosorb P (column X); 20% di-iso-
decyl phthalate on chromosorb P (column A); and 30%, 10%, and

5% silicone elastomer on celite (column 0).

Boiling points were determined at atmospheric pressure,
unless otherwise stated, and are uncorrected. Boiling points
were measurecd using the Siwolchoff method or recorded during

distillation.
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A. Introduction

1. Purification of Reagents

Hydrocarbon ethers were tested for peroxides
which, 1f present, were destroyed by stirring over KOH.
The ethers were then dried over anhydrous KOCO3 and dist-

illed from sodium onto activated type 4A molecular sieve.

2. Gamma Ray Initiated Free Radical Additions

All free radical reactions using Y initiation
were carried out using the Durham University Co6o source,
(Figure 5). The Co60 pellet is contained in a steel con-
tainer attached to a steel hawser. The pellet is moved
intc a bunker surrounded by birytes bricks (BaSO4) when not

in use.

The samples to be irracdiated are placed in a
stainless steel holder which has two possible positions at
5cm and 3cm from the source. The dose rate received by a
sample positioned at 5cm from the source has been calculated,
using Fricke Dosimetry by other workers in the laboratory,

to be 200 krads.hr.—l.

3. Chemical Initiation

Ditertiary butyl peroxide has been used to initiate
some reactions
?H3 CH .
120°C t

|
CH; ~C -0 ©0-C~CH, === 2 "Bu0’

| I

C

—» R' %+ tBUOH.
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The peroxide is added to the reactants in approxim-
ately 1% concentration (wt:wt) and the reaction vessel heated,
in a thermostatically controlled furnace, to the required

temperature, in the University's high pressure facility.

B. General Procedure
1. Gamma Ray Initiated Reactions
The ether contained in a nickel tube (70ml), fitted

with a valve, was degassed using freeze thaw cycles under
vacuum. The F-alkene was transferred, under vacuum, into
the cooled (liquid air) tube, the valve sealed and the mixt-
ure irradiated at 18°C on the COGO source for 72 hours

(200 krads.hr.—l). The tube was then cooled (—196OC),
opened to a vacuum and volatile components transferred to

a cold trap by allowing the tube to warm to ca. 10°¢C. The
liquid products were then recovered and distilled using con-

ventional apparatus.

2. Chemical Initiated Free Radical Reactions

The hydrocarbon ether and di-tertiarybutyl peroxide
contained in an autoclave fitted with a valve were degassed
using freeze thaw cycles under vacuum. The F-alkene was
transferred, under vacuum to the cooled (ml960C) autoclave,
the valve sealed and the vessel heated, while rocking, to
the required temperature in a thermostatically controlled
furnace. The autoclave was then cooled (—196OC) opened to
a vacuum and gaseous material transferred to a cold trap by
allowing the autoclave to warm slowly to ca. 10°%C. The

liquid products were then recovered and distilled using con-

ventional apparatus.



C. Additions with Diethyl Ether

1. Addition to hexafluoropropene

Diethyl ether (12.4g, O.17mol) and hexafluoro-
propene (7.7g, 0.05mol) were irradiated in a sealed tube
with gamma rays. The liquid products were distilled to
give 2,2,3,4,4,4-hexafluoro-1-methylbutyl ethyl ether (13),
{57%); b.p. 116°C (1it. 125 ll6—ll8OC). Identified by com-
parison of NMR, IR and mass spectra with those of authentic
material. IR, NMR and mass spectra 1. The residue was
distilled in vacuo to give di(2,2,3,4,4,4-hexafluoro-1-methyl-

butyl)ether (14), (35%); b.p. 66.5°C (1it. 125 67-68°C) .
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(Found: €, 32.2; H, 3.0; F, 60.5. Calc. for ClOFlZHlOO:
c, 32.0; H, 2.6; F, 60.9%). IR, NMR and mass spectra 2.

2. Addition to perfluorocyclobutene

Diethyl ether (11l.1g, 0.15mol) and perfluorocyclo-
butene (9.2g, 0.056mol) were irradiated in a sealed tube with
gamma gays. The liquid products were distilled <»n vacuo to

give: 1-(1,2,3,3,4,4-hexafluorocyclobutyl)ethyl ethyl ether

(19), (90%); b.p. 130°C (Siwolaboff); (CI, m/e 237 [M+1]).
Found: C, 40.7; H, 4.6; F, 48.7. C8F6H100 requires:
C, 40.6; H, 4.2; F, 43.3%). IR, NMR and mass spectra 3;

and di (1-[1,2,3,3,4,4-hexafluorocyclobutyl]ethyl)ether (20),

(5%); b.p. 204-206°C (Siwolaboff); (CI, m/e 399 [M+1]);

(found: C, 36.4; H, 2.2; F,56.7. ClelelOO requires:

Cc, 36.1; H.2.5; ¥, 57.2%); IR, NMR and mass spectra 4.



3. Addition to perfluorocyclopentene

Diethyl ether (10.15g, 0.14mol) and perfluorocyclo-
pentene (10.4g, 4.9mmol) were irradiated in a sealed tube

with gamma rays. The liquid products were distilled 7n vacuo

(o8}
SN

to give: 1-(1,2,3,3,4,4,5,5-octafluorocyclopentyl)ethyl

ethyl ether (21), (60%); b.p. 148°C (Siwolaboff); (CI, m/e

287, [M+1]); (Found: C, 37.6; H, 3.3; C9HlOF60 requires:

c, 37.8: H, 3.5%); IR, NMR and mass spectra 5; and di (1-

[1,2,3,3,4,4,5,5-octafluorocyclopentyl]ethyl)ether (22),

(30%); b.p. 225°% (Siwolaboff); (CI, m/e 499, [M+1]1);
(Found: C,34.0; H, 1.2. C14HlOFl6O requires: C, 33.7;

H, 2.0%); IR, NMR and mass spectra 6.

4. Addition to perfluorocyclohexene

Diethyl ether (11.0g, 0.15mol) and perfluorocyclo-
hexene (14.4g, 0.055mol) were irradiated in a sealed tube
with gamma rays. The liquid products were distilled to

give: 1-(1,2,3,3,4,4,5,5,6,6-decafluorocyclohexyl)ethyl

ethyl ether (23), (40%); b.p. 169°C; (CI, m/e 337, [M+1],

(Found: C, 35.8; H, 3.1; F, 56.9. O requires:

C12F10t10
c, 35.7; H, 2.9; F, 56.5%), IR, NMR and mass spectra 7;

and di-(1-{1,2,2,3,4,4,5,5,6,6-decafluorocyclohexyl]ethyl)

ether (24), (40%); b.p.. 165°C; (CI, m/e 599, [M+1]);

(Found: C, 32.3; H, 1.6; F, 63.8. O requires:

C1620%10
c, 32.1; H, 1.6; ¥, 63.5%), IR, NMR and mass spectra 8.
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4. Addition to perfluorocyclohexene

Diethyl ether (11.0g, 0.15mol) and perfluorocyclo-
hexene (14.4g, 0.055mol) were irradiated in a sealed tube
with gamma rays. The liguid products were distilled to

give: 1-(1,2,3,3,4,4,5,5,b,6-decatfluorocyclohexyl)ethyl ethyl

ether (23), (40%); b.p. 169OC; (CI, m/e 337, [M+1], (Found:

c, 35.8; H, 3.1; F, 56.9. 0 requires: C, 35.7;

C12F10M0
H, 2.9:; ¥, 56.5%); IR, NMR and mass spectra 7; and di-(1-

{(1,2,2,3,4,4,5,5,6,6-decafluorocyclohexyllethyl) ether (24),

(40%); b.p.. 165°C; 1CI, m/e 599, [M+1]; (Found: C, 32.2;

H, 1.6; F, 63.8. C requires: C, 32.1; H, 1.6;

C16%20M10
F, 63.5%); IR, NMR and mass spectra 8.

5. Addition to Chlorotrifluoroethene

Diethyl ether (1l.1g, 0.15mol) and chlorotrifluoro-
ethene (6.2g, 0.05mol) were irradiated in a sealed tube with
gamma rays. The products were distilled <mn vacuo to give:
3~-chloro-2,2,3-trifluoro-l-methylpropyl ethyl ether (15),
(90%) ; b.p. . 61°C; identified by a combination of NMR and
mass spectra. (CI, m/e 191, [M+1]); IR, NMR and mass spect-
ra 9; and a residue containing a mixture of telomers
CH4CH,OCH[ (CF,
NMR and mass spectra 10.

CFCl)nH]CH [n=2 or 31; (16), (10%); IR,

3’
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6. Addition to Trifluoroethene

Diethyl ether (15.54g, 0.21lmol) and trifluoro-
ethene (5.7g, 0.069m0l) were irradiated in a sealed tube
with gamma rays. The liquid products were distilled to
give: 2,2,3-trifluoro~-t-methylpropyl ethyl ether (17), (BO%);
b.p. 106.6OC; identified by a combination of NMR and mass
spectra (CI, m/e 157, [M+1l]); IR, NMR and mass spectra 11;
and a residue containing a mixture of telomers C2H50 CH(CH3)—
[CFZCFH]HH, (n=2,3). (18), (16%); IR, WNMR and mass spectra 12.

7. Attempted Addition to perfluoro-3,4-dimethyl-hex-3-ene

Diethyl ether (7.6g, O.lmol) and perfluoro-3,4-
dimethyl-hex-3-ene (21.0g, 0.53mol) were irradiated in a
sealed tube with gamma rays. The starting materials were

recovered (glc, column K, 750C).

D. Additions with 1,2-diethoxyethane

1. Addition to Hexafluoropropene

(a) Using excess ether

1,2-diethoxyethane (23.7g, 20mmol) and hexa-
fluoropropene (15g, 1lOmmol) were irradiated in a sealed tube
with gamma rays. The liquid products were distilled <n vacuo

to give: 4-11,1,2,3,3,3-hexafluoropropyl]-3,6-dioxaoctane (6),

(15%); b.p. 78%; (CI, m/e 269 [M+1l]; (Found: C, 40.4;

40

H, 5.5; F, 42.7. C9F6Hl402 requires: C, 40.3; H, 5.5;

F, 42.5%); NMR, IR and mass spectra 13; 1,1,1,2,3,3-hexa-

fluoro-4-methyl-5,8-dioxadecane (7), (48%); b.p., 90°C;
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(CI, m/e 269 [M+1]); (Found: C, 40.3; H, 5.5; F, 42.3.

: . : 2. 2) ; NME
C9F6Hl402 requires: C, 40.3; H, 5.2; F, 42.5%); IR, NMR

and mass spectra 14; 1,1,1,2,3,3-hexafluocro-4-methyl-6-

W

[1,1,2,3,3;3-hexafiuoropropyl]-5,8-dioxadecane (9}, (27%)

b.p. g 94%; (CI, m/e 419, [M+1]); (Found: C, 34.7; H, 3.6;

hm] ~A 0 Ial ™ 11 m B T i Ve el el
L, [0 I P \.lZL 121114\J2 J_C\iu_LLCD- ~ 7 o

o

4.5; 4, .35; P, 54.5%).
IR, NMR and mass spectra 15; 1,1,1,2,3,3-hexafluoro-4-methyl-
7-11,1,2,3,3,3-hexafluoropropyl]-5,8-dioxodecane (9) (minor

yield) obtained as a mixture with (9); and 1,1,1%1,2,3,3,10,10,

11,12,12,12~dodecafluoro-4,9-dimethyl-5,8-dioxadodecane (10),

(12%); b.p.g 106°c; (CI, m/e 419, [M+1]; (Found C, 34.2; H,3.6;
F, 54.0. C12F12H14O2 regquires: C, 34.5; H, 3.35; F, 54.5%);

IR, NMR and mass spectra 16.

(b) Using excess olefin

1,2-Diethoxyethane (5.9g, 0.05mo0l) anc hexa-
fluoropropene (17.1g, 0.114mol) were irradiated in a sealed
tube with gamma rays. The liquid products were cistilled
in vacuo to give: adduct (6), (5%); adduct (7), (1l6%),
adducts (8 and 9), (22%); adduct (10), (1l6%); and 1,1,1,2,3,3,
10,10,11,12,12,12~-dodecafluoro-4,9-dimethyl-6-[1,1,2,3,3,3-
hexafluoropropyl]-5,8-dioxadodecane (11), (14%), b.p.o-l 64oc;
(CI, m/e 569, - [M+1l]; (Found: C, 31.9; H, 2.4; F, 60.6.
C15F18H14O2 requires: 31.7; H, 2.5; F, 60.2%); IR, NMR and

mass spectra 17.

(c) Using excess ether and chemical initiation

1,2-diethoxyethane (23.6g, 0.2mol), hexafluoro-
propene (15.0g, O.lmol) and ditertiarybutyl peroxide (0.4q,

2.7mol) were heated to 140°C in an autoclave, while rocking
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for 24 hrs. The liquid products were distilled i»n vacuo

to give: adduct (6) (20%); adduct (7) (36%): adducts (8)

\0

<

and (2) (28%); and adduct (10) (16%).

’ al

2. Additions to Perfluorocyclopentene

1,2-Diethoxyethane (3.8g, 0.03mol) and perfluoro-

cyclopentene (23.1lg, 0O0.1lmol) were irradiated in a sealedc

tube with gamma rays. The liguid products were distilled
in vacuo to give: a mixture of mono~§§fucts ¢11F8H1402 (28)

and (29), (33%); b.p.90 140 to lGOOC; identified by a combin-
ation of NMR and mass spectra; (CI, m/e 331, [M+1]); IR, NMR

and mass spectra 18; 2,4-di [1, 2,3,3,4,4,55-0octafluorocyclo-

pentyl]-3,6-dioxaoctane (30), (20%); b.p.. 148°C; (CI, m/e 543,

{M+1]; (Found: C, 35.3; H, 2.2. F,_H,,0, requires C, 35.4;

C16F1671492
H, 2.5%); IR, NMR and mass spectra 19; 2,7-4i [1, .2,3,3,4,4,5- "~

S-ottaf luorocyclopentyl]-3,6~dioxaoctane (31), (14%); b.p. 162°;

(CI, m/e 543, [M+1]); (Found: C, 35.3; H, 2.2. C16F16Hl402
requires: C, 35.4; H, 2.5%); IR, NMR and mass spectra 20;
and a residue purified by molecular disti}lation 2,4,7-tri-
{1, .2,3,3,4,4,%§>ocb&luorocyclopentyl]—3}6—dioxaoctane (32),
(6%); identified by a combination of NMR and mass spectra;
(CI, m/e 755, [M+1]); IR, NMR and mass spectra 21.

/
3. Addition to verfluorocyclobutene

1,2-Diethoxyethane (9.49g, 0.08mol) and perflucrc-
cyclobutene (51.93, 0.32mol) were irradiated in a sealed tube
with gamma rays. The liguid products were distilled <n vacuo

to give: a mixture of mono-adducts, F H,,0, (25), (50%);

C10F6M14%2
b.p.3 7OOC; identified by a combination of NMR and mass spectra;
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(CI, m/e 287 [M+1l]); IR, NMR and mass spectra 22; and a
residue presumed to be a mixture of di-adducts C14F12H1402

(27), (16%); b.p., 90-95°C; IR, NMR and mass spectra 23.

B, Addition with 2,2 -Diethoxydiethyl ether

1. Addition to hexafluoropropene

{(a) Gamma Ray Initiation

2,2"-Diethoxydiethyl ether (4.5g, 0.025mol)
and hexafluoropropene (1l4.6g, 0.098mol) were irradiated in
a sealed tube with gamma rays. The liquid products were
distilled <n vacuo to give: a mixture of mono-adducts,
Ci1FH 05, (33), (24%); b.p.. 85 to 90°C identified by a
combination of NMR and mass spectra; (CI, m/e 313, [M+1]);
IR, NMR and mass spectra 24; a mixture of di-adducts,
C4FqoH1g05r (34), (338); b.p.g 100 to 105°c; identified by
a combination of NMR and mass spectra; (CI, m/e 463, [M+1]);
IR, NMR and mass spectra 25; a mixture of tri-adducts,

C.. F,.H, 0, (35), (34%); 68°C; identified by a com-

17518H1893 (22 b-P.5.01
bination of NMR and mass spectra: (CI, m/e 613, [M+1]); IR,
NMR and mass spectra 26; and a mixture of tetra-adducts,

ConFo  HoqO05, (36), (8%); b.p. 110 to 120°C; identified

2072471873/ 0.01
by a combination of NMR and mass spectra; (CI, m/e 763, [M+1]);

IR, NMR and mass spectra 27.

F. Addition with dimethoxyethane

1. Addition to hexafluoropropene

Dimethoxyethane (9.3g, 0.103mol) and hexafliuocro-

propene (5.5g, 37mmol) were irradiated in a sealed tube with



gamma rays. The liguid products were distilled <n vacuo
to give: 1,1,1,2,3,3-hexafluoro-5,8-dioxanonane (1) (30%)

T\ 'I’)Oor1 I B A e W 1'\non\ [ 2 v IS ~ DA . TY A A i AT 0
D.pP. 41459 L yilt.ald, L 0 L) ,(rouna: o, 34./, n, 4.4; r,47.9.

Calc. for C9HlOF602 :

and mass spectra 28 and 3-[1,1,2,3,3,3-hexaf luoropropyl}-2,4-

Cc, 35.0; H, 4.1, F, 47.5%), IR, NMR
dioxahexane (2) (60%) ; b.p.lSOOC, (lit.124, 1SOoc), Ident-
ified by comparison of NMR and mass spectra; with those of

authentic materials, IR, NMR and mass spectra 29.

2. Addition to Tetrafluorocethene

Dimethoxyethane (214g, 2.4mol), ditertiarybutyl
peroxide (4.0g, 0.027mol) and tetrafluoroethene (as required)
were heated to 140°C in an autoclave. On completion of
the reaction, after ca. 6 hours, the autoclave was‘vented
and the liquid products distilled to give: 3-(1.1,2,2-tetra-
fluoroethyl]-2,5-dioxahexane (3), (53%); b.p. 130°C
(1it. V36 l3OOC); identified by a combination of NMR and mass
spectra; (CI, m/e 191, [M+1]); IR, NMR and mass spectra 30;
1,1,2,2-tetrafluoro-4,7-dioxaoctane (4 ), (18%); b.p.68 84OC;
identified by a combination of NMR and mass spectra; (CI, m/e
191, {M+L]); IR, NMR and mass spectra 31; and a mixture of

telomeric adducts (5), (31%) b.p. 73°C to 850C; IR, NMR

23

and mass spectra 32.

G. Acetone/t-Butanol Ratios

Di-tertiarybutyl peroxide (0.lg, O.7mmol) and the
substrate ether (approx. 7mmol) were charged to a 7ml Carius
“tube. The tube was then sealed under vacuum and the mixture

heated at 120°C for 10 hours, The product was analysed by
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gas liquid chromatography (column K, GOOC) using a gas
density balance detector and the acetone/t-butyl alcohol
ratio determined from comparison of the areas of the rela-

tive peaks (adjusting for molecular weight).

H. Miscellaneous Additions

1. Addition of CH3CH(Rf)OCH2CHZOCH2CH3 (7) to

Hexafluoropropene

The adduct (7) (2.69q, lOmmol) and hexafluoropro-
pene (1l.4g, 9mmol) were irradiated in a sealed tube with gamma
rays. The liquid products were purified by preparative scale
glc (Column K, 150°C) to yield: 1,1,1,2,3,3,10,10,11,12,12,12-
dodecafluoro-4,9-dimethyl-5,8-dioxadodecane (10), (43%); IR,
NMR and mass spectra 16; and 1,1,1,2,3,3,10,10,11,12,12,12~-
dodecafluoro-4,9-dimethyl-6-11,1,2,3,3,3-hexafluoropropyl]-
5,8-dioxadodecane (11), (21%); IR, NMR and mass spectra 17.

2. Addition of CH3CH

Hexafluoropropene

OCH (RE) CH,OCH,CH, (6) to

2 2 2

The adduct (6) (1.69g, 6.3mmol) and hexafluoropro-
pene (1l.2g, 8mmol) were irradiated in a sealed tube with gamma
rays. The liquid products, by examination with glc (Column K,
lBOOC, gas density balance detector), were shown to contain (6),
(98%), and 1,1,1,2,3,3-hexafluoro-4-methyl-7-[1,1,2,3,3,3~hexa-

fluoropropyl]-5,8-dioxadecane (9), (2%).
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A. Fluorination of Organic Compounds using
Cobalt Trifluoride

s e . . -
General Description of the Cobalt Trifluoride Reactor

hEd
b
0]

The cobalt trifluoride reactor is illustrated in
diagram 6. The reactor containing a mixture of calcium
difluoride (150g) and cobalt triflucride (150g) was con-
stantly stirred by the paddles P and heated to the desired
temperature, up to 460°C. The baffle tower prevents any
of the fluorinating agent from being swept out of the re-
actor by the constant stream of nitrogen used in the re-

actions.

2. General Procedure

The reactor bed and baffle tower were heated to the
desired temperature and the system purged with dry, oxygen
free nitrogen (50ml/minute) for twenty minutes before use.

The cold trap was cooled in liquid air (-196°C) .

The substrate was allowed to drip into the reactor
(3ml/minute) while constantly purging with nitrogen (50ml/
minute) . After all the substrate had been consumed, the
reactor was purged for 20 minutes to ensure that all the
products were collected. The cold trap was then allowed
to warm to room temperature and the liquid products recov-
ered. Hydrogen fluoride was removed from the products,
using sodium bicarbonate, before purification using prepar-

ative scale gas liquid chromatography.
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Bl. Fluorination of 2,2,3,4,4,4-hexafluoro-l-methylbutyl
ethyl ether (13)

Compound (13) (1.3g, 5.8 mmol) was passed over cobalt

trifluoride at 440°C. Preparative scale glc of the pro-
duct (1.0g) gave perfluoro-l-methylbutyl ethvl ether (37)
(47%); b.p. 78OC (Siwoloboff) (litj25;78qn. Identified
by comparison of n.m.r. and I.R. spectra with those of an
authentic sample.. I.R., N.M.R., mass spectra 33 and per-

fluorcpentane (2%) identified by comparison of mass spectra

with that of an authentic sample.

2. Fluorination of di-{2,2,3,4,4,4 hevaflucro-i-ricthylingyl)
ether (14)

Compound (14) 2.58g, 6.9 mmol) was passed over cobalt
trifluoride at 440°C. Preparative scale glc (Column A.450C)
of the product (1.84g) gave perfluoro-dil[l-methylbutyl]ether

(38) (48%); b.p. 136°C  (Siwolohoff) (1it 125, 135%7).

(Found: C, 21.4; F, 75.8; Calc. for ClOFZZO: C, 21.6;

F, 75.4%)% I.R., N.M.R. Mass spectra 34.

3. Fluorination of 1,1,1,2,3,3-hexafluoro-4-methyl-5, 8-
dioxadecane (7)

Compound (7) (0.9g, 3.3 mmol) was passed over cobalt
trifluoride at 44OOC. Preparative scale glc (Column A 7OOC)

of the product (0.4g) gave perfluoro-4-rethyl-5,8-dioxadecane

(39) (16%); b.p. 127°C; (Found: ¢, 20.5; F, 72.9. CgF, 0,
requires C, 20.7; F, 73.0%);I.R., N.M.R. mass spectra 35
and perfluoropentane (10%) identified by comparison of mass

spectra with those of an authentic sample.



4, Fluorination of 1,1,2,3,3-hexafluoro-4-methyl-6{(1,1,2,3,3,3-
hexafluoropropy 1 1-5,8-dioxadecane (9)

Compound (9) (1.79g, 4.3 mmol) was passed over cobalt

. . o : h om0y
trifluoride at 4407°C, Preparative scale glc (Column A,70°C)

of the product (1.13g9) gave: perflucro-4-methyl-6-propyl-5,8-

dioxadecane (42) (42%); b.p. 163°C; (Found: C, 21.2, C1,F0e0,

requires: C, 21.5%). I.R., N.M.R., mass spectra 37; and

perfluoro-l-methylbutyl butyl ether (43) (10%); b.p. 118°¢c;

(Found C, 2l1.6; F, 74.8. C9F2OO requires, C, 21.4; F,75.4%)
I.R., N.M.R. Mass spectra 36, and perfluoropentane (40) (5%)
identified by comparison of the mass spectrum with that of

an authentic sample.

5. Fluorination of 1,1,1,2,3,3,10,10,11,12,12,12-dodeca-
flucro-4,9-dimethyl-5,8-dioxadodecane (10)

Compound (10) (2.66g, 7.1 mmol) was passed over cobalt
trifluoride at 440°C. Preparative scale glc (Column A,750C)

of the product (1.96g) gave the major product as perfluoro-

4,9-dimethyl-5,8-dioxadodecane (41) (40%);. b.p. l6O—l6lOC;

(Found: C, 21.2; F, 74.0. C12F26O2 requires C, 21.5;

F, 73.7%); I.R., N.M.R. mass spectra 38, and perfluoropentane

(40) (11%) identified by comparison with the mass spectrum

of an authentic sample.

6. Fluorination of 1,1,2,3,3,10,10,11,12,12,12~-dodeca-
fluoro-4,9~dimethyl-6-{1,1,2,3,3,3-hexafluoropropyl]-
5,8~-dioxadodecane (11)

Compound (11) (1.58g, 2.8 mmol) was passed over cobalt
trifluoride at 440°cC. Preparative scale glc (Column A,

720C) of the products (1l.2g) gave perfluoro-[4,9-dimethyl-6-

propyl-5,8-dioxadodecane (44) (32%); b.p. 196°C (Siwclcooff)
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(Found: ¢, 21.7; ¥, 74.3. requires C, 21.9;

C15F329;
F, 74.1%). I.R., N.M.R. mass spectra 39, perfluoro-1-

methylbutyl butyl ether (43) (15%), b.p. 118°C, (Found:

cC, 21.6; ¥, 74.8. C9F2OO requires, C, 21.4; F, 75.4%).
I.R., N.M.R. mass spectrum 36 and perfluoropentane (40)
(6%) identified by comparison of mass spectrum with that

of an authentic sample.

7. Fluorination of 1-[1,2,3,3,4,4-hexafluorocyclobutyl]-
ethyl ethyl ether (19)

Compound (19) (3.86g, 16.3 mmol) was passed over cobalt
trifluoride at 44OOC. Preparative scale glc (Column A,
2SOC) of the products (2.92g9) gave perfluoro-n-hexane (46)

(20%) identified by comparison of n.m.r. spectra 53 with

that of an authentic sample and perfluoro-l-cyclobutylethyl

ethyl ether (45) (20%), b.p. 89°C, (Found: C, 23.0; F, 72.6.

C8F160 requires: C, 23.,1; F, 73.1%). I.R., N.M.R., mass spectra

40.

8. Fluorination of d4i-1-(1,2,3,3,4,4~-hexafluorocyclobutyl) -
ethyl ether (20)

Compound (20) (3.03g, 7.6 mmol) was passed over cobalt
trifluoride. Preparative scale glc (Column 24, 7OOC) of
the products (2.48g) gave: perfluoro-n-hexane (46) (12%),
identified by comparison with an n.m.r. spectrum of authentic
material (Spectrum No.53) nerxfluorc-di({l-cyclcbutylethyl)
ether.@pvﬂFound: C, 24.7; T, 72.3; 312E220 requires:
C, 24.9. &, 72.3%): I.R., N.NM.,R, mass spectrum 41.
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9. Fluorination of di-1-(1,2,3,3,4,4,5,5-octafluoro-
cyclopentyl) ethexr (22)

Compound (22) (3.85g, 7.7 mmol) was passed over cobalt
trifluoride at 440°C. Preparative scale glc (Column A,
75°C) of the products (3.35g) gave a volatile unidentified

compound (4%), perfluoro-di(l-cyclopentylethyl) ether (48)

(40%); b.p. 157°C; (Found: F, 73.3, C O requires:

1426
F, 72.9:), I.R., N.M.R. mass spectra 42, and perfluoro-1-

cyclopentylethyl-l-methylhexyl_ ether (41) (6%), identified

by a combination of n.m.r. and mass spectrometry, spectra

No.43.

10. Fluorination of di-1-(1,2,3,3,4,4,5,5,6,6-decafluoro-
cyclohexyl]ethyl ether (24)

Compound (24) (1.51g, 2.5 mmol) was passed over cobalt
trifluoride at 440°C. Prepatative scale glc (Column A,
7OOC) of the products (0.96g) gave perfluoro-n-octane (35%)

(51) WMR 54, and perfluoro-di[l-cyclohexylethyl] ether (50)

2y . o . . 4 -
(25%); b.p. 181°C; (Found: F, 73.0. C16F300 reguires:

F, 73.2%). 1I.R., N.M.R., mass spectra 44.

11. Fluorination of 3-chloro-2,2,3-trifluoro-l-methyl-
propyl ethyl ether (17)

Compound (17) (1.23g, 6.4 mmol) was passed over cobalt
trifluoride at 440°C. Preparative scale glc (Column A,

3OOC) gave perfluoro-l-chloro-n-butane (53) (17%), IR and NMR 45

and perfluoro l-chloro-3-methylpropyl ethyl ether (52) (32%)

b.p. 83°c, (Found: C, 19.2, Ccl., 9.9, CxCLF ;0 requires

c, 19.4; C1, 9.6%). I.R., N.M.R. mass spectra 46.



12. Fluorination of 2,4-[1,2,2,3,3,4,4,5-octafluorocyclo-
pentyl]-3,6-dioxaoctane (30)

Compound (30) (2.1lg, 3.8 mmol) was passed over cobalt

trifluoride at 440°cC. The products consisted of a complex
mixture of fluorocarbon ethers, preparative scale glc (Column
A, 60°C) gave a pure sample of the major component perfluoro-
di [l-cyclopentylethyl]ether (ég) (15 %) b.p. 157OC identi-

fiead by comparison of N.M.R. spectrum with that of an

authentic sample Spectrum No.42.

13. Attempted fluorination of a mixture of ethyl di-glyme:

hexafluoropropene 1:3 adduct. C17F18H1802 (35)

éompounds (35) (2.34g, 3.8 mmol) were passed over
cobalt trifluoride at 440°C. The products (1.51g) consisted
of a complex mixture of volatile fluorocarbon ethers. Separ-
ation using preparative sczle glc techniques was not possible

due to the complexity of the mixture.

14, Attempted fluorination of 1,1,1,2,3,3-trifluoro-4-
methoxy-6-oxaheptane (2 )

The adduct (2) (4.58g, 19 mmol) was passed over cobalt
trifluoride at 440°cC. The products consisted of a mixture
of gaseous compounds. No examination of the mixture was

attempted.
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CHAPTER ELEVEN

EXPERIMENTAL TO CHAPTER FIVE

DIRECT FLUORINATIONS
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A. General Techniques

The following general techniques were consistently

used throughout the fluorination reactions.

et

Preparation of a cylinder filled with Flucrine,
or with a fluorine/nitrogen mixture under pressure

The stainless steel cylinder, fitted with a monel
valve, was evacuated to high vacuum and the valve sealed.
The cylinder was connected to a “T" junction, vZa a stainl-
less steel capillary tube, one end of which was connected to
a Fomblin bubbler and the other to a 10 amp flucrine cell
(Diagram 7 ). Fluorine, generated by the cell, was init-
ially allowed to escape through the bubbler; the valve on
the cylinder was then opened sufficiently to prevent fluorine
from escaping from the bubbler yet not to allow a partial
vacuum to occur in the cell. When the cylinder was completely
full, as indicated by fluorine being forced through the

bubbler, the valve was closed.

If necessary the cylinder was pressurised with

nitrogen to obtain the desired concentration of fluorine.

2. Analysis of Products

The experiments in this chapter, in many cases,
produced mixtures of partially fluorinated ethers which were
not separable using conventional techniques. Two methods

were employed to determine average emperical formulae of the

partially fluorinated product; (a) by comparison of the lH
anc 19F n.m.r. resonance integrations and (b) a mass spectro-

metry/g.l.c. technique developed for the fluorination of

the di-adduct (14).
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(a) The N.M.R. spectroscopy technique

Two drops of triflucromethyl benzene were added to the
product, the “F and "H n.m.r. spectra measured and the

resonances integrated.

Ner mnmnas 1o~ 3
Aallng_ ,.I:_
A direct fluorination of CH3CH(Rf)OCH2CH2OCH(Rf)CH3 (10)
[Rf = CFZCFHCF3]

(i) Trifluoromethyl benzene resonances.

Trifluoromethyl benzene gives the following resonances
6F 63.0 p.p.m. and 6H 7.1 p.p.m. The fluorine and hydrogen
atoms are present in the molecule in a ratio of 3:5 (F:H).

Considering spectra (i) it is necessary to adjust the in-

tegral of either resonance to give this ratio.

From the spectra:

I

the 19F integral for CF34G§> 2,25mm.

It

the lH integral for CF3*<:> 13.2mm.

However, as F = 3:5 the integrals are ad-

:H
atoms atoms

justed by introducing the factor x where:

13.2 : 2.25x = 5:3
or 2.25% _ 3
13.2 5
x = 3%13.2
2.25%5
x = 3.52

Having adjusted the integral of the trifluoromethyl-
benzene by a factor x, it is possible to obtain a fluorine:
- hydrogen ratio for the product by altering the total l9F

integral for the product, by the same factor x.
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From the spectra:

19F product integral

q
l’F corrected integral

il

12.55

12.55(x)

12.55 % 3.52

lH product integral

Il
ul
Ne)
Ul

For the product F:H = 44.2:5,95 = 44:6.

However the total number of hydrogen and fluorine atoms in

the product is 26 (C,.F HmO

12Fn 2 [n+m = 261]. Normalising the

ratio 44:6 gives:
F:H = 0.88 : 0.12.
Thus 88% of the 26 sites are occupied by fluorine atoms and

12% of the 26 sites by hydrogen atoms.

No. of fluorine atoms

No. of hydrogen atoms

]
»
N
o

Av. formulae of the product = ca. C,,F, ,H,0.

It is assumed that no structural alteration of the
original substrate has occurred. The spectral evidence

suggests that this is a reasonable assumption.

(b) Mass Spectrometry/g.l.c. Technique

This technique was developed specifically for the di-

adduct (14) fluorination reactions. The product of the

fluorination reactions for (14) could be resolved into



isomeric components (typically 20 to 30 components) using

g.l.c.

The electron impact mass spectra of partially fluorin-
ated branched ethers has been discussed in Chapter Five.
The highest mass peak produced is derived frcmxﬁ cleavage
of the ether 1link resulting in the loss of the polyfluoro-
alkyl side chain

Rf Rf Rf »Rf Rf
| | . Y |

CH3CH - 0 - CHCH3 _— CH3CH O CHCHBi———* (}%CH— HCH3

(Rf = CFZCFHCF3)

The fluorination occurs such that the last hydrogen
atom to be replaced by fluorine is the one in the polyfluoro-
alkyl side chain. Therefore it is possible to produce
Table 23 which indicates the m/e value corresponding to each

partially fluorinated isomer.

TABLE 23

eomer we.  SMgchein /e of resulting
ClOF18H4O 482 CFZCFHCF3 331
C10F17H50 464 CFZCFHCF3 313
ClOFlGHGO 446 CFZCFHCF3 295
ClOF15H7O 428 CFZCFHCF3 277
ClOFl4H80 410 CFZCFHCF3 259
clOF13H9O 392 CF2CFHCF3 241

ClOFlZHlOO 374 CFZCFH CF3 223

—— . — ——— - ————— ——————



The percentage composition of each isomer, once

identified,

the chromato

The

bxample 2

Capillary fluorination of (14) (see B.

is calculated

gram (using a gas density balance c

G.L.C. chromatograms.

1. usmB column se30 (s%)

by comparing the peak areas O
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T

following example clearly illustrates this techniague.

000

Time {mi nutes)

12:00
2. Computer mass maxed chroma..‘:osmm.
30
2o
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‘rt"

By comparing the EI spectra for ea@h<g;mmc. peak: with
the values given in Table 23 an estimate of the sampiFieal
formuia may be made;

és.g+« Peak 36@ m/e 277, av. f@"*“ia aquals c»,ch 40

Peaks 30 and Qﬁrxm/e:395,xévyzf@@mﬁiw eguals €1 6H 6@

Pesks 9,13,17 and 22, m/e 313, v fﬁ@mmia:equals@%ﬂpug%@

Percentage composition of the mixture le based on g.l.o0. peak

areas and found to be izomers Cl@ 15

E7Q¢ 6.4%; isomers

numbér mf hydrﬁgen remaining in tha ether is given by the

equations
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10
. - v 9
Av. No. of hydrogens nil n(°ClOF12+(lO—n)HnO)
100
where n = no. hydrogens remaining
in each isomer
; . . _ 6.4 - 59.4 32.1
Av. No. of hydrogens remaining = 7 X755 + 6 —1664—5 X 150
= 2.8
Av. formulae of (63) = ClOFl6.4H5.6O'
B. Direct Fluorination using the Copper Tube System

Unless otherwise stated the copper tube reactions were

carried out using the following general procedure.

1. General Procedure

The reactor, assembled as illustrated in

4, was charged with the adduct, at point (A), and

with dry, oxygen free nitrogen for twenty minutes.

flow of nitrogen was then terminated and a flow of

diagram
purged
The

a nitrogen/

fluorine mixture used to purge the reactor at approximately

200ml /minute.

The temperature was controlled using ice

baths or thermostatically controlled mineral 0il baths.

After five hours, having used 12.0g (0.32mol.)

of fluorine,

the reaction was terminated and the reactor purged with

nitrogen for twenty minutes.

The products were recovered

by eluting the reactor with arcton 113 and then removing the

solvent.
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2. Direct fluorination of adduct 1,1,1,2,3,3-hexa-
fluoro-4-methyl-5,8-dioxadecane (7)

(a) At 0°C

The adduct (

[~

y (3.3g, 12.3mmol) was directly fluorinated

5 hours,; using a 10

S0

in the copper tube reactor, at 0°C, for
fluorine in nitrogen mixture. The products were recovered
by elution of the reactor with arcton 113. Rerioval of the
solvent gave an inseparable mixture of partially fluorinated
ethers averaging to C 9Eé.8Hll.202 64) (82%). The average
molecular formula was calculated by comparing the relative

integrals of n.m.r. signals with those of an internal standara

(trifluoromethyl benzene).

(b) At 20°%C

The adduct (7) (3.0g, 11.2mmol) was directly fluorinated
in the copper tube reactor at 20°%¢ using a 10% fluorine in
nitrogen mixture. The products (1.05g), recovered by elution
of the reactor with arcton 113, were an inseparable mixture
of partially fluorinated ethers of average molecular formula
C9F14H802 (55 (25%). The average molecular formula was cal-

culated from relative integrals of NMR signals of an internal

standard.

(c) From OOC to ZOOC

The adduct (7) (3.0g, 1ll.2mmol) was directly fluorinated
at 0°c using a 10% fluorine in nitrogen mixture, for 2% hours
in the copper tube reactor. The temperature of the reactor
was then elevated to 20°C for a further 2% hours, after which

the reactor was purged with nitrogen and the products (1l.66g)
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extracted from the reactor with arcton, 113. Removal of the

solvent gave an inseparable mixture of partially fluorinated

;o

ethers averaging to C 9H9'5r12.502 be) (40%3) . The average

molecular formula was calculated by comparing relative in-

tegrals of n.m.r. signals with those of an internal standard.

3. Direct Fluorination of 1,1,1,2,3,3,10,10,11,12,12,12-
dodecafluoro-—-4,9-dimethyl-5,8-dioxddodecane (1O)

(a) At 0°%

The adduct (10) (3.0g, 7.2mmol) was directly fluorinated
at 0°c for 5 hours, using a 10% fluorine in nitrogen mixture,
in the copper tube reactor. The reactor was then purged
with nitrogen, and the products recovered by eluting the re-
actor with arcton 113. Removal of the solvent gave an in-
separable mixture of partially fluorinated ethers averaging
to C,,F

12F15.511.59

was calculated by comparing relative integrals of n.m.r.

(57 (95%). The average molecular formula

signals with those of an internal standard.

(b) From OOC to ZOOC

The adduct (10) (3.0g, 7.2mmol) was directly fluorinated
at 0°C for 2% hours, using a 10% fluorine in nitrogen mixture,
in the copper tube reactor. The temperature of the reactor
was then elevated to 20°C for a further 2% hours, after which
the reactor was purged with nitrogen and the products recov-
ered by eluting with arcton 113. Removal of the solvent gave
an inseparable mixture of partially fluorinated ethers aver-

aging to C 0, 68 (70%). The average molecular

1287 .5F158.50, 68 s

formula was calculated by comparing relative integrals of n.m.r.

signals with those of an internal standard (trifluorawethyl benzene).



(c) 0°% to 52°

The adduct (10) (3.0g,; 7.2mol) was directly fluorinated
at OOC, for 2.5 hours, using a 10% fluorine in nitrogen mixt-
ure, in the copper tube reactor. The temnperature cf the re-
actor was then elevated to 2OOC, for a further 2.5 hours, then
to 52°C for a final 2.5 hour period. The reactor was then
purged with nitrogen and the products recovered by elution
with arcton 113. Removal of the solvent gave an inseparable
mixture of partially fluorinated ethers averaging to leﬂ;bloz
69) (25%). The average molecular formula was calculated by

comparing relative integrals of n.m.r. signals with those of

an internal standard. (trifluoromethyl benzene).

C. Direct Fluorination using the Capillary Apparatus

The capillary system is illustrated in diagram 5
The following procedure was used to directly fluorinate

adducts with this apparatus.

1. General Procedure

The adduct was placed in the glass vessel, into
which dipped a stainless steel capillary tube for the passage
of fluorine, and the system purged with dry, oxygen-free
nitrogen for twenty minutes. The nitrogen flow was then ter-
minated and a flow of a nitrogen/fluorine mixture begun. The
temperature of the glass vessel was regulated using a thermo-
statically controlled mineral oil bath. The resulting pro-

ducts were recovered from the glass vessel and examined with
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N.M.R. or mass spectra/g.l.c. techniques to estimate the

percentage fluorination.

2. Direct fluorination of 1,1,1,2,3,3-hexafluoro-4-
methyl-6-[1,1,2,3,3,3~-hexafluoropropyl]-5,8-
dioxadecane (9) C

The adduct (9) (4.04g, 9.7mmol) was directly fluor-
inated, at ZOOC, for 2 hours, then at SOOC for 3 hours using
10% fluorine in nitrogen in the capillary apparatus. The
product (3.9g), a clear viscous liquid, was an inseparable
mixture of partially fluorinated ethers averaging tO(a2H9FIfb
(59) (79%) . The average molecular formula was calculated by

comparing relative n.m.r. signals with those of an internal

standard (trifluoromethyl benzene).

3. Direct fluorination of 1,1,1,2,3,3,10,10,11,12,12,12~
dodecafluoro-4,9-dimethyl-5,8-dioxadodecane (10)

(a) From 2OOC to SOOC

The adduct (10) (4.l1g, 9.8mmol) was directly fluorinated,
at ZOOC, for 2 hours, then at SOOC for 3 hours, using a 10%
fluorine in nitrogen mixture, in the capillary apparatus. The
system was then purged with nitrogen and the products (3.95qg)
recovered to give an inseparable mixture of partially fluorin-
ated ethers averaging to C12H10F16O2 69 (82%). The average
molecular formula was calculated by comparing relative n.m.r.

signals with those of an internal standard (trifluoromethyl

benzene) .

(b) From 20% to 110°¢

The adduct (10) (3.9g, 9.33mmol) was directly fluorinated

at 20°C for 2 hours, then at 50°C for a further 2 hours and
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finally at 70°C for 2 hours, using a 10% mixture of fluorine
in nitrogen in the capillary apparatus. The 10% fluorine/
nitrogen mix was then replaced with a flow of 25% fluorine
in nitrogen and the fluorination continued at 20°C for two
hours, then at 70°Cc for 2 hours and finally at llOOC for 2
hrs. The system was then purged with nitrogen and the pro-
ducts recovered as a mixture of partially fluorinated ethers,

averaging to C (6%) . The average molecular

12523139
formula was calculated by comparing the relative integrals of
the n.m.r. signals with those of an internal standard

(trifluoromethyl benzene).

4. Direct Fluorination of the tri-hexafluoropropene
ethyldiglyme adducts (35) between 200C and 100°C

The mixture of adducts (35) (3.7g, 6.lmmol) was
directly fluorinated at 20°C for 3 hours, then at 50°C for
2 hrs. and finally at 70°C for 2 hours, in the capillary
apparatus using a 10% fluorine in nitrogen mixture. The
10% fluorine/nitrogen mixture was then replaced with a flow
of 25% fluorine in nitrogen and the fluorination continued
at 20°C for 1.5 hours, then at 50°C for 2 hours and finally
at 100°C for 2 hrs, The system was then éurged with nitrogen
and the products recovered as a mixture of partially fluorin-

ated ethers averaging to C 0 61 (4%2). The

177290 7 O3
average molecular formula was calculated by comparing the
relative n.m.r. integrals with those of an internal standard

(trifluoromethyl benzene).



5. Direct Fluorination of Di-[l-methyl1-2,2,3,4,4,4-
hexafluorobutyl]Ether (14)

The adduct (14) (4.2qg, 0.011 mmeol) was directly
fluorinated (using a 25% fluorine in nitrogen mix) at 20%
for 2 hours, then at SOOC for a further 3 hours, in the
capillary apparatus. At this stage the liguid product
was an inseparable multicomponent mixture averaging to
lO%AH§N62)aS estimated by mass spectroscopy g.l.c. techniques.

The fluorine concentration was then raised to 50%, the temper-

ature lowered to ZOOC for 2 hours and then raised to SOOC

for 3 hours. The resulting liquid product (4.1g) was an
inseparable multicomponent mixture. The average formula
was estimated as C, .F O (K3 (82%), by mass spec./glc

107 16. l 5.9 —

techniques.

Further fluorination of ((63) using 100% fluorine at

20°C for 2 hrs., then 50°C for 2 hours and finally 110°C for
4 hrs. yielded an inseparable complex mixture averaging to
ClOFl9.5H2.50 (64) (10%). The average molecular formula

was estimated by mass spec./glc. techniques.

D. Sealed System Fluorination Reactions

1. Condensation of Fluorine

A stainless steel cylinder (1.5 litre) fitted with
fluorine (1.5g, 39mmol) was connected vig a "T" junction to
a nickel tube, fitted with a valve, which was evacuated to
high vacuum (Diagram ®). The interconnecting copper tubing
was evacuated £hrough the "T" junction and a valve on the

junction sealed. Fluorine (0.86g, 22.6mmol) was condensed
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into the nickel tube by cooling in liquid nitrogen and
opening the valves to the stainless steel cylinder. After

= 1~ ~ FUNRL S S | R
, the nickel tube

b

3 U~ N N U - |
20 minutes the valves were seale isconnected

@
[

from the "T" junction and allowed to warm to room temperature.

63)

H O (

2. Sealed System Fluorination of ClOFl6 6

(a) at 20°

The mixture ClOFl6H6O (63) (0.59g, 1.32mmol) was sealed
in a nickel tube (70ml.) and fluorine (0.86g, 22.6mmol) con-
densed into the tube as previously described. The tube was
allowed to warm to 20°C and left for 24 hours. The tube was
then vented and opened. The liguid product was found to
have the average formula ClOFl9H30 (65) using the mass spec/

glc technique outlined at the beginning of this chapter.

(b) At 40°C

The product (63) (0.59g, 1.32mmol) was sealed in a nickel
tube (70 ml.) and fluocorine (0.86g, 22.6mmol) condensed into
the tube as previously described. The tube was allowed to
warm to 20°C and left for 10 hours. After this period the
remaining fluorine and hydrogen fluoride were vented, the

tube evacuated, then refilled with fluorine (0.86g, 22.6 mmol)
and heated to 40°C for 20 hours. The tube was then cooled

to ZOOC, vented and opened. The liquid product (0.44g) was
separated by preparative glc. (column A, 450C) to yield:
perfluoro-l-methylbutyl isopropyl ether (66), (10%); b.p.ll4OC;
identified by a combination of NMR and mass spectra; IR, NMR

and mass spectra 52; perfluoro-l-methylbutyl butyl ether (43),

(14%); b.p. 126°C; (Found: C, 21.6; F, 74.8. CoF,,0 requires:
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C, 21.4; F, 75.4%); IR, NMR and mass spectra 36 ; and per-

fluoro-di-(l-methylbutyl) ether (38), (38%); b.p. 136°C

(1it. 125 136°C); (Found: C, 21.4; P, 75.8. Calc. for

ClOFZZO: C, 21.6; F, 75.4%). IR, NMR and mass spectra 34.
3. Sealed tube fluorination of the mixture

C12F16M100, (56)

The mixture C12F16H1002 (Eé) (0.40g, 0.85mmol) was
sealed in a nickel tube (70 ml.) and fluorine (0.86g, 22.6mmol)
condensed intoc the tube. The mixture was allowed to warm to
2OOC, left for 10 hours, then vented, re-evacuated and re-
filled with fluorine (0.86g, 22.6mmol). The tube was then
heated to 40°C for 20 hours before cooling to 2OOC, and the
gaseous products vented. The liquid product separatea by
preparative scale g.l.c. to give: perfluoro-4,9-dimethyl-
5,8-dioxadodecane (43), (15%). IR, NMR and mass spectra 38,

and a mixture of partially fluorinated products (40%).

4. Sealed System Fluorination of 1,1,1,2,3,3,10,10,11,-
12,12,12-dodecafluoro-4,9-dimethyl-6-[1,1,2,3,3,3~
hexafluoropropyl]-5,8-dioxadodecane (11)

(a) Prefluorination in the capillary apparatus

Prior to a sealed system fluorihation the adduct(11),(4.0g,7.0mmol)
was directly fluorinated in the capillary apparatus using a
mixture of 25% fluorine in nitrogen at 20°C for 2 hours, then
at 50°C for 3 hours, after which the 25% fluorine/nitrogen
mixture was replaced with a flow of 50% fluorine in nitrogen
and the reaction continued at 20°C for 2 hrs., then at 50°C
for 3 hrs. The reactor was then purged with nitrogen and

the product (8l), (3.5g) recovered. The product, a clear
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viscous liqguid, was not examined at this stage.

{(b) Sealed Svstem Fluorination of mixture (81) at 4OOC

The mixture (81) (0.4 g) was sealed in a nickel tube
(70 ml.) and fluorine (0.86g, 22.6mmol) condensed into the
tube. The mixture was allowed to warm to 20°C and left
for 10 hours. After this period the tube was vented, re-
filled with fluorine (0.36g, 22.6mmol) and heated to 40°¢
for 20 hours. The tube was then cocled to ZOOC, vented
and opened. The liquid products were separated by prepar-
ative scale g.l.c. (Column A, 7OOC) to give: perfluoro-4,9-
dimethyl-6-propyl-5,8-dioxadodecane (44), (10%); IR, NMR and

mass spectra 39; and a mixture of partially fluorinated com-

pounds (42%) that could not be separated.

(c) Sealed System Fluorination of mixture (81) at 65°C

The mixture (81) ( 0.4g) was sealed in a nickel tube
(70ml.) and fluorine (0.86g, 22.6mmol), condensed into the
tube. The mixture was allowed to warm to 20°C and left for
10 hours. After this period the tube was vented, refilled
with fluorine (0.86g, 22.6mmol) and heated to 65°C for 20
hours. The tube was then cooled tOYZOOC, vented and>opened.
The liquid products were separated by preparative scale glc
(Column A, 7OOC) to give: perfluoro-4,9-dimethyl-6-propyl-
5,8-dioxadodecane (44), (28%), IR, NMR and mass spectra 39;
and a mixture of volatile compounds (12%) that were not in-

vestigated.
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B. Miscellaneous Sealed Tube Reaction

The following general procedure was used for all sealed

tube reactions.

1. General Procedure

The adduct, sealed in a nickel tube fitted with a
monel valve, was degassed using freeze thaw cycles under
vacuum. The evacuated tube was cooled (-78°C) and press-
urised with the desired fluorine/nitrogen mixture. On com-
pletion of the reaction the tube was vented, opened and the
liguid products recovered. The percentage fluorination was

measured using either NMR or mass spectra/glc techniques.

2. Sealed tube fluorination of di-[l-methyl-2,2,3,4,4,4-
hexafluorobutyl]ethyl ether (14).

(a) Attempt at using Neat Fluorine

The adduct (14) (0.41lg, 1.09mmol) was sealed into a tube
cooled to -198°cC. Fluorine (0.86g, 22.7mmol) was condensed
into the tube and the tube allowed to warm to 20°C over 10
hours. After a further 10 hours at 20°C the tube was vented,
opened and purged with nitrogen. The products were recovered

as a layer of carbonised material.

(b) Using 30% Fluorine

The adduct (14) (1.69g, 4.5mmol) was fluorinated in a
nickel tube, using a 30% mixture of fluorine in nitrogen at
three atmospheres of pressure. The temperature of the tube
was maintained at -78°C for 4 hrs., then allowed to warm to
room temperature for 4 hrs. and then heated to 80°C for a

final 4 hours. The tube was vented, opened, purged with



nitrogen and the products recovered to give an inseparable
multicomponent mixture averaging to CloFHgo (67) (95%).
The average molecular formula was estimated using mass spec./

glc. techniques.

{c} Using 30% Fluorine in Nitrogen and irradiating with
gamma rays
The adduct (14) (l1.64g, 4.8mmol) was fluorinated in a

nickel tube, using a 30% mixture of fluorine in nitrogen at
three atmospheres of pressure. The temperature of the tube
was maintained at -78°C for 4 hours, then allowed to warm to
room temperature for 4 hours. The tube was then irradiated
with gamma rays for 24 hrs. (200krads. hr—l) before being
vented, opened and purged with nitrogen. The products were
recovered as an inseparable, multicomponent mixture averaging
O (68) (93%). The average molecular formula

to CyoFp. 58,5

was estimated using mass spec./glc techniques.

3. Sealed Tube Fluorination of the mixture CM?&G:LS 9
(11) from experiment B6

(a) Using neat Fluorine and irradiating with gamma rays
over 10 hrs.

The mixture ClOFl6 l 5, 90 (63) (0.56g, 1.25mmol) was
sealed into a tube cooled to -198°C. Fluorine (0.88g,
22.7mmol) was condensed into the tube and the tube allowed
to warm to room temperature over a period of 10 hours. The
tube was then irradiated with gamma rays for 24 hrs. (200 krds.
hr_l) before being vented, opened and purged with nitrogen.

The products were recovered as an inseparable multicomponent

mixture averaging to ClOFl7 30 (69) (62%), The average

molecular formula was estimated using mass spec. glc/technigues.
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(b) Attempt at using neat Fluorine and irradiating with
gamma rays over 120 hrs.

The mixture ClOFl6.lH5.9O (éé) (0O.61lg, l.6mmol) was

sealed into a tube cooled to —198OC. Fluorine (0.88qg,

22.7mmol) was condensed into the tube and the tube allowed

e o ~E YA L
VL Lu UL o .

to warm to rovom temperalure over a perio

jon

tube was then irradiated with gamma rays for 120 hours (200

1

krads.hr ) before being vented, opened and purged with

nitrogen. The products were recovered as inextrudable

carbonised material.
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A. Preparation of hexafluoropropene/polyether adduct
1 Preparation of Polyethylene Glycol
L L o4 (

Diethyl Eth
Av.mol.wt. 4

Sodium hydride (4.0g, 0.096mol, 60% immersion

< -~ < 1 PR q~ 3 < e + ~1
41 olil wdos SuUspelived 1l Luduc

ie {(25ml.) in a dry
fitted with a reflux condenser, dropping funnel and nitrogen
inlet. The flask was constantly purged with nitrogen. Dry
polyethylene glycol (év.mol.wt. 400) [PEG 400] (20.06q,
0.05mol) in toluene (50ml.) was slowly added to the flask,
while constantly stirring, via a dropping funnel. Tﬁe di-
sedium salt, a viscous brown liquid, began to form immediately.
The mixture was stirred at 20°C for one hour, then llOOC

for 2 hrs. to ensﬁre complete reaction. The toluene was
removed by distillation <n vacuo to leave the di-sodium salt
of PEG 400 in quantitative yield. Ethyl iodide (25 .2g,
0.l6mol.) was added to the di-sodium salt slowly, at 20°¢

and immediate vigorous reaction occurred. After the re-
action had subsided the mixture was heated under reflux for
three hours. Excess ethyl iodide was distilled from the
flask to leave a brown liquid, purification of which, by
dissolution in CH2C12 and passing overbalumina, yielded poly-

ethylene glycol diethyl ether (av.mo.wt.456) (70), (73%);

IR, anc¢ ™M Spectra 47.

2. Free Radical Addition of Polyethylene glycol
diethyl ether to Hexafluoropropene

A nickel tube (70 mol.), fitted with a valve, charged
with polyethylene glycol diethyl ether (av.mol.wt. 456) (5.3g,
0.011lmol.) and di~tertiarybutyl peroxide (1.5g, 0.01 mol.)

was cooled (-196°C liguid air) and evacuated to high vacuum.



176

The contents were degassed using freeze thaw cycles under

vacuum. Hexafluoropropene (40g, 0.26mol.) was transferred
into the tube under vacuum and the tube sealed. The tube
was heated to 140°C for 30 hrs. while rocking. After which
the tube was cooled (—196OC, liquid air), opened to a vacuum

system, and the volatile components transferred to a cold
trap by allowing the tube to warm to room temperature. The

residual liquid product was purified by dissolving in CHCl3

and passing over alumina. Removal of the chloroform yielded

a mixture of polyadducts averaging to C (95%) ;

10¥3646%10 (71)
(average formula calculated by comparing "H and l9F NMR
integrations of (71) with those of an internal standard tri-
fluoromethyl benzene); (Found: ¢, 32.9, H, 3.1; F, 51.7.

C4OF36H46010 requires: C, 35.0, H, 3.3; F, 49.0%); IR, NMR

and mass spectrum

B. Fluorination of hexafluoropropene/polyether adduct

1. Capillary Fluorination of C, F, H, 0, (71)

The mixture (71) (2.1g, 1.5mmol) was directly

fluorinated in the capillary apparatus using a flow of.25%
fluorine in nitrogen (50ml./min.) for 2 hrs. at ZOOC, then
3 hrs. at SOOC, after which a 50% fluorine in nitrogen
mixture was used (50ml./min.) dropping the temperature to
20°C for 2 hrs. then raising to 50°C for 3 hrs. The pro-
duct was recovered as a clear viscous liquid (72), (69%);
which averaged to C4OF45H37010 (as calculated by comparing
1 19

H and F NMR integrations with those of an internal stand-

ard trifluoromethyl benzene ) -



2. Sealed System Fluorination of C (72)

20 4593710

The mixture (72), 0.6g, 0.4 mmol) was sealed in a

\

nickel tube (70 ml.) fitted with a monel valve, the system
evacuated to high vacuum and the wvalve sealed. Fluorine

o~ [l [sXe} A B Y . i~ -~ o~ - — ~ SRR
(0.86g, 22.6mmol) was condensed into the tub

(0]

as p
described and the tube allowed to warm to room temperature
where it remained for 10 hrs. The tube was then vented, re-
evacuated and fluorine (0.86g, 22.6mmol.) condensed into the
tube, the tube was heated to 40°C for 15 hrs. After which
the tube was once again vented, re-evacuated and refilled with
fluorine (0.86g, 22.6 mmol) and heated to 60°C for 10 hrs.

The tube was finally vented, opened, and purged with nitrogen
and the products extracted with 1,1,2-trichlorotrifluoro-
ethane. The product was a clear viscous liquid of average
formula C4OF82OlO (Zg), (38.4%); Found: C, 241 ; F, 64.5;

C4OF82010 requires C, 21.8, F, 70.8%); IR and NMR spectra 49
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A, Attempted Dehydrodimerisation Reactions

1. 3 -[1,1,2,2-tetrafluoroethyl]-2,5-dioxahexane (3)

The adduct (3) (1.97g, 10.4mmol) and ditertiary-
butyl peroxide (0.73g, S5mmol) were placed in a 70 ml. pyrex
tube and degassed using freeze thaw cycles under vacuum.

The tube was sealed, heated to 140°C for 20 hrs., then cocled
(—1960C) and opened to a vacuun. Volatile by-products were
transferred, under vacuum, from the tube to another vessel

by allowing the tube to warm to room temperature. The
products (1.8g) of liguid were purified using preparative
scale glc (column K, 130°C) to give (3) (91%). Identified
by comparison of NMR and IR spectra with those of the start-

ing material. IR, NMR and mass spectra 30.

2. 1,1,2,2-tetrafluoro-4,7-dioxaoctane (4)

The adduct (4) (2.08g, 10.9mmol) and di-tertiary-
butyl peroxide (0.74g, 5.06mmol) were placed in a 70 ml
pyrex tube and degassed using freeze thaw cycles under vacuum.
The tube was sealed, heated to 140°%C for 20 hours, then cooled
(—1960C) and opened to a vacuum. Volatile by-wroducts were
transferred, under vacuum,from the tube to another vessel by
allowing the tube to warm to room temperature. The products
(1.8g) of liquid were purified using preparative scale gic
(column X, 13OOC) to give 1,1,2,2~tetrafluoro—~4,7-dioxaactane
(4) (37%). Identified by comparison of NMR and IR spectra
with those of the starting material; IR, NMR and mass spect-

ra 31.
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B. Attempted Polymerisation of 2-[1,1,2,3,3,3-hexafluoro-
propyl]-1,4~dioxan (79

1. Free radical addition of 1,4-dioxan to
hexafluoropropene

A mixture of 1,4 dioxan (9.12g, 1l0.4mmol) and

hexaflucrcopropene {(30.8g, 205mmel) werc irradiated, in a

. . -1
nickel tube, with gamma rays for 72 hrs. (200 krads hr. ),
using the general procedure described in Chapter Nine. The

liquid products were distilled to give 2--[1,1,2,3,3,3-hexa-
fluoropropyll-1,4-dioxan @6) (90%), b.p.,. 80°c. 1Identified
by comparison of MNMR and mass spectra with those of an

authentic sample.

2. Attempted Polymerisation of (76 using SbF5

The adduct (79 (1l.64g, 6.9mmol) was placed in a
dry flask, which was constantly purged with nitrogen and
situated in an ice bath at 0°C. Antimony pentafluoride
(O.6g, 2.7mmol) was added, dropwise, over a period of ca.

5 minutes with no vigorous reaction. After 4 hours the
temperature was gradually increased until the mixture began
to reflux and this was maintained for a further two hours.
The mixture was then cooled, washed with water and the
organic layer (l.4g) recovered. The products were distilled
under vacuum to give 2--{1,1,2,3,3,3-hexafluoropropyll]l-1,4-
dioxan (76) (85%) identified by comparison of NMR and IR with

those of the starting material.
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C. Dehydroflucrination of 1,17°-di-+[1,2,2,3,4,4-hexa-
fluorocyclobutyl]ethyl ether (20)

T A~ v~ 1Y =1 A
(20) (l.l.L\j, 4.JMJT'LU.L) na po

Tha 23311
1 auiid

~+ + 1rm kv
111 uc u [ ISP

ide (2.5g, 44mmol) in 5 ml water were heated, while stirring,
in a flask constantly flushed with nitrogen, to 110°¢ for

9 hrs. The organic layer (0.7g) was then recovered and
the products isclated using preparative scale glc (Column
10% SE30, 120°C) to give di-1l-[perfluorocyclobut-l-emnyl]-
ethyl ether (77), (27%); (Found: C, 40.5; H, 2.8; cl2FlOH80
requires, C, 40.2; H, 2.8%); IR, NMR and mass spectra 50 ;
and a mixture of isomers Clelngo(szWQ)(24%); (Found:

c, 37.9; H, 2.08; F,,H,0: requires C, 38.0; H, 2.9%);

C12F118

IR, NMR and mass spectra 51.
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INFRA RED SPECTRA

10.
11.
12,

13.

15.

l6.

17.

18.
19,
20,

21.

22,
23,

24,

25,

2,2,3,4,4,4~-Hexafluoro-l-methylbutyl ethyl ether.
-(2,2,3,4,4,4-hexafluoro-1-methylbutyl) ether
1-(1,2,2,3,4,4-Hexafluorocyclobutyl)ethyl ethyl ether
Di-1-(1,2,3,3,4,4-hexafluorocyclobutyl)ethyl ether
1-(1,2,3,3,4,4,5,5-Octafluorocyclonentvl)ethyl ethyl ether
Di-1-(1,2,2,3,3,4,4,5,5-octafluorocyclopentyl)ethyl ether
1-(1,2,3,3,4,4,5,5,6,6-Decafluorocyclohexyl)ethyl ethyl ether
Di-1-(1,2,3,3,4,4,5,5,56,6~decafluorocyclohexyl)ethyl ether
3-Chloro-2,2,3-trifluoro-1-methvlpropvl ethyl ether

Telomeric mixture of CHBCHZOCH(CH3)[ CFC1l+% h(meer*Z or 3)

F,C

2,2,3-trifluoro-l1-methylpropvl ethvl ether

Telomeric mixture of CH3CH20CE(C§3)[CF2CFH}DH (where n=2 or 3)
-(1,1,2,3,3,3-Hexafluoropropvl})-2,£-2ioxaoctane
1,1,,2,3,3-HEexafluoro-4-methyl-5.,%-2ioxadecane

1,1,1,2,
1)-

,3-Hexafluoro-4-methvl-6--{1,1,2,3,2,3~hexafluoro-
propy 8

3
5,8~dioxadecane

1,1,1,2,3,3,10,10,11,12,12,12-Dodecafluoro-4,9-Cimethyl--5,8~
dioxadodecane

1,1,1,2,3,3,10,10,11,12,12,12-Dodecafluoro-4,5-dimethyl--5-
(1,1,2,3,3,3- hexaFluoropropyl)-S 8- dloxadodecane

A mixture of mono-adductsofF-cyclopentene and ethyl glyme
2,4-DiH1,2,3,3,4,4,5,5-octafluorocyclopentyl) -3, 6-dioxaoctane
2,7-bpi-(1,2,3,3,4,4,5,5-octafluorocyclopentyl)-3,6-dioxaoctane

2,4,7-Tri-(1,2,3,3,4,4,5,5-octafluorocyclopentyl)-3,6-
dioxaoctane

A mixture of mono-adducts of cyclobutene and ethyl glyme
A mixture of di-adducts of cyclobutene and ethyl glyme

A mixture of mono-adducts of hexafluoropropene and ethyl
diglyme

A mixture of di-adducts of hexafluoroprovene and ethyl
diglyme



26,

27.

28.
29,

30.
31.
32.
33.
34.
35.
36.

37.

39.
40.
41.
42,

43,

45,
46.
47,

48,

49,
50.

51.

A mixture of tri-adducts of hexafluoronropvene and
ethyl diglyme

A mixture of tetra-adducts of hexafluorovropene and
cthyl diglyme

1S

[

1,1,1,2,3,3-Hexafluoro-5,8-dioxanonane .
3-(1,1,2,3,3,3-Hexaflucropropyl)~2,4-~dioxahexane
3-(1,1,2,2-Tetrafluoroethyl) ~2,5-dioxahexane
1,1,2,2~-Tetrafluoro-4,7-dioxaoctane

Telomeric adducts of tetrafluoroethene and monoglyme
Perfluoro-l-methylbutyl ethyl ether
Perfluoro-di<l-methylbhutyl) ether
Perfluoro-4-methyl-5,8-dioxadecane
Perfluoro-l-methvlbutyl butyl ether
Perfluoro-4-methyl-6-vropvl-5,8-dioxadecane
Perfluoro-4,9-dimethyl-5,8-dioxadodecane
Perfluoro-4,9-dimethyl-6-propyl-5,8-dioxadodecane
Perfluoro-l-cyclobutylethyl ethyl ether
Perfluoro-di~(l-cyclobutylethyl) ether
Perfluoro-di<l-cycloventylethyl) ether
Perfluoro-l-methylhexyl-l-cyclopentylethyl ether
Perfluoro-di<l~cyclohexylethyl) ether
Perfluoro-l-chlorobutane
Perfluoro-3-chloro-l-methylpropyl ethyl ether
Polyethyleneglycol diethyl ether (av.molecular weight 456)

Polyethyleneglycol diethyl ether (456) hexafluoropropene
heptaadduct (ca. C4OF36H36010)

.F
Perfluoropolyether (eca. C4OF82010)

Di-1-(cyclobut~-1l-enyl)ethyl ether

l1-Perfluorozcyclcbut-l-enylethyl 1-(1,2,%,3,4,4-hexa-~
fluorceyclobutyl) ethyl ether.
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APPENDIX TWO

N.M.R. SPECTRA

[l

(V8]

10.

11.

12.

14.

15.

16.

)
(€8]

X
=Y

26.

27.

2,2,3,4,4

4-Hexafluoro~l-methylbutyl ethyl ether
Di-2,2,3,4,4,4-hexafluoro-l-methylbutyl ether
1-(1,2,3,3,4,4-Hexafluorocyclobhutyl)ethyl ethyl ether
Di-1-(1,2,3,3,4,4-hexafluorocvclobutyl)ethyl ether
1-(1,2,3,3,4,4,5,5-0Octafluorocyclopentyl)ethyl ethyl ether
Di-1-(1,2,3,3,4,4,5,5-octafluorocyclopentyl)ethyl ether
1-(1,2,3,3,4,4,5,5,6,6-decafluorocyclchexyl)ethyl etiiyl ether
Di-1-(1,2,3,3,4,4,5,5,6,6-decafluorocyclohexyvl)ethyl ether
3-Chleore-2,2,3-trifluocro-1-methylpropyl ethyl ether
Telomeric adcaucts of chlorotrifluorocethene and ethyl ether
2,2,3-7rifluoro-1l-methylpropyl ethyl ether

Telomeric adducts of trifluoroethene and ethyl ether
4-(1,1,2,3,3,3-dexafluoropropyl)-3,6-dioxahexane
1,1,1,2,3,3-Hexafluoro-4-methyl~5,8-dioxadecane

1,1,1,2,3,3-Hexafluoro-4-methyl-6-(1,1,2,3,3,3~hexafluoro-
propyl) ~5,3-dicxacecane

i1 »3,10,10,11,12,12,12~Dodecafluoro-4,9-dimethyl~
g-dicxadodecane

Mizture of mono—-adaucts of F-cycloventene and ethyl aglyme
2,4-Di(1,2,3,3,4,4,5,5~-octafluorocyclopentyl-3,6-dioxahexane
2,7-Di(1,2,3,3,4,4,5,5-octaflucrocyclopentyl) -3, 6- dioxanexane
2,4,7-Tri(1,2,3,2,4,4,5,5-octafluorocyclopentyl-3, 6-dioxahexane
viizture of mono-adducts of F-cvclobutene and ethyl glyme
Mixture of di-adcducts of F-cyclobutene and ethyl glyme

Mixture of mono-adducts of hexafluoropropene (HFP) and
ethyl diglyme

Mixture of di-adducts of HFP and ethyl diglyme
Mixture of tri-adducts of HFP and ethyl cdiglyme

Mixture of tetra-adducts of HFP and ethyl daiglyme



28.
29.
30.

31.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47,

48.

49,
50.
51.

52.

53.°

54.
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1,1,1,2,3,3~-Hexafluoro-5,8-dioxanonane .
3-(1,1,2,3,3,3-Hexafluoropropyl)-2,4~dioxahexane
3-(1,1,2,2 -Tetrafluoroethyl)-2,5-dioxahexane
1,1,2,2-Tetrafluoro-4,7-dioxaoctane

A mixture of telomeric adducts of tetrafluoroethylene
and monoglyme

Perfluoro-l-methylbutyl ethyl ether

Perfluoro-di (-methylbutyl) ether
Perfluoro-4-methyl-5,38-dioxaaecane
Perfluoro-l-methylbutyl butyl ether
Perfluoro-4-methyl-6-propyl-5,8-dioxadecane
Perfluoro-4,9-dimethyl-5,€8-dioxadodecane
Perfluoro-4,9-dimethyl-6-propyl-5,8-dioxadodecane
Perfluoro-l-cyclobutylethyl ethyl ether
Perfluorco-di+l-cyclobutylethyl) ether
Perfluoro-difl-cyclopentylethyl) ether
Perfluoro-l-cyclopentylethyl l-methylhexyl ether
Perfluoro-ditl-cyclohexylethyl) ether
Perflucro-l-chloro-n-hutane
Periluoro-3-chloro-l-methylpropyl ethyl ether
Polyethylene glyccl diethyl ether (456)

Polyethylene glycol diethyl ether/hexafluoroprcpene
hepta adduct

Perfluoropolyether

Di-1-(perfluorocyclobut-l-enyl)ethyl ether
1-Perfluorocyclobut~-l-enyl)ethyl 1-(1,2,3,3,4,4~-hexafluoro-
cyclobutyl)ethyl ether. ‘

Perfluoro~-l-methylbutyl isopropyl ether

Perfluoro-n—-hexane

Perfluoro-n-octane.
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The following abbreviations are used in this appendix:

S, singlet; D, doublet; T, triplet; 2, quartet; M, multiplet.

Chemical shifts are quoted in parts per million relative
to the external standards CFClB(SF) and TMS (&H) . Shifts
upfield of CFCl; are quoted as positive,as are shifts down-

field of TMS.

1. 2,2,3,4,4,4-FEexafluoro-l-methylibutyl ethyl ether

9cH

3
CF3CFHCF2éH OCH2CH3

a b ¢ d e f

Shift Fine 5tructure Relative Assignmernt
pP.p.m. Coupling Constant Intensity 9 :
&F
76.7 M ) )
) 3 ) a
77.3 M ) )
121.3,125.9 AB, J_..=230HzZ ) )
FE
) 2 ) c
127.0,131.7 AB,J__=230Hz ) )
FF
216.1 D of M JFH:4OHZ ) )
) 1 ) b
219.2 D of M JFH:4OHZ ) )
sn
0.8 T, JHH = 6Hz 3 £
0.9 D, JHH = 5Hz 3 g
3.1 Q, J = 7Hz ) )
HH ) 3 ) d,e
3.3 Q, JHH = 7Hz ) )
4.7 D of M, J = 40Hz 1 b

HF



Shift Fine Structure Relative

p.p.m. Coupling Constant Intensity Asslgnment
2. Di-2,2,3,4,4,4-hexafluoro-l-methylbutyl ether
1oy Jeso
CII3 ?113
CF_.CFHCF,CH OCHCF,CFHCF,
a b c & e f g h
sF
76.1 M 3 a,h
121.6,123.3 ) )
) unresolved Abs. y 2 c,ft
127.0,128.3 ) )
214.2 D of M, Jg, = 40Hz ] b,g
SH
1.1 D, JHB = G6Hz 3 i,3
3.8 M ] d,e
4.8 D of H, JHF = 40Hz | b,g
3. 1-(1,2,3,3,4,4-Hexafluorocyclobutyl)ethyl ethyl ether
f (F A
CH.,CH eOCHCH
SF anlcal
114.8 M )
118.1 M )
129.1 M )
129.8 M ) 4 g, £t
133.7 M )
136 M )
186.3 M )
202.1 M ) 1 ©
215.5 D of M JFH = 51Hz )
- )
219.2 D of M JFH = 51Hz ) 1 h
222.8 D of M JFH = 51Hz )
sn
1.2 D, J,uy = 3.5Hz )
HH ) 6 a,d
1.3 T, JHH = 4.5Hz )
3.6 M 3 b,c
5.1 D of M, J = 478z 1 h
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Shift Fine Structure Relative Assignment
p.p.m. Coupling Constant Intensity gl
4 Ni-1-(1,2,3,3,4,4~-hexafluorocyclobutyl)ethyl ether
Kk g
jH<E>l F\H h
i Ve
CH3CH~0-CHCH |
a b c d
SF
117.6 M )
)
121.6 M )
)
129.0 M )
)
131.3 M )
) 4 k,1,g9,f
135.0 M )
)
139.0 M )
190.0 M )
) 1 i,e
205.3 M )
216.8 D of M, JFF = 47Hz )
) 1 J.h
224.1 D of M, JFF = 47Hz )
sH
1.0 D of M, JHH = 5.1Hz 3 a,d
3.8 M 1 b,c
4.7 D of M, J = 47Hz 1 j,h



o
Q
O

Shift Fine Structure Relative Assignment
p.p.m. Coupling Constant Intensity 9
5. 1-(1,2,3,3,4,4,5,5-Octafluorocyclopentyl)ethyl ethyl ether
T
£fLF H i
(e
CH,CH=—0~CHCH
a 3b 2 c d 3
OF
111.2, 114.2 ) )
) )
118.1, 119.4 ) )
) )
120.9, 121.0 ) )
) )
122.9, 124.9 ) )
) )
125.5, 125.9 ) Overlapping ABs. ) 6 f,g,h
) )
127.0, 128.4 ) )
) )
129.0, 129.5 ) )
) )
130.3, 131.6 ) )
) )
132.7, 133.5 ) )
189.5 M )
)
191.3 M ) 1 e
)
195.2 M )
209.5 D of M, JFH = 43Hz ;
210.9 D of M,'JFH = 43Hz )
) 1 i
£ =
224.6 D of M, JFH 43Hz ;
228.7 D of M, JFH = 43Hz )
sH
1.2 T of M, J = 9Hz )
HH
) 6 a,d
1.4 D of M, JHH = 7Hz )
3.5 ¥ (broad) 3 b,c
5.0 Dot 1M, J = 41Hz 1 i

FH



201

it cobie Stzacture  Telatve ssignment
6. Di-1-(1,2,3,3,4,4,5,5-octafluorocyclopentyl)ethyl ether
K Hg}i/)n D\Eé/ﬁ i
CH3&H—O—éHCH3
a b c d
SF
114,8, 117.6 )
119.9, 123.0 3
) overlapping 2Bs. 6 i,m,n,£f,9,h

124.9, 127.6 )
129.0, 130.0 ;
189.3 M )
193.3 M ; 1 e,J
194.7 M ;
210.0 M )
226.6 M ; 1 k,i
228.6 M ;
SH

1.4 M 3 a,d

4.1 M 1 b,c

4.8 D of M, J = 40Hz 1 k,1i
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Shift Fine Structure Relative
K t
p.p.m. Coupling Constant Intensity Assignmen
7. 1-(1,2,3,3,4,4,5,5,6,6-docdecaflucrocyclohexyl)ethyl
ethyl ether
h
1 g
A F £
J &?
CHB'H o) CH2Ch3
a b c d
SF
117.4, 119.4 )
)
121.2, 122.5 )
)
123.7, 124.6 )
)
125.8, 128.4 ) overlapping ABs g,h,1i
)
129.3, 131.0 ) and M
)
133.6, 141.0 )
)
142.3, 145.0 )
193.4 M )
197.3 M ; e
211.4 M )
226.2 M ; £
SH
1.1 T, JHH = 1OHz . ; ’
1.4 M ) a’d
3.5 M )
) 3
3.8 M ) b,C
>-3 D of M, J,. = 50Hz 1 £

HF



o
o)
W

Shift Fine Structure Relative

p.p.m. Coupling Constant Intensity Assignment

.

Di-1-(1,2,3,3,4,4,5,5,6,6-dodecafluorocyclohexyl)ethyl ether
n h

o) m i
ONOf
pH —lj p}‘f

~ e

ik |
CH.,CH—0O —CHCH

o

3 3
a b c d
§F
120.1, 121.5 )
)
122.4, 123.6 )
)
126.1, 127.2 )
)
127.6, 128.6 ) overlapping ABs g,h,i,3,1,
)
129.3, 129.7 ) and Ms m,n,0
)
130.1, 129.6 )
)
140.7, 144.0 )
190.0 i )
) p,f
191.1 M )
214.6 M )
) e,k
232.6 M )
G—v
1.4 M 3 a,d

=3
=N
=2
=
o
Q

5.2 D of M, JHF = 50Hz 1 f,p



Shift Fine Structure Relative Assignment
p.p.m. Coupling Constant Intensity Bl
9 3-Chloro-2,2,3-Triflucrc-l-methylpropyl ethyl ether
f
s
CH3CHzOCHCF2CFHCl
a b cd e
8F
127.8 M 2 a
155.0 DofT, J = 43Hz, J=13Hz )
FH )1 e
161.8 D of T, JFH = 43Hz, J=13Hz )
sH
1.0 T of M, JHH = 6Hz ; ; a
1.8 D of M, JHH = 6Hz ) f
3.4 M 3 b,c
6.2 D of M, JHF = 43Hz 1 e
10. Telomeric mixture of CZHSOOKCH3)(CF2CFCl%nH (n=1,2)
h
o
CHBCHZOCH— (CF2CFC l-)-nCF2CFClH
a b c d e f g
SF n=1,2
116 M )
121 M) ) _
125 y ) (broad) \ d,e,f
126.6 M )
151.6 M)
154.0 M ) (broad) - g
160.0 M)
o1
1.0 )
1.16 ) overlapping D and T 3 a,h
1.3 )
3.6 M )
4.0 M ) 3 o]
6.3 D of M, J.. = 50Hz 1 g

HF
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Shift Fine Structure Relative Assignment
p-p.m. Coupling Constant Intensity

11. 2,2,3-Trifluoro-l-metnylpropyl ethyl ether

f
i
CHBCH20CHCF2CFH2
a b cd “e
SF
118.1, 127.6 AB, JFF = 284Hz d
SH
0.9 M 6 a,ft
3.4 M 3 b,c
4.4 D of M, JHF = 54Hz 2 e

12. A mixture of Telomeric Adducts of trifluoroethene and
diethyl ether

e f g h a
F,.CF 13 C
(g 2C H)nC 2CFH2 (?FZCFH)nCFHCFzH
CH3Ch20 hCH3 Ch3CH2OCHCH3
a b c d
B
A 2
n=1or 2
SF
115.3, 120.6 )
)
122.2, 124.2 ; overlapping ABs. 4 e, g
125.8, 128.8 ) and Ms.
)
134.3, 135.0 )
218.0 D of M 1 f
s
0.9 T, JHH = THz ; ; b
1.0 D, JHH = THz ) d
3.25 M ) e,g
) 7.6
4.3 D of M, JHF = 48Hz ) f,h
5.7 T of M, J = 52Hz minor intensity a isamer B.

HF



)
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Shift Fine Structure Relative .

. , Assignment
p-p.-m Coupling Constant Intensity
13. 4-(1,1,2,3,3,3-Hexafluoropropyl 6—-dioxooctane

2 LAV 0O0C

§F
76.4
121.7,
125.3,

215.1

217.0

124.7

127.9

A

A

D

D

T

D

TY Ty TYeNTY  NewTT e

3772 2 2
a b c d e f
M
B, JFF = 230Hz
B, JFF = 230Hz
of M, Jpy = 40Hz
of M, JFH = 40Hz
' JHH = 6Hz
M
of M, Jpy = 40Hz

14, l,1,1,2,3,3—Hexa£luoro~4—methyl—5,8—dioxadecane

&F
75.9
76.4
120.3,
129.0,
215.0

218.6
SH

o O
©

W w
N

125.3

135.8

a

b ¢ d e f£
CF3CFHCF2CHOCH2CH20CH CH
-y
i
M
M
AB, Jop = 250 Hz
AB, Jpp = 255Hz
D of M, JFH = 40Hz
D of M, JFH = 40Hz
T, JHH = 6Hz
' JHH = THz
M
M

D of M, JHF = 40Hz

g h

~—

d,e,f,g
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Shift Fine Structure Relative

p.p.m. Constant Coupling Intensity Assignment

15. 1,1,1,2,3,3-Hexafluoro-4-methyl-6-(1,1,2,3,3,3-Hexafluoro-
propyl)-5,8-dioxadecane

i j k 1
?H3$F2CFHCF3
CF3CFHCF2CHOCHCH20CH2CH3
a b ¢ d e f g h
SF
75.2 M 3 a,l
115.6, 118.4 ) overlapping )
121.6, 122.8 ) unresolvea ) 2 c,
125.3 ) ABs. )
211.0 M ) 1 b,k
213.1 h )
SH
0.7 T, Jyy = 6Hz % ; i
0. D, JHH = 5Hz h
2.8 M )
3.1 M ) 3 d,e,f,g
3.2 M )
4.6 D of M, JHF = 46Hz 1 b,k
16. 1,1,1,2,3,3,10,10,11,12,12,12-dodecafluoro-4,9-dimethyl-
5,8-dioxadodecane
k 1
T3 T3
CF3CFHCF2CHOCH2CH20CHCF2CFHCF3
a b ¢ d e £ gh i 3J
SF
76.5 M )
76.9 M ) 3 arJ
125 M )
130 M ) 2 c,h
215 M )
218.9 M ) ' b1
SH
1.1 D, JHH = B5Hz 3 k,1
3.4 M 6 d,e,f,g
4.8 D of M, J = 40Hz 1 b,i

HF



Shift Fine Structure Relative
. A t
p.-p.m. Coupling Constant Intensity ssignmen
17 1,%,3,2,3,3,10,10,11,12,12,12-dodecafluoro—-4,5-dimethyi-
6-(1,1,2,3,3,3-hexaflucropropyl)~5,8-dioxadodecane
h 1 m n o
Ct
fH2 CiZCFHCF3 ‘H3
CFjCF”CFZCHvo—CHCHZ—O—CHCF CFHCF
a b ¢ d e f gh 1 3
SF
75.4 M 3 a,j,n
126 M )
123 A ) 2 c,h,1
217 M | b,i,m
5
1.1 D of M, JHH = 5Hz 3 k,o
M ) d,e,f,g,h
. 4 .
D of M, JHF = 52Hz ; b,m,i
18. F-cyclopentene/ethyl glyme mono-adduct isomers

SF

116.9, 119.8
120.1, 120.5
121.6, 124.0
125.1, 125.6
126.5, 127.7
128.6, 129.1
129.4, 129.9
130.2, 130.5
131.7, 132.4
132.9, 133.3
134.6, 135.7

191.
194.
185.

197.
210.

212,
230.

SH

U W
O NO

6
8
3

3
6

4
4

i h i h

(3 s (s

p £
CH3ChOCH2CH20CH2CH3 + CH3CH20CHCH20CH2CH3
1 2 b c d e a b 3 4 d e

)

)

)

)

; overlapping ARs.
) and Ms,

)

)

)

)

e et e e Nl e e Nt e
J
-
(=
~

M )
M )
M ) £
M )
D of M, JFH = 47Hz )
D of M, e = 47Hz ) g
D of M, JFH = 47Hz )
T of M, J = THz ) a,e
D of M, JiT = BHz ) 6 1
M (broad) ) 8 2,3,4,b,c,d
D of M, J,, = 48Hz ) g



Shift Fine Structure Pelative Assignment
p.p.-m. Coupling Constant Intensity El
i9. 2,4-Di-(1,2,3,3,4,4,5,5-octafluorocyclepentyl)-3,6-
dioxaoctane
3 i o n
k d hr) F, H m
s N
CH3 H—=O-CHCHZOCH2CH3
a b c d e f
SF
118.0,121.0 )
)
121.5, 122.1 )
)
122.9, 123.5 ) overlapping ABs. 6 k,i,j,n,o0,p
) and M
127.1, 130.6 )
)
135.0 )
190.1 M )
) / g,1
192.2 M )
209.1 D of M, JFH = 50Hz g
210.9 D of M, J = 50Hz ) 1 h,m
FH )
219.2 D of M, JFH = 50Hz )
s
1.1 M 3 a,f
3.5 M ) b,c,d,e
) 4



Shif Fine Structure Relative

Shift . . Assignment
P.p.M. Coupling Constant Intensity

20. 2,7-Di{i,2,3,3,4,4,5,5-oclafluorocyclopentyl)-3,6-dioxaoctane

CH,CH O CE,CH OCHCH

3 2 3
a b c 4 e f
SF
121.8, 123.2 )
)
124.5, 125.6 )
)
127.8, 129.0 g overlapping ABs and M 6 ;'g’g’
130.6, 132.6 ) o
)
133.3, 135.3 )
)
137.1, 138.3 )
192.0 M )
)
194.6 M ) 1 g,1
)
197.0 M )
211.6 D of M, JFH = 47Hz ;
213.6 D of M, JFH = 47Hz ) 1 h,m
) )
224.6 D of M, JFH = 47Hz )
o0
1.1 M 6 a,f
3.5 M s b,c,d,e
5.1 Dof M, J = 50Hz 2 h,m

HF
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Shift Fine Structure Relative Assignment

p.p.m. Coupling Constant Intensity El

21. 2,4,7-Tri(1,2,3,3,4,4,5,5-octafluorocyclopentyl)-
3,6-dioxaoctane

) —10—n t— s
g PN ™ NG
CH, %-O-CHCHzoCHCH3

b

a b c d e f

115.3, 120.2

121.3, 126.3 k,j,i,n,0,

)
)
) . .
) overlnglﬁg ABs 6 p,s,t,u
128.0, 129.2 ) na ns
)
131.0, 135.8 )
190.7 M )
)
194.6 M ) 1 g,1l,q9
)
198.0 M )
212.0 M )
) 1 h,m,r
220.6 M )
S8
1.2 M (broad) 3 a,f
3.7 M (broad) ) b,c,d,e
) 4
5.0 D of M, J ..., = 40Hz ) h,m,r,
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Shift Fine Structure Relative Assianment
D.p.Mm. Coupling Constant Intensity J
22. Mixture of F-cyclobutane/ethyl glyme mono-adducts

L R
3 <E;>H h t<Qi>1{ r

e H a4 cH.cH, 0N
CH4CHOCH,,CH,OCH,CH, and  CHCH,OCHCH,OCH,CH,

a b ¢ d e f X 1 mn O P

120.6, 124.8

125.5, 128.8

) )
) )
; Overlapping ABs ; 4 t,s,1,3
130.6, 132.0 ) and Ms )
) )
133.0, 135.0 ) )
189.3 M )
) 1 9,9
189.6 M
216.4 D of M, J = 51Hz )
FH ) 1 h,r
217.8 D of M, JFH = 51Hz )
SH
0.8 T of M, JHH = 10Hz ; 5 f,k;p
0.9 D of M, JHH = 8Hz ) a
3.3 M ) c,d,e,l,m,n,o
) 4
4.9 D of M, J = 50Hz )} h,r

HF
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w

Shift
pP.p-m.

Fine Structure

Coupling Constant

Relative
Intensity

Assignment

[\
)

Mixture of F-cyclobutene/ethyl glyme di-adducts

<i>éﬁ bAF Id

CH CHOCH CH OCHCH

e

116.6,
125.8,
131.2,
137.0,
189.0
202.3
205.6
214.6
216.0

217.6

f g

121.6

129.8

135.5

139.3

h

+

T of M, J

2

)
)
)
)
)
)
)

3
i3

b

q

C

F

a
CH,CH-0O -CH,CHOCH,CH

t

r

d

C

b@H 1><F>H a

a|

CH,CH~—- 0O —CHCH OCHZCH

1

C

a

overlapping ABs

and Ms

HH

M Jyn

M

6Hz

7THz

— Nt e et s

P,V

e,j,q

f,9,h,i,1,m,n,o,

r,s,t,u

d
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Shift Fine Structure Relative

p.p.m. Coupling Constant Intensity Assignment

24. Hexafluoropropene/ethyl diglyme mono-adducts

Empirical Formula = C11F6Hl803
i J k
Typical structure CFZCFHCF3

CHBCHZOCHZCHOCI-JZCHZOCrIZCH3

a b c d e f£ g h

SF
75.3 M 3 k
121.0, 123.6 )
) unresolved ABs 2 i
126.6, 130.0 )
214 .0 M )
) 1 J
218.5 M )
SH
0.8 T, J = 6.5Hz ) a,h
HH ) 6 Rf
0.9 D, Jyy = 6.OHz ) CH3éH—
3.5 M (broad )
) 12 b,c,d,e,f,g

5.0 D of M, JHF = 45Hz )



Shift Fine Structure Relative s
p.p.m. Coupling Constant Intensity Assignment
25. Hexafluoropropene/ethyl diglyme di-adducts
Empirical Formula= C14F12H1803
i j ok
%FZCFHCF3
Typical Structure; CH3CHOCHCH20CH2CH20CH2Ch3
a b c| d e f g h
CFZCFHCF3
SF
74.8 M 3 n,k
121.3 M )
124.3 M ) 2 i,1
129.3 M )
214.0 A 1 j,m
sH
1.0 M (broagd) 6 a,h
3.4 M (broad) 10 b,c,d,e,f,qg
5.0 D of M, J = 48Hz 2 j,m

HF

26. Hexafluoropropene/ethyl diglyme tri-adducts

Empirical Formula: C17F18H18o3
1 m n
(lZFZCFHCF3 g h
Typical Structure: CH,CHOCHCH,OCH,CH.,OCHCH
3 -2 2.2 3
c d e °f |
QFZQFHCF3 CF2CFHCF3
i ") k o p g
SF
74.3 M 3 k,n,qgq
124.0 M (broad) 2 i,l,o
213.0 M / j,m,p
SH
1.4 M 6 a,h
3.8 M (broad) 9 b,c,d,e,f,qg
5.1 D of M, J = 43Hz 3 j,m,p

HF
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Shift
p.p.m.

Fine Structure
Coupling Constant

Relative
Intensity

Assignment

27. Hexafluoropropene/ethyl glyme tetra-adducts

Empirical Formula = C20324H1803
k 3 1 O p g
CF.CFHCF2 CFZCFHCF3
3 | “c a e | “gnh
Typical Structure: CH,CHOCHCH.,OCH,CHOCHCH
3 2 2 3
a b | £ |
CF2CFHCF3 CF2CFHCF3
1 m n r s t
SF
74.3 M k,n,q,t
124.0 M (broad) i,1l,o,r
213.0 M j.n,pP,S
s
1.3 1 a,h
.9 M b,c,d,e,f,g
5.0 D of M, JHF = 49Hz j,m,p,S
28. 1,1,1,2,3,3-Hexafluoro-5,8-dioxanonane
CFBCFHCF2CH20CH2CH20CH3
a b ¢ d e f g
SE
76.3 M a
119.0 M )
) c
120.1 M )
212.1 M )
) b
214.0 M )
3
Not available.



Shift Fine Structure Relative

p.p.m. Coupling Constant Intensity Assignment
29. 3-(1,1,2,3,3,3-Hexafluoropropyl)?2,5-dioxahexane
e f g
?FZCFHCF3
CHBOCHCHZOCH3
a b c d
SF
75.4 M 3 g
118.6 M ) 2
121.7 M ) ©
210.9 M )
213.4 M ) . £
!
2.8 M 3 d
3.0 M ) a
3.1 M ) )
3.4 M ) 7 ) b,c
4,5 D of M, JFH = 42 .7Hz ) f

30. 3-(1,1,2,2-Tetrafluorcethyl)}?2,5-dioxahexane

e f
CF2CF2H
CHBOCHCHZOCH3
a b ¢ d
SF
127.5, 130.3 AR, JFF = 273.4Hz 2 e
138.9, 142.3 D of AB, JFF = 3 0O2Hz 2 f
JFH = 48.8Hz
SH
3.3 S d
3.5 S a
3.6 M b,c
5.9 T of D of D, J1—2 = 49.2Hz £
J = 5Hz

1-3
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Shift Fine Structure Relative

p.p.m. Coupling Constant Intensity Assignment

31. 1,1,2,2-Tetrafluoro-4,7-dioxaoctane

a b c d e f

HCFZCF2CH20CH2CH20CH3

SF
126.3 M 2 b
140.9 D of M, JFH = 55Hz 2 a
¢H
2.9 S 3 f
M ) )
) )
" ) ) c.d,e
M ) 7 )
)
T ot Ty Iy 3 - 5302 ) R
- )
Ji_o = 53Hz )
32. Telomeric adducts of tetraflucoroethylene and Monoglyme
e f g h
(CFZCFZ)nCFZCrzﬂ
CH3OCH2CH O CH3
a b ¢ d n=1,2,3 ete.
SF
118.7, 123.7 AB, JFF = 290Hz - e
124.9 M - f
131.0 M - g
138.1 D of M, JFH = 48Hz - h
3
S a
S d
M )
M ; b,c
T of T, Jl_2 = 52.2Hz h
5.3Hz

o
'_-I
i
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Shift Fine Structure Relative Assianment
p.p.m. Coupling Constant Intensity g
33. Perfluoro-l-methylbutyl ethyl ether
g
CF3
CF3CF20CFCF2CF2CF3
a b cd e £
§F
80.6 M 3 g
81.7 T, J 11 Hz, 3 f
85.6 y FF 2 b
87.0 M 3 a
123.5 M 2 )
127.0 M ) 9 ) e,d
128.0 M ) )
141.3 M 1 c
34. Perfluoro-di(l-methylbutyl) ether
i J
?F3 CF 4
CFBCFZCFZCF O FCF2CF2CF3
a b ¢ d e f g h
SF
80.0 M ) 3 .
81.6 M ) trJ
84.7 T of M, JFF 9.5Hz 3 a,h
118.6 M 2 )
127.5 M ) 5 ) b,c,f,g
128.6 M ) )
137.6 M 1 d,e
35. Perfluoro-4-methyl-5,8-dioxadecane
i
[
CF3CF2CF2CFOCF2CFZOCF2CF3
a b ¢ d e f g h
SF
80.3 M 3 i
83.8 T of M (JFF = 10) 3 a
88.5 M ) £
90.0 M ) €rt.g
91.0 M 3 h
123.0 M )
127.0 M ) 4 e,b
128.0 M )
141.3 M 1 d
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Shift Fine Structure Relative

p.p.m. Coupling Constant Intensity Assignment
36. Perfluoro-l-methylbutyl butyl ether
CF3CF2CF2CFOCF2CF2CF2CF3
a b ¢ d e £ g h
SF
81l.6 M 3 i
83.2 M 2 e
84.3 T of M, JFF = 10Hz 6 a,h
123.8 M 2
128.3 M ) )
129.0 M ) ° y P9
143.0 M 1 d
37. Perfluoro-4-methyl-6-propyl-5,8-dioxadecane
i j k 1
?F3 |CF2CF2CF3
CF3CF2CF2CF O CFCFZOCFZCF3
a b c d e f g h
SF
79.5 M 2 f
81.2 M 3 i
83.8 T of M, JFF = 9Hz 6 a,l
87.5 M 2 g
89.7 M 3 h
123.3 M 4 ) .
128.0 M 4 y  Jekecyb
136.6 M 2 d,e
38. Perfluoro-4,9-dimethyl-5,8-dioxadodecane
k 1
2 g
CF3CF2CF2CFOCF2CF20CFCF2CF2CF3
a b c d e f£ gh i j
SF
80.8 M 3 k,1
84.0 T of M, Jpp = 11Hz 3 a,j
87.8 M 2 e, f
123.3 M )
127.3 M ; 4 b,c,h,i
127.8 M )
141.8 M 1 a,g
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Shift Fine Structure Relative
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p.p-.m. Coupling Constant Intensity Assignmen

39. Perfluoro-4,9-dimethyl-6-propyl-5,8-dioxadodecane

1

X 1 m n &
pFB ?FZCF2CF3 ?F3

CF3CF2CF2CF-—O—CFCF2-—-O-—CFCF2CF2CF3

a b c d e f gh i j

79.6
80.3
81.3
84.0 T of M

122.0
127.8

135.2
143.5

k or p

Q-4

p or k

J = 10OHz a, i, n

FF
b,c,h,1i,1,m

0,

DN OO Ww W
0~

2R 22~

40. Perfluoro-l-cyclobutylethyl ethyl ether

e & a

1€

CFBCFOCFZCF3

a b ¢ d

%

80.6
89.4
90.1
131.9
132.6

134.4
134.8

138.6 M 1 b
192.4 M 1 c

2R REERE
N S W W
Qo

41. Perfluoro-di-l-cyclobutylethyl) ether

%_oﬁ;

SF

79.2
80.7
132.4
133.5
134.3

134.8
135.4

190.3
191.7

12

2R EER ORRREER

— e Nt e et e
N

— e N e e e e
~
Q
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Shift Fine Structure Relative

p.p.m. Coupling Constant Intensity Assignment
42.  Perfluoro-di-(l-cyclopentylethyl) ether
h g m 1
1 F i n F k
— —— w
CF3CF O CFCL3
a b c d
SF
84.7 M 6 a,d
123.1 ) )
igg.g ; overlapping ABs ; 16 f,9,h,1i,k,1,
126.7 ) ) m,n
127.1 ) )
137.1 M 2 b,c
188.9 M 2 e,

43, Perfluoro-l-cyclopentylethyl l-methyl ether

1 k

n
m J CF3
i |

Cr,C¥ —~ 0 —CFCF_CF,CF,CF,CF

3 2772772772773
a b cd f g h i
SF
78.7 M 3) an
79.3 M _ 3) !
127.3 M ) 16 ) j,k,1,m
129.9 M ) ) d,e,f,g
138.8 M ) )
139.9 M ) 2 ) b,c
183.5 M 1 i



Fine Structure Relative

Shift .
p.p.m. Coupling Constant Intensity Asslgnment
14

Perfluoreo-di-1l-(cyclohexylethyl) ether

U SR L SR O Sl @ 08 5

}—l
()
[Ce}
N O OFHWUVWONOOO O

-

§F

70.
83.
122.
126.

~NOoONWw

46.

h n
L N9 o¢TNm
F F
J < f p T 1
CFBCF———O-——-CFCF3
a b c d
M 3 a,d
) )
) )
) )
; Overlapping ABs ; 20 f,9,h,i,1,m
) and Ms ) n,o,p
) )
) )
M )
M ) 2 b,c
M, J=15Hz 2 e,k
Perfluoro-l-chloro-n-butane
a b ¢ d
CF3CF2CF2CF2C1
M 2 d
M 3 a
M 2 c
M 2 b

Perfluoro-3-chloro-l-methylpropyl ethyl ether

§F

68.3
81.2
87.8
89.4
120.8
141.6

f

s
CFBCFZOCFCFZCcml
a b cd e

FNWNDW N
O oH O
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Shift Fine Structure Relative

. . igr t
p.p-m. Caupling Constant Intensity Assignmen

47. Polyethylene glycol diethyl ether (av.mol wt. 456)

a b c d e f
CHBCHZO(ChZCHzOLnCEZCH3
SH
0.7 T, JHH = 7Hz 3 a,ft
2.4 M (broad) 20 b,c,d,e

48. Polyethylene glycol/hexafluoropropene hepta-adduct

© P g
a b c 4 e £  [FoCFHCE;
CH3(|3HO(Ch2Cd20)m(CH2ICHO)ngHCE3
CFZCFHCF3 CF2CFHCF3
i3k 1 m n
SF
75.6 M 3 k,n,q
123.3 M 2 i,1,o
214.0 M 1 j/m,p
SH
0.9 M 3 a,h
3.8 M ) )
: b,c,d,e,f,g
4.05 M ; 29 )
5.2 D of M, JHF = 40Hz ) j,m,p
49, Perfl;oropolyether n o p
CF3 ?FZCFZCF3
CF3CF2CF2CFO(CF2CF20¥m+CFZCFO%EFCF2CF2CF3
a b ¢ d g h VF3
d
33
81.8 M ) )
83.6 M ) 7 ) a,m,eif
85.5 M ) ) g.P.
121.9 M ) )
123.0 M ) )
124.8 M ) 5 ) bscyn,o,3,k
127.0 M ) )
140.6 M (broad) )
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50 Di-1-(perfluorocyclobut-l-enyl)ethyl ether
/K g |
hAFNf 1/<\\4
\/ - 7
CHBCH—— 0— CHCH3
a b c d
SF
115.3 M 1 h,J B
118.2 M 2 {,f or g,k
120.9 M 2 g,k or ,f
SH
1.0 D, JHH = 6Hz 3 a,d
3.8 M 1 b,c
51. 1- Perfluorocyclobut-l-enyl)ethyl 1-(1,2,3,3,4,4-
hexafluorocyclobutyl) ethyl ether
k g
& O s nns
1 1 e
CH,CH~ O— CHCH CH,CH-—- O — CHCH
3 3 A 3b a 3
SF impurity ¢
114.9 1
118.1 )
118.8 ) g,h,j,k
121.3 y
133.5 M e
172.2 D of M, J = 70Hz £
SH
M 3 yd
4,12 M ) 1 b,t
4.5 M ) f
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Shift Fine Structure Relative Assignment
p.p.m. Coupling Constant Intensity El
52. Perfluorco-l-methylbutyl isopropyl ether
h g
CF3 CFy )
CFBCFZCFZCFOCF
a b ¢ d4d e CF
£ 3
SF
8§1.5 M 3 a or h
33.5 M 3 h or a
85.0 M 6 g,f
124.6 M )
128.5 M ) 4 b,c
130.0 M )
137.5 M 1 e
143.6 M 1 a
53. Perfluoro-n-hexane
a b ¢ d e f
CFBCFZCFZCFZCF2CF3
33
83.5 M 3 a,f
125.2 M 2 b,e
128.7 M 2 c,d
54. Perfluoro—-n-octane
a b c¢c d e £ g h
CF3CF2CF2CF2CF2CF2CF2CF3
SF
832.1 M 3 a,h
125.0 M 2 b,h
127.8 M )
) 4 c,d,e,f
128.7 M )
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APPENDIX THREE

MASS SPECTRA

1. 2,2,3,4,4,4-Hexafluoro-1l-methylbutyl ethyl ether

2. Di-2,2,3,4,4,4-hexafluoro-1-methylbutyl ether

3. 1-(1,2,3,3,4,4-Hexafluorocyclobutyl)ethyl ethyl etherx

4. Di-1-(1,2,3,3,4,4-hexafluorocyclobutyl)ethyl ether

5. 1-(1,2,3,3,4,4,5,5-Octafluorocyclopentyl)ethyl ethyl ether
6. Di-1-(1,2,3,3,4,4,5,5-octafluorocyclopentyl)ethyl ether

7. 1-(1,2,3,3,4,4,5,5,6,6-Decafluorocyclohexyl)ethyl ethyl ether
8. pi-1--¢(1,2,3,3,4,4,5,5,6,6~decafluorocyclohexyl)ethyl ether
9. 3-Chloro-2,2,3-trifluoro-l-methylpropyl ethyl ether

10. Telomeric adducts of chlorotrifluorcethene and ethyl ether
11. 2,2,3-Trifluoro-l-methylpropyl ethyl ether

12. Telomeric adducts of trifluoroethene and ethyl ether

13. 4-(1,1,1,2,3,3-Hexafluoropropyl)-3,6-dioxahexane

14. 1,1,1,2,3,3-Hexafluoro-4-methyl-5,8-dioxadecane

15. 1,1,1,2,3,3-Hexafluoro-4-methyl-6-(1,1,2,3,3,3-hexafluoro-
propyl) -5, 8-dioxadecane

16. 1,1,1,2,3,3,10,10,11,12,12,12-Dodecafluoro-4,9-dimethyl-
5,8-dioxadodecane

17. 1,1,1,2,3,3,10,10,11,12,12,12-Dodecafluoro-4,%2-dimethyl-6-
(1,1,2,3,3,3~-hexafluoropropyl)-5,8~-dioxadecane

18. Mixture of mono-adducts of F-cyclopentene and ethyl glyme
19. 2,4-D0i(1,2,3,3,4,4,5,5-octafluorocyclopentyl)-3, 6~dioxahexane
20. 2,7-Di(1,2,3,3,4,4,5,5-octafluorocyclopentyl) -3, 6 dioxahexane

21, 2,4,7-Tri(1,2,3,3,4,4,5,5-octafluorocyclopentyl-3,6-dioxahexane
22, Mixture of mono-adducts of F-cyclobutene and ethyl glyme
23, Mixture of di~adducts of F-cyclobutene and ethyl glyme

24, Mixture of mono-adducts of hexafluoropropene (HPF) and
ethyl diglyme

25, Mixture of di-adducts of HFP and ethyl diglyme
26. Mixture of tri-adducts of HFP and ethyl diglyme

27. Mixture of tetra-adducts of HFP and ethyl diglyme



¥ 28.
29.

30.
31.

32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
¥ 45.
46 .
47.
48.
49.
50.

¥ 51.

52.

N Nt e Nt
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1,1,1,2,3,3-Hexafluoro-5,8~-dioxanonane

3-(1,1,2,3,3,3-Hexafluoropropyl)-2,4~-dioxahexane
-(1,1,2,2-Tetrafluoroethyl)-2,5-dioxahexane

1,1,2,2-Tetraflucro-4,7-dioxaoctane

A mixture of telomeric adducts of tetrafluoroethylene
and monoglyme

Perfluorcl-methylbutyl ethyl ether

Perfluoro-di (l-methylbutyl) ether
Perfluoro--4-methyl-5, 8-dioxadecane
Perfluoro~-l-methylbutyl butyl ether
Perfluoro-4-methyl-6-propyl-5,8-dioxadecane
Perfluoro-4,9%9~dimethyl1l-5,8-dioxadodecane
Perfluoro-4,9 -dimethyl-6-propyl-5,8-dioxadodecane
Periluoro-1l-cyclobutylethyl ethyl ether
Perfluoro-di (l-cyclobutylethyl)ether
Perfluoro-di(l-cyclopentylethyl)ether
Perfluoro-l-cyclopentylethyl l-methylhexyl ether
Perfluoro-di(l-cyclohexylethyl)ether
Perfluoro-1l-chloro-n—-butane

Perfluoro-3-chloro-l-methylpropyl ethyl ether
Not measured

Di-1-(perfluorocyclobut-l-enyl)ethyl ether

l-Perfluorocyclobut«-l-enyl)ethyl 1- (l 2 3,3,4, 4 -hexa-
fluorocyclobutyl)ethyl ether.

Perfluoro—l—methylbutyl isopropyl ether

¥ (not measured)
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38,96  3.84 67.90 0,79 109.00  1.03 170,02 0.53
39,80 2.17 59,956  0.47 110.99  1.17 171,05 L.64
39,864 , 29 70,95  0.91 112,01 0.79 173,07 0.67
90,95 6.45 71,02  0.89 113,04 11.75 175,08  6.62
12,00  4.56 72,03 1,91 114.07 0.73 174,09  0.54
42,05 1.96 73,08  2.93 115,09  0.59 181,06 0,47
43,08 81.34 74,02 1.26 117,06  0.56 183,09  0.3%
43,12 5,86 74,09 3.44 119.01 1.79 184.09  L1.06
14,10 6.74 75,03 13.4%5 121,03 2,05 185.09  0./9
15,14 100,00 76,085 1,38 122.07 0.59 187,07 0,47
46,14 4.2 77,02 3,14 123,05 0.56 189,05  0.94
7,10 3.49 77,99  0.44 124,06 1.26 - (91,04  0.70
48,04 0,54 20,99 1,08 125.07 3,40 193.08  2.52
48,97 5.99 41.97  2.14 126,07  1.00 L4, 07 2.0%
49,88 1,17 93,03 0.64 (27,07 1.23 195,09
50,95 6.27 93,10  0.41 131,00 4,63 201,06
52,04 0,41 @87.0%  1.14 132,06  1.00 203,07
53,10 .70 898,02 1.264 133.08 2.58 204.08
55,11 0.41 4. 99 1.1 137,068 L. 74 207,07
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65, 0%
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67 .01
67 .98
68,94
69 .88
70,96
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72,01
7E. 02
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75 0%
797
7891
79 .85
80 .93
81.99
83,03
84.06
85.08
88,98
90.97
93.04
95 . OR

119 .03

200.88

203,91

216,90

218,89

AHT .
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1420
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1.74
1.96
12.18
1.37
22,43
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1.02
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.13
0,85
10.44
0,44
1+59
0.7
0.99
0.61
0,38
0,38
Q.79
0.84
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244,97
24 .92
264.94
284.93
285.91
A02.92
X10.91
X30.9%
331.95
L2276
G42.85
G43,93
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0.44
1.46
0.85
4,09
0,50
1.58
0.47
3.71
O.64
0.53
2.83
0.61
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26,2 1.51 59,98 3,31 108,05  0.93 181,064 1.09
27.22 11,80 41,00 3,48 109,03 1,48 184.07 1,09
28,09  35.41 83.09  0.76 111.01 0.36 187,03 0.3t
28,10 31,40 54.10 0.78 113,05 7.40 189,06 2,380
28.12  3.87 65,09 3.96 119,03 1,93 190,05 0.31
28.96 11.10 58,01 0.31 120,00 0.59 193,05 0.39
28.99 41,01 58,95  6.67 121,04 2.52 194.09 0.42
29,80 0,87 59 .91 0.53 122,07 1.07 195,10 0.76
29,82 1,49 70,97 0.93 125,09 0.54 199,04 0.53
30,87 98.48 71.02 0.34 126,09 0.84 201,095 4.01
31.96 1,46 71.98 0.42 127.08 i.07 202,08 0.64
32.00 1.21 72,04 .26 131,01 2,50 203,04 1.54
33,07 1.18 73,07 2.35 132,06 1.18 204,07 4,77
38.96 3.1 74,072 0.42 133,09 1,43 205.07 0.70
39,81 2,47 74,10 0.87 137,07 0.87 207,07 1.21
40.93  9.21 75,01 4,45 133.05  0.50 217.07 1,37
42,00 1.07 74,00 0.62 139,05 2.2 221,07 3,20
42,05 2,75 74 .99 3.34 140,02 0,73 223,09 2,14
43,08 25,71 80,88  0.56 143,06 0,44 234,11 .12
43,12 7,20 81.94 1.0t 144.08 2,05 205,07 0.48
44,09 4,01 83.07 0. 467 145,09 1.48 237,10 .49
a4,12 3.18 947.06  0.42 150,01 0.36 239,06 0.59
A5, 49 47,55 98.00 0,87 151,03 2.5 243,08  5.33
4%, 14 1,04 89,98 1,93 152,06 0.76 244,09 0,36
47,10 3,17 89,94 1.01 153,10 0.76 251,10 0,45
a8.97 2,92 90, 99 1.09 155,06 0.45 252,13 4.04
49,89 0,39 93.03 1.40 156,06 0,42 253,10 0,45
50,95 5,83 24,05 0.74 157,06 2.5% - 25%.,08 .94
55,146 0,73 9%, 07 4,01 158,04 0,25 257,04 5067
Sh.11 0,39 98, 9y Q. Ay 159,04 0.70 258,06 1,01
SaH,17 0 0,50 99,94 20 153,06 2.13 DL L04 5,07 .
57010 77 101.01 2,43 169,04 1.54 272,08 0,42
57,15 0,97 102,05 0.4 171,09 4.19 273,06 0,31
58,08 1.23 104,07  0.70 175,09 2.564 284,13 0.42
59,08 100,00 107,07 1,54 177,08 0.564 285,11 LI
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66,04
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7798
78.91
7. 86
80 .94
81.99
83.04
84.07
85,09
86,10
90,97
?3. 06
94,08
9L, 09
97,10
98.08
105,08
107.08

T

BAGE

1.30
3,04
T
3010
4,10
24 .50
2077
44,58
10.38

0. 80
12.23
153
11.76
1.00
10.85
206
20,73
1.44
2edh
236
0.83
A B
1.27
O.41
050
050
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200.93
218.94
2G93
264,986
284,95
280,94
IO 9%
330.946
V42,86

250

AHT .
BAGE

0,68
053
Q.38
O.6S
.02
0,85
1.56
0.74
121

580
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HASE RASE RASE BASE RS
2627 1.44 57413 2,78 ?3.00 1.81 13530.97 4 2HS.07 0430
27,21 11.43 58,07 626 ?4.03 1.2 152,00 0,55 271,93 &4 55
28.08 47.77 59,02 19,35 ?4,07 072 153.04 L.046 272,09 0,32
28,09 468,58 59,94 0.60 ?5.,04 4,31 155,02 0.43 284,12 3,93
28,11 5.66 450.99 3.93 ?8,97 0.37 157.02 2.96 285.08 &0 30
28.95 10.34 b63.07 1.23 ?9.,22 1.18 139,00 0,49 2354.09 0.30
28.983 12,20 654,09 0.89 100.98 3.920 163,02 1+ 5§ 329.14 2,15
LRI 0.72 65,10 .28 102.01 1.03 169,00 0,89
30.858 97.39 4$8.93 8.76 103.07 0.49 169.99 0.43
31L.995 5.08 469 .00 1.38 105.11 .78 171.01
31.98 1.45 69,39 Q.55 104,01 1.46 172,04
33.06 1.21 AP 97 0.57 107.00 1.33 176,09
38.03 .21 70.98 1,32 107.29 0,80 176.04
38.95 .68 71.03 1415 108.924 2,01 177,04
39.79 5.40 72,03 0.66 113,00  7.09 t81.01 g
39.89 Q.63 73.0% Q.72 114.04 0,46 183.05
40,949 11.34 73,08 1.18 118.96 1,35 187.00
41.99 1.29 74,02 0,60 1192.74 0,23 194,04
42,03 4,79 74.11 D63 120.99 2.67 195,06
43,06 27,38 73.01 5420 122,02 1.26 201.03
43,10 14.76 785,01 0.43 124,01 0,57 202,05
44,07 3.73 7499 3.42 125,02 1.58 203,04
44,10 8.24 7797 0.37 126,03 1.18 204,05
44,14 0,66 80.88 0,95 127,02  0.99 207.04
45,13 100,00 81.9% 1.03 130.95 2,07 217,07
46,13 2,44 81.99 0.26 132,00 1,32 221,08
47, 0¢ 3.13 32.04 037 133,03 1.89 222,06
13.96 1.46 93,02 0.83 137.01 1.06 223,06 1.00
50,94 V.98 83,08 0,60 138,99 1,49 224,08  0.83
.03 0,32 45,13 0,60 139,97 1.2 231,05 1.23
2.09 0.83 37,00 055 143,00 .21 243,07 192
55,15 1.81 B8 1,06 144,02 2,12 251,09 0,92
56,09 0,75 23,95 1,64 145,03 1.35 252,10 0.83
56,15  1.09 ge.vt 1,49 147,03  0.63 297,011 2,58
S7.08 1.9 9097 1,49 149.93 0,49 264,08 0,49



iz

PT8BSER 15
CAL:CALT1

P.T.TELFORD
STA:

CI

1.BU

No 21 CI 7 &%

ep1

ee

es

214

MALYS

&0, 838
G 03
G709
Y2 IR
2O
7201
7300
Ay.07
701
L G
8 U 13 ‘) 7
q3.04
Q5.08
87.02
BE 94
P0.98
LRI 264
P00
LOO ., 9%
1OX.02
107 .96
108.93
Li2.91
114,99
120,89
121.93
130,864
132.97
138,92
139.8¢9
144 .98

arv.

[RESN

\‘( ’U

‘1 e ‘.! ‘..'

I

drd 4.1
bbb A

154

258

MASE

S 145,08

150,91
15893
L5891
1ao.84
1462 .94
3.94
164 .92
1 t‘} .89
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182.98
183,924
184.%4
1R3g8.92
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200 .88
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203 .93
204,96
MELP0
218,89
220,90

153 ;-.’ l’:f by 1
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AHT
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—

1. 05
2490
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1.28
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3.10
[ . J ({)
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186
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b3
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108
1 & ;‘5 ()
8,92
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bH93
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1 e B3

2,70
2405
1.164
J+30

S0

”QA.Wﬁ
25090

28 1 ]

"JI PR (}’.-.?

2EHEH.P3
DERT 93X
DEE, 92
264 .9%
.\:.\A) \,.\ ” ()’6
D20..88
271,94
DI LG
)/ 4. 9%

g2, ‘?4

2 ti 320
284 .9 7
285,98
28696
298,90
300.89
302.93
308.90
310,90
31295
314,94
328.91
AL 91
4453, 60
476 .u‘)
496 53

4677 A2

b A
AAAMAS AARAAAL ANl RALA ALl

1.920
162
1.45
1.28
6270
4,69
3.38
1.90
2.02
19.09%
1.8%
Y2
JeA7
1.73
1.08
42,70
4,46
1.02
Le79
G20
LV ) 38
3.04
2 * YJ {)
3. (")4
\! L "S
449
2,89
133 A7

L A9
1o.vﬂ
2073

e
TyrrheTeYY

G12.44 2.02
314,45 24.52
H51%.43 A9
540,34 3e9%
542,38 2e67
D68, 20 111
a84.04 1.51
588.04 3.494
7H53.53 11,000
T 2.67
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frnat o . M T HAans PATRIN Mass ZHT . NARG FATRI M IR
Rl [T RAGT bBaal [Ty e, i
27 Y01 &9 B8R U, 31 137,04 3,43 145,95 0.42 201,92 1.27 N8I, 60 1. 40
i L TG, 4 AL 110,97 1.95 166.94 0,53 220,92 2.04 T04,95% 10,20
L7 4,100 ER R 1.14 119,88 0.70 148,90 4.683 223,93 13.1% 285 .96 1.00
29,00 14,3 IEL 00 4,48 100,95 4,69 169,91 1.00 224.94 3.04 oRG. S 1.03%
29,00 LWL 73,00 450100 171,98 201 10 .92 19.17 226,96 0.78 28Y.91 0.3
BRI 0,64 74.08 2.0 102,99 0.42 171.9% 1.54 298,954 0.9 264,94 0,42
29 BE Y 75.03 JARY-1Y) 128,96 0.73 172.93 0,45 230,90 1.09 294,94 6.7¢
30,90 w1 764,03 0. 78 174.99 1.09 174.9% 2.51 232,93 0.61 290,52 By
12,00 Gy ab 7702 ",y 125,90 Q.92 175.9¢ 0.73 234,92 0.9 300, 8] KPP
30,03 €L 00 ras s 0,73 126.99 3.71 176.9% 2.68 234.90 2.57 3ul.en O, e
33,10 2.1 7B GG 0.61 129.0M 0.73 100,80 1,90 237.90  0.47  {03.93 0.47
TR, 64 9,44 @0 Y2 0, 3 140,90 4,66 182,94 2,54 238.BY .3y 310,90 .75
39,79 0,71 (25 I 4% 0.7 131.98 1.76 183,96 2.7 239,91 0.45 312,73 0.97
40,93 3,54 12,01 0,948 133,00 2.34 184.964 1,45 260,91 1.37 JLa.92 .73
41,98 1.40 65,06 0,87 135,01 0,53 18%5.94 0.5y 24291 10,92 323,70 2,48
42,02 0.61 67.G5 1,06 136.98 1,20 184.96 0.64 : : G $40.35 Q.78
43,0% 44,14 87.97 0,64 147.98 0,53 187.94 ¢.81 [T 542,94 0,39
43,08 1.5y 88,95 2,43 138,96 4,72 188,93 11.53 [ SS5d.437 0.4
44,09 11.50 8y.89 1.87 179,93 2.40 185.91 0.78 0, 143,73 D.564
4%5.11 100,00 GO.PE 3,91 140,95 0.75 190,93 0.47 SN 153,73 4.6%
46,10 2.82 52,00 0.28 141.96 0.59 160,60 1t Goree &3, 31 0.0
47,06 10,49 93.00 1.208 0.78 1974.99 A AT o 153,31 .83
48,92 8,40 94,02 0.59 1.12 196,62 0,09 DHha e L 124,727 Q.45
50.89 18.98 95,03 12,17 144,98 4,30 196,90 O, Dt 9 AL 195,074 0.97
©1.04 0.70 96.03 0,47 140,96 0.53 DOULYT 1L gy DLELST s 125, 5 1,47
55,05 0.47 @7.02 0.5%3 149,91 0,59 201,94 1.94 DG RUEER 317721 .42
55,09 1.96 ?9 .9 1.03 150,93 Y.44 207,000 AAB 0 DPLHL 90 0,84 n13.72 0,42
S4,09 0.53 100.98 KWy 151,97 1,20 203,08 14,49 e, 9y 0.4 Gr0.v0 d.53
57.03  3.%4 102,01 1.47 150,99 1.7 204,94 2,04 2,92 0,.4r WD ES
5£7.07 0,64 103,07 170 153,98 0,33 205, 9% 0,487 D6, 07 0.9 1AL /0 0,47
56,00 2, 6Y 106,00 [OR:} 154,98 1,40 206.94 2,09 DaHG P [
SR.9Y 45,47 107,01 BT (] 155.97 0.81 200.9% Q.46 DHEHLGO 1.04
59,87 r, 0@ 1o 00 1,220 156,96 4.07 210.92 0.4 220000 RiL0y
60,91 DL AU 104 .57 7,17 157.9% 0.4/ 212.95 1.3 D71.91 3,00
61097 Q.5 1oy, 90 0.43 154,94 3,52 214.9% 0,75 D7l 5.0
A3.,00 S B 110,93 1.06 160,90 0. 36 216.91 2,20  273.91 0,73
£, 01 0.4 112,97 15,07 162,94 3.94 217.91 0.47 274,90 (.01
6l 00 14,04 113,99 0.64 163.97 4,55 218,90 0,81 276,90 O.2a
f L S 0,0 115,01 0.y 164,40 Q.64 219.89 0.47 200,87 0,5
LAY B934 1Tis, 90 0,64 164.94 0.36& 220,92 14.09 DAp, % 1.14
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2.7
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163.99
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162.97
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190.96
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263.00
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220.96
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S5.04
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13.48

OO 69
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MALS ZHT . MALS AHT . MASS “HT .
RASE BASE RASE
3L.95 92,50 69 . 86 0.66 119.00 1.46
33,05 0.75 69 .97 2,09 119.87 0.29
34,10 4,04 71.04 3.18 119.94 0.89
37.09 0,43 74.04 0.95 123.98 2.15
38.96 2.21 74,11 G,.77 127.94 0,49
39.80 48,82 77.01 1.00 130.90 43,30
39.86 1.15% 78.95 0.60 131.96 2.41
40,94 4H.42 80.86 1.81 133.10 0.80
42.04 2.26 80.98 1.83 134,09 0.66
43,07 1,72 81.95 0.493 142,97 5.05
43,11 2,20 82.01 0.97 145.08 0.34
44,08 Ge36 83.08 1.49 146.94 0.63
44 .12 Qb0 84 .12 0.7?7 149.89 O.4646
45,14 A e 8%.11 2,04 154,99 0,54
47,07 1.86 9097 1.69 158,93 0.72
49 .87 1.58 PR.97 12,13 161.9%5 5,30
50,95 1.66 94,03 2.81 163,00 0.80
53,190 0.83% PEHL.O9 0.86 168,95 3.99
54,13 0,86 6,09 0,54 180.94 100,00
55.11 0,66 96 .98 1,61 181.95 6,19
G95.16 4,586 P7.09 1.12 192.96 7.91
bB6.16 1.83 28,05 Q.84 193.98 0.52
57010 0.60 PP.89 98,37 208.93 4,59
57414 6,05 100,95 3.18 211.96 2,12
58,07 1.49 104,10 0.57 230.95 21,30
59,02 2.09 105.11 1.09 242,97 1.63
60,98 1.83 108,92 3.41 280.94 45,73
5. 12 1.00 111.05 0,43 281.95 J.67
G609 1.66 111.96 3,38 408.91 0.8s8
h7.07 1.46 112.10 0.75 458,92 0,34
48.92 83,49 112.94 0.89 508.85 1.52
69 .00 4,27 118.91 5 .56



ge1

P1022X S

CAL: CARLNB
i

STR:
1

P.T.TELFORD NH3 NEG.

@9-MAY-8S

2

297
|

583

Nosl Neg =

MALS

180.98
182,00
L8X. 02

193,07
208,99

212.01
212.98
218.94
230,95
242,99
258.92
261.94
280.93
292,92
296.96
2QRT7 PG
311.94
312.94
334.9%
J35.99
342.91
Jug. 88
423 .91
461 .86
462,92

e

200

AHT .
RASGLE

L0000 -
13.62
0. 34
0,49 -
3,05
A.77
0.31
0.31
D74
O.HY
Q.94
0,71
O.b6
O0.31
38,11
2.83
4.40
0. X7
22061
1:60
0246
O3
0.60
.17
Q.37



P1012X S
CAL: CAL26

P.T7.TELFORD

STR#

300

Nos2 EI

B@9-MAY-8S
8:58

eel

83

1%
83

ey

(.14

@-J LJLL..L.!L*.‘.: ,l.

83

v
rdrrstridirier

MASS

26,28
27.21
28.09
28.11
28.9%5
28.98
30.84
31 .95
I8.02
38.95
39.79
3P.8%5
40.93
42.02
43,06
4%,.09
44,06
44,10
45. 1%
49 .86
50,92
55,08
5%5.14
Hé. 14
S7.12
59.01
61.99
65,10
68.94
69 .01
&9, 88

AHT
RAGE

0.43
2.98
43,30
0.77
0.94
X O
25,31
724
0.48
2,00
3.01
0.43%
.14
1.9%
1.22
5,99
1.11
0.40
2,30
5. 68
0.77
1.0%
1.82
1.31
2.84
0.82
1.19
0.7
Pé .34
1.56
1.8%

108

MAGY

69.98
71.04
73.08
74,03
820.90
g81.01
83.10
85.12
86,02
Y302
94,06
G713
PP .94
100.98
105.06
105 .13
111.97
117.00
L18.9%
119.0%
119.92
124.01
130.94
131.97
142.98
149,90
155 .01
161,99
180.97
181.99
192.99

ZAHT .
RAGE

0.57
0.77
C.&0
3,78
2.64
0.48
0.65
0.490
Q.87
24,06
0.99
Q.37
32,95
1.0%
1.39
() N (}) (})
4,09
0.74
50 .88
Q.68
1.16
.64
100.00
3.72
B 68
.51
1.5
4,26
S1.14
1L.96
500

MASS

211.97
230,93
231.97
242 .99
244.00
261.95
280,93
330.92

AHT .
BRASE

1,34
37,93
1.70
0.31
0.51
5,80

2.0%

3528
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P1812X 2

CAL : CALNS

STR:

P. TELFORD NH3 NEG.

1

201

¥9-MAY-8S

el

Nod2 Neg *=

3456

180,88
211,86
230,84
231 .84
232,86
261.81
280 .79
311.76
330,74
331,77
349,73
35075

AHT .
RASE

2,03
0.35

100.00

22.71
067
055
1ebG
1.36

3620

2.98
45,49
3.249

L.
Frry ety

TrYpTrTY




P1013X S P.T.TELFORD ¥9-MAY -85
CAL: CAL26 STR: NO 43 EI BiS1
5 3378
@
131
87 118
=
Tx
a7 28
231
o 331
@ 9
,_L.‘um,.., bl ,l-n,.ll l | Phrerere R W —
108 208 300 408
MASS  ZHT. MASS  ZHT. MASS  UHT.
HASE BASE RAGE
2721 3.35 70.94 027 181. 99 2.07
28.09 345,97 71.04 0.98 192.9 10.43
28.11 0.74 74.04 1.7 195;99 0.83
28,99 Q.86 80.90 1.4% 204,99 O0.H42
28.98 311 82.02 0.a1 211.97 2.90
30.85 785 83.10 Q.95 2X0.97  30.33
31.9%9 &84 ?1.01 116 231 .99 1:.66
38.02 059 PI3.02 15,46 242,99 19.40
38.95 2446 P4.09 1.04 244,00 L.18
3P.79 2.49 P7.0X 2.2 258.95 2. 3X4
X9.85 0.68 PP .94 17.727 280 .95 3.86
40,93 4.89 100.98 Q.59 281.96 077
42,03 2419 1O 0% 0.6% 292 .94 136
43.06 1.04 10G.13 1.18 IZ0.95 19, ‘)1
43,09 279 108, 9% 1.42 3X) .97 1.7%
44.06 1.469 111.97 2,81
45,13 1.+69 113.01 0.50
47 .0% 1.90 118.9246 54.87
49 .86 2,13 119,92 1.48
G50.93 0.98 124,01 1.9%
F53.08 0.44 130,924 61.46
55.14 2.34 131,97 1.98
56.149 1.21 142.98 8.92
57.12 3.0 143.99 0.44
59.01 0.74 149 .90 1.01
42,00 0.%53 15%,01 1.93
47,08 0.41 158,97 1+.69
68.94 100.00 161.99 7.70
6P .01 1.39 168,97 1+69
469 . 88 2.8 174,03 0.41
&9 . 98 1.07 180.97 43,57

()
C
[\
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P1813X 39 P.T.TELFORD NH3 NEG. B9-MAY-8S

CARL : CALNS STRA:

231

881

13

av

8c

2?2

Noi3 Neg

3368

MASS

180.94
193,02
211,99
230,945
2F1 .52
231,99
232,99
2EH.00
258,95
2G9, 92
261 .94
2462.96
273,98
274 .96
280,95
281.94
292,95
308,92
S11.94
312.21
I23.94
330 .93
331.93%
X432 ,.9%5
344 .92
347,95
361,92
342,90
384 .92
392,87
400,91

HHT .
RASE

e 60
1.82
1445
Y548 -
0.43
28G5
1 e G2
054
beOb
0.37
86.16
6832
7.84
0.57
4 (3 (I)(()
0.37
210
1.68
b3
063
0.99
.97
0,60
Q.48

0.40
() 13 \‘)(3

MASH

409 .88
48% .86
486 .87
304.93
52392
G361,92
G462.89
&658.846

AHT .
BAGLE

0.54
.61
0.54
1.45
1.53
3.18
0.57
0.40
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PT472X 6 P.T.TELFORD EI 22-NOv-85

CAL:CALT31 . STR: /. NO AA EI 1@ .

1668

eel

MASS wHT . MASS AHT .
BASE RAGE

D724 337 99,88 12.95
28,11 7970 10%,12 0.20
28.97 120 111.99 1e63
29.00 2.39 117.02 0.460
30.86 &0 33 118,97 40.48 .
AL.97  1X.92 119.93 1.57 ¢ o
36.97 D09 124.04 1.63
39,80 b2V 130.928 38.19
40 . 9% 6.02 132.03 1.14
42,04 3.43 143.04 3,59
43,11 12.29 155.08 1.45
44 .09 3,73 162,05 12
44,16 0.66 169.02 325
48 .95 0.72 181.04 18.49
49 .44 1.33 182.07 0.72
SG.14 1«75 193.09 2,59
She17 0.90 212.09 0.6
57,15 247 D310 10.42
69,00 100,00 232.10 0,60
49 .08 1.27 243.11 3.01
6F .95 1.33 26210 1.14
70.03 0.78 281.07 3,19
71.10 0.96 293.12 0.%90
74.11 1.14 X31.19 1.33
77410 0.6 381 .21 L.02
80.97 0.84

82.07 0.bb6

84.16 1.02

8%.14 0.20

92.98 8.92

94,99 0.78



PT472X 3

CAL:CALN1E

STRA:

P.T.TELFORD NH3 NEG.

No 44

™)
O
U1

22-NOV-8S

Neg

@135

gel

1%

2?1

~/ 3238

MAGS

138,21
26237
201,37
28241
283.42
312.45
BAD N2
381.51
382,54
400 .54
401 .59

aHT .
RASGE

1,39
1.73
100,00
D773
0,77
0,71

034

23,93

2407
48, 5%

3.83




306

PT482X S P.T.TELFORD EI 148/2 — 22-NOV-8S
CAL:CALT3! STA: N O 46 t I 8152
- 118
2 3047
g" .
69
2
=
2
N
e R S | l ' L la . IJe ................. LJ. ..........
© TTTYrYtrey P virt-rvrr Trrivtreet rerrrrver ,1.0.8 v} T T lzaa B ] T
MASS YHT .
RASE
27 .23 2410 117.98 0.50
28.11 80 .52 118.97 100.00
28,13 Q0.+65 119,94 2.02
28.97 0.80 130.97 8.08
29.00 0.61 134,99 4,35
31.97 14,30 1446.98 8.73
35.10 0,42 148.93 3.47
38.9% .45 149.93 1.49
39.80 2.2 162.96 1.26
40,94 2e67 164.96 0.350
43,10 454 196,95 0.+530
44,07 0.88 218.921 7062
45,13 .50 234.89 1.41
47 .06 2.02
49 .86 3.85
55.14 Q.30
37413 0.353
62,00 057
b6.04 0.80
68'9() 79091
&9, 22 0.69
80.94 0,99
8%.01 26,31
84.98 8.73
?23.00 1+37
7,00 7+36
99.90 P49
108.97 0.42
116.01 1.11
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P1482X E P.T.TELFORD 148/2 NEG. NH3 N N 28—MH§-BS
CAL: CARLN22 STR: O 46 6?(‘] 13

134
2064

288

\ARAAASALS RAMALANLS S RAARAAAALS SARARA LS A RAAAAARARS

rrprrrrreYY” rrprerer
182 208 380

MASS ZHT .

35.12 26.84
37.03 .38
134.41 100.00 -
135.41 2.37

249,72 247
as51.71 0.78
279.57  11.82

280.37 0.78
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PT111XS P.T.TELFORD 111/3 93-JUL-8S
CAL:CALT1 STA: N o 5 O EI 258
171 '

® 16186

(-]

2

'S

2 |

2

181
167
2 191
R, i 2 .

o 108 " 2e¢ . 3ea 488

MASS ZHT . MASSH ZHT . MAGS ZHT .,
BRASE RASE RASE

DY LY 4.39 6?91 1.67 142,94 3.2a
28.17 7CED 70.97 .61 143.97 0.74
28.19 0,99 74,04 1.67 145,00 3.16
20,00 E 59 25.06 8.60 130.94 33.54
29.05 1.30 786,06 0,62 191,97 2.29
30.93 2.35 77,09 2.66 152,98 4,52
32.03 8.73 80.96 0.87 158.94 1.42
38.07 0.74 83,08 1.42 166,97 0.87
38,99 3.84 88,98 1.92 167 .96 i.18
39.82 7.:36 ?3.01 7.49 168.94 2.04
40.97 3.09 ?4.04 1.05 169.90 1.05
42,02 0.87 5.0 4.83 170.99 100.00
42.06 1.18 8,97 0.80 171.98 4.13
43.09 23.4%5 100.98 16.89 172.97 26.73
43,13 619 102,02 6.13 173.99 1.79
44,09 1.30 103.0% 0.93 186.98 1.7¢
44 .13 0,93 106.02 2.91 187 .98 1.49
45,15 23.02 107.02 26.24 192.94 0.80
49 .88 1.095 108.00 1.24 322,78 2.17
50.94 4.27 112,99 0.93 342,85 1.18
B2.03 .80 118.93 1,79
5,14 1L.&7 1192 .90 1.05
Nh .08 1.18 120.96 12,69
57.07 4,33 122.00 0.99
57.12 2l 123,99 1.30
58.0%5 0.87 12%.00 3.40
58.99 1.67 1X0.93 3.53
63,06 0.87 133.01 1.67
6$5.09 0.48 136,97 0.87
48,95 3.71 137.94 0.87

69.02 1.0%5 138.9%5 1.30



93-JUL-85

PT111X S P.T.TELFORD 111/1 -VE EI 1.BU O v
CAL: CALNT STA: Pq ES Pd C]f .
1 O e J
® 2684
[+
o
[ ~]
84 193
pot
-
[~}
o
o
187
@ e ,ll,l L,. Artrrprrfedh et prerreerye by rrrtrbrorrrrrchor Tty . m—
180 208 300 408
MASYS WHT . MAKS ZHT .

39,02
12%.03
126.94
132.04
143,03
148.03
149.01
151,02
166,05
167.03
168.02
169 .01
169 .97
170.98
174,03
186.04
187.04
188.01
189.01

1924.02
207,03
208,02
211.99
258.03
274,03
277.04
278.02
278.99
283.02
294.0%

BAGE

1.57
D.42
2.61
1.19
3.07
5,49
Q.61
0.38
0.38
100.00
P90
0.84
X946
0.4
0.94
2.0
13.44
1.94

5 -;7 1 4 A
3,30

8.14
0.65
0.73
0.865
0.54
046
2.38
0.38
0.44
0,42

295.04
298.02
299.04
302.99
315,03
318.03
320,00
323.03
338.04

355.05

RASE

0.77
2.11
0.42
0.46
0.42
1.61
0.54
0.42
0.42
0.69




1%

PT111X 4 P.T.TELFORD 111/1 CI I1.BU B¥3-JuL-85
CAL:CALT1 STR: 2142
Nob0O CI
8 | 36SS
|
1
i
|
|
27 '
|
I
{
|
|
|
9.3‘ |
|
: 63
|
|
)
1
g' |
|
1 B
t
| 151
1]
: 171
g‘ |
1
4 14€ !
i
i
-
P et s £ 1 E— U — N B N E— S e S—
100 208
MASS HHT .
HASE
65,03 0.47
67,01 167
68,94 271
49 .89 057
70.97 1349
75,00 0025
8.9 0.98
80.94 079
83, 0% O3
85,08 077
100.89 0.91
147.94 057
150,82 1440
147.90 0.44

168.835
170.86

0.68
1.12
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CAL:CRLN18 ‘sm: NQ52 Neg P49
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RESEARCH COLLOQUIA, SEMINARS AND LECTURES

Lectures and Seminars organised by the Department

of Chemistry during the period 1982-1935

‘,_A
(@)

0
to

10.82

10.22

10.82

11.%2

11.82

.11.82

.12.82

Ny T, T Fe

L, Sie e

~ Ty
Approaches to the S

ct

{
\

O
k/ QJ

-\
Ly
thosis of Conjugated Polvmers-

Prof. H. Suhr (Tubingen, FRG)
"Preparative Chemistry in Nonequilibrium Plasmas"

Dr. C.E. Housecroft (Oxford High School/Notre Dame)

"Bonding capabilities of butterfly-shaped Fe, units.
Implications for C-H bond activation in hydrocarbon

complexes”

Prof, M,F. Lappert, FRS (Sussex)

"Approaches to Asymmetric Synthesis and Catalysis
using electron-rich olefins and some of their metal
complexes”’

Dr G. Bertrand (Toulouse, France)
"Curtius Rearrangement in Organometallic Series:
2 route for new hybridised svecies”

Prof. F.R. Hartley (R.M,C.S., Shrivenham)
"Supported Metal-Complex Hvdroformulation Catalysts”®

Prof. C.G. Roherts (Applied Physics, Durham)
“Langmuir-3locdgett films: Solid state polymer-
isation of diacetylenes®

Dr. G. Wooley (Trent)
"Bonds in transition metal-cluster compounds’

Dr. D.C. Sherrington (Strathclyde)
"Polymer-supported phase transfer catalysts”

Dr, P. Moore (Warwick)
“Mechanistic studies in solution by stovped flow
F.T.-NMR and high pressure NMR line broadening’

Dr. R. Lynden-RBell (Cambridge)
"“Molecular motion in the cubic phase of NaCN*™

Dr. D. Bloor (Queen Mary College, London)
"The solicd-state chemlstry of dlacetylene
monomers and polymers®

Prof. D.C. Bracdlev, FRS (Queen Mary College, London)
"Recent Developments in Organo-Imido-Transition
Metal Chemistry"

Dr, D.M,J, Lilley (Dundee)
“DMNA, Sequence, Symmetry, Structure and Supercoiling”



313

X 11. 3.83 Prof. H.G. Viehe (Louvain, Belbium)
"Oxidations on Sulphur’ and
“Fluorine substitutions in radicals”
(The W.K.R. Musgrave Lecture)

¥ 16. 3.83 Dr. T, Gosney (Edinburgh)
"New extrusion reactions: Organic synthesis
in a hot-tube"

25. 3.83 Prof. F.G. Baglin (Nevada, USA)
"Interaction induced Raman Spectroscopy in
Supracritical ethane®

* 21. 4.83 Prof. J. Passmore (Mew Brunswick, Canada)
"Novel selenium—-iodine cations”

4. 5.83 Prof. P.H, Plesch (Keele)
“Binary ionisation equilibria between two ions
and two molecules. What Ostwald never thought of”

#10. 5.83 Prof, W. Burger (Munich, FRG)
"Mew reaction pathways from trifluoromethyl-
substituted heterodienes to partially fluorinated
heterocyclic compounds®

11, 5.83 Dr. M. Isaacs (Reading)
"The application of high pressures to the theory
and practice of organic chemistry’

13. 5.83 Dr. R. de Koch (Michigan/Amsterdam)
"Electronic structural calculations in organo-
metallic cobalt cluster molecules, Implications
for metal surfaces"

13. 5.83 Dr. T.B. Marder {(UCLA/Bristol)
“The Chemistry of Metal-carbon and metal-metezl
multiple bonds®

% 16. 5,83 Prof. R,J. Lagow (Texas, USA)
“The chemistry of polylithium organic compounds,
An unusual class of matter?

18, 5.83 Dr. D,M, Adams (Leicester)
“Spectroscopy at very high pressures,

25, 5.83 Dr; J M. Vernon (York)
“"New heterocyclic chemistry involving lead
tetraacetate®

15. 6.83 Dr, A. Pietrzykowski (Warsaw/Strathclyde)
"Synthesis, structure and properties of Aluminoxanes"

22. 6.83 Dr, D.W.H, Rankin (Edinburgh]}
"Tloppy molecules = the influence of phase on
structure®"

5. 7.63 Prof. J, Miller (Camfinas, Brazil)
"Reactivity in nucleophilic substitution reactions®



5.

19

26.

30.

14.

10,

18,

21.

10.83
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O
o
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.10.83

10.83

11.83

12.83

1.84

1.84

2.84

2.84

3.84

3.84

3.84

3.84

314

Prof. J.P. Maier (Basel, Switzerlanaq)
"Recent approaches to spectroscopic character-
ization of cations”

Dr. C.W. McLeland {(Port Elizabeth, Australia)
Cyclization of aryl alcchels through the inter-
mediacy of alkoxy radicals and aryl radical cations”

Dr. N.W. Alcock (Warwick)
"Aryl tellurium (TV) comvounds,; patterns of
primary and secondary bonding®

Dr., R.H. Friend (Cavendish, Cambridge)
"Electronic properties of conjugated volymers

Prof. I.M.G. Cowie (Stirling)
"Molecular interpretation of non-relaxation
processes in polymer glasses”

Dr. G.M, Brooke (Durham)

“The fate of the ortho-fluorine in 3,3-sigmatrovic
reactions involving polyfluoro-aryl and -hetero-
aryl systems”

Prof. R.J. Donovan (Edinburgh)
"Chemical anéd physical orocesses involving the
ion-pair states of the halogen molecules”

Prof. R. Hester (York)
"Nanosecond Laser Spectroscopy of Reaction
Intermediates"

Prof. R.K. Harris (UEA)
"Multi-nuclear solid state magnetic resonance”

Dr, B.T. Heaton (Kent)
"Multi-nuclear NMR studies”®

Dr. R.M. Paton (Edinburgh) :
“heterocyclic Svntheses using Nitrile Sulphides”

Dr. R,T. Walker (Birmingham)

"Synthesis and Biological Proverties of some 5-
substituted Uracic Derivatives: yet another example
of serendipity in Anti-viral Chemotherapy"”

Dr. P. Sherwood (Newcastle)
“X-ray photoelectron swectroscopic studies of
electrode and other surfaces?

Dr, G. Beamson (Durham/Xratos)
"EXAFS: General Principles and Applications™

Dr, A, Ceulemans (Leuven)
“The Development of Field-Type models of the
Bonding in Molecular Clusters®

Prof. X. O'Driscoll (Waterloo)
“Chain Ending reactions in Free Radical Polvmerisation”
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3. 4.64 Prof. C.H. Rochester (Dundee)
"Infrared Studies of Adsorption at the Solid-
Liguid Interface"
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27. 4.84 Dr. T, Albright (Houston, U.S.A.)
“Sigmatropic Rearrangements in Organometallic
Chemistry"

¥ 14. 5.84 Prof., W.R. Dolbier (Florida, USA)
“Cycloaddition Reactions of Fluorinated Allenes”

16. 5.84 Dr. P.J. Garratt (UCL)
"Synthesis with Dilithiatecd Vicinal Diesters and
Carboximicdes™

22. 5.84 Prof. F.C. de Schryver (Leuven)
'"The use of Luminescence in the study of
micellar aggregates” and
"Configurational and Conformational control in
excited state compnlex formation”

¥ 23, 5.84 Prof, M. Tada (Waseda, Japan)
“Photochemistry of Dicyanopyrazine Derivatives'

* 31. 5.34 Dr. A. Haaland (0slo)
“Electron Diffraction Studies of some organo-
metallic compounds®

* 11. 5.84 Dr. J.B. Street (IBM, California)
Conducting Polymers derived from Pyrroles”

¥ 19. 9.84 Dr. C. Brown, (IBM, California)
"New Superbase reactions with organic compounds"

21. 9,84 Dr. H,W, Gibson (Signal UOP, Illinois)
"Isomerization of Polyacetylene”

% 19.10.%4 Dr. A, Germain (Languedoc, Montpellier)
“Anodic Oxidation of Perfluoro Organic Compounds
in Perfluoroalkane Sulvhonic Acicés®

24,10.84 Prof, R.K. Harris (Durham)
"M ,M,R, of Solid Polymers®

28.,10.84 Dr. R. Snaith (Strathclyde)
"Exploring Lithium Chemistry: Novel Structures,
3onding and Reagents®

7.,11.84 Prof, W,W. Porterfield (Hamopden-Sydney College, USA)
"There is no Borane Chemistry (only Geometry)"

7.11.84 Dr, H,S. Munro (Durham)
"New Information from ESCA Datal

21,11,84 Mr, N, Everall (Durham)
“Dicosecond Pulsecd Laser Raman Spectroscopy”



¥ 27.11.84

28.11.84

12.12.84

* 11.

13,

% 19.

* 27.

20.

28.

24,

S 25,

|—

.85

2.85

2.85

2.85

3.85

3.85

4.85

4,85

5.85
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Dr. W.J. Feast (Durham)
"A Plain Man's Guide to Polymeric Organic Metals™

Dr. T.A. Stephenson (Edinburgh)

"Some recent studies in Platinum Metal Chemistry”
Dr, X.8. Dillon (Durham)

"3lp N,M.R., Studies of some Anionic Phosphorus
Complexesg®

Emeritus Prof. H. Suschitzky (Salford)
"Fruitful Fissons of Benzofuroxanes and Isobenzimid-
azoles (umpolung of o-phenylenediamine)”

Dr. G.W.J. Flett (Oxford)
"Synthesis of some 2lkaloids from Carbohydrates"”

Dr, D.J. Mincher (Durham)

"Stereoselective Synthesis of some novel Anthra-
cyclinones related to the anti-cancer drug Adriamycin
and to the Steffimycin Antibiotics”

Dr, R.E. Mulvey (Durham)
“Some unusual Lithium Complexes"

Dr. P.J. Xocienski (Leeds)
"Some Synthetic Applications of Silicon-Mediated
Annulation Reactions"

Dr. P.J. Rodgers (I,C.I, plc. Agricultural Division,
Billingham)
"Industrial Polymers from Bacteria®

Prof, K.J, Packer (B.P, Ltd./East Anglia)
“N,M,R, Investigations of the Structure of Solid
Polymers™

Prof. A,R., Katritzky F,R,S.(Florida]
"Some Adventures in Heterocyclic Chemistry”

Dr, M, Poliakoff (Mottingham)
"New Methods for detecting Organometallic Inter-
mediates in Solution"

Prof, H., Ringsdorf (Mainz)
"Polymeric Liposomes as Models for Biomembranes
and Cells?®

Dr. M,C. Grossel (Bedford College, Londcdon)

“"Hydroxvpyricdone dyes =-Bleachable one-dimensional

Metals?"

Major S.A, Shackelford (U.S. Air Force)

"In Situ Mechanistic Studies on Condensed Phase
Thermochemical Reaction Processes: Deuterium
Isotope Effects in HMX Decomposition, Explosives
and Combustion®

Dr, D. Parker (TX.C.I. plc, Petrochemical and
Plastics Division, Wilton)
“Applications of Radioisotopes in Industrial Research”



4= 8,

¥ 9.

14,

3% 15.

17.

21,

M* 22,

13,

14,

19.

¥* 26,

12.

5.85

(€2}

.85

5.85

6.85

6.85

6.85

5.85

7.35

Lo
[
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Prof. G.E. Coates (formerly of University of
Wyoming, U.S.A.)

"Chemical Education in England and America:
Successes and Deficiencies™

Prof. D. Tuck (Windsor, Ontario)
“Lower Oxidation State Chemistry of Indium”

Prof. G, Williams (U.C.W. Aberystwyth)
"Liguid Crystalline Polvmers”

Prof. R.K. Harris (Durham)
"Chemistry in a Spin: Nuclear Magnetic Resonance™

Prof. J. Passmore (New Brunswick, U.S.A.)

'"The Synthesis and Characterisation_of some Novel
Selenium-Iodine Cations, aided by 775e N.M.R.
Svectroscopy”

Dr. J.E. Packer (Auc!zland, New Zealand)
"Studies of Free Radical Reactions in sgueous
solution using Ionising Radiation”

Prof. I.D. Brown (McMaster University, Canada)
"Bond Valence as a Mocel for Inorganic Chemistry”
Dr. D,L.H, Williams (Durham)

"Chemistrv in Colour™”

Dr. M, Hudlicky {(Blacksburg, U.S.A.)
"Preferential Elimination of Hvdrogen Fluoride
from Vicinal Bromofluorocompounds”

Dr, R. Grimmett (Otago, New Zealand)
"Some Aspects of Nucleophilic Substitution in
Imidazoles"

Dr, P.S. Belton (Food Research Institute, Morwich)
“Analytical Photoacoustic Smectroscppy”

Dr, D. Woolins (Imperial College, London)
"Metal - Sulphur - Nitrogen Complexes”

Prof. Z, Rapnoport (Hebrew University, Jerusalem)
"The Rich Mechanistic World of Nucleophilic
Cinylic Substitution”

Dr, T.N, Mitchell (Dortmund)
"Some Synthetic and NMP. - Spectroscopic Studies .
of Organotin Compounds”

Prof, G. Shaw (Bradford)
"Synthetic Studies on Imicazole Nucleosides and
the Antibiotic Coformycin®

Dr, X, Laali (Hydrocarbon Research Institute,
University of Southern California)

“"Recent Developments in Superacidé Chemistry and
Mechanistic Consicerations in Electrophilic
Aromatic Substitutions; a Progress Report*®
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B. Lectures Organised by Durham University Chemical

Society during the periog 1982-1985

#»14.10.82

28.10.82

4.11.82

11.11.82

25.11.82

10, 2,83

17. 2.83

20,10.833

* 3,11.83

10.11.83

» 17.11.83

24.11.83

1,12,83

26, 1.84

Mr_. F. Shenton (County Analyst, Durham)
“There is death in the pot”

Prof. M.P, Lappert, F.R.S5. (Sussex)
"The Chemistry of Some Unusual Subvalent Com-
pounds of the Main Group IV and V Elements”

Dr. D.H. Williams (Cambricge)
"Studies on the Structures and Modes of Action
of Antibiotics®

Dr. J, Cramp (I.C.I. plc)
"Lasers in Industry”
(Joint Lecture with the Society of Chemical Industry)

Dr, D.H. Richards, P.E.R.M,E. (Ministry of Defence)
"Terminally Functional Polymers -~ their Synthesis
and Uses¥

Prof, D.W.A. Sharp (Glasgow)
“Some Redox Reactions in Fluorine Chemistry"

Dr, R. Manning (Dent, Zoology, Durham)
"Molecular Mechanisms of Hormone Action”®

Sir G. Allen, F.R.S. (Unilever Ltd,)
J,K, Research'

Prof, 2.G. MacDiarmid (Pennsylvania)
“"Metallic Covalent Polymers (SM)x and (CH)x and
their Derivatives" (R.S.C. Centenary Lecture)

Prof, A.C.T. Morth (Leeds)
"The Use of a Computer Display System in Studying
Molecular Structures and Interactions®

Prof. R.B. Cundall (Salford)
"Explosives®

Dr. G. Richards (Oxford)
““Quantum Pharmacology"

Prof., J.H. Ridd (U.C,L.)
"Ioso-Attack in Electrophilic Aromatic Substitution”

Dr, J. Harrison (Sterling Organic)
“Applied Chemistry and the Pharmaceutical Industry"
(Joint Lecture with the Society of Chemical Industry)

Prof. D.A, King (Liverpool)
"Chemistry in 2-Dimensions™

Dr, J.D, Coyle (The Open YUniversity)
“The Problem with Sunshine”

Prof, T.L. Blundell (Birkbeck College, London)
"Biological Recognition: Interactions of Macro=
molecular surfaces"



2. 2.°4
12. 6.%4
¥ 23. 2.84
1. 3.94
3. 3.04
28. 3.34
13.10.84
23.10.82
3.11.84
15.11.84
22.11.04
27.11.84
6.12.%4
24, 1.85
31. 1.85
7. 2.85
14. 2.85
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Prof. M.B.H. Jonathan
“Photoelectron Spectroscony -

(Southampton)

A Radical Approach”
Prof. D. Phillips (The Royal Institution)
"Luminescence and Photochemistry - A Light
Entertainment”

Prof. F,G.A, 2
"The Use of Carbene and
Synthesise Metal Cluste
(The Waddington Memoria

Stone F.”.5. (Br

Carbyne Grouns to
re"

1 Lecture)

Prof. A.J. Leacbetter
"Liguid Crystals”™

(Rutherford Arpleton Labs.)

Prof. D. Chapman (Royal Free YHospital School
of Medicine, Loncon
“"Phospholinics and RBiomembranes.
and Future Technicue”

Basic Science

Prof. H. Schmidbaur (Munich, F.R.G.)

“Vlides in Coordination Sphere of iletal:
Synthetic, Structural and Theoretical Zspects™
(R.S.C, Centenary Lecture)

Dr. N. Logan (Nottingham)

“NzOA and Rocket Fuels"

Dr. W.J., Feast
“Syntheses

(Durham)

of Coniugated Polvmers. How and Why?"
Prof. B.J.
#Silicon -

Aylett (Queen Mary Collece. London)
Dead Common or Refined?”

Prof, B.T. Golding (Newcastle-upon-Tyne)
"The Vitamin 812 Mystery"
Prof. D.T. Clark (I.C.I. New Science Group)

"Structure, Bonding, Reactivity and Synthesis
as Pevealed by ESCA™
(R,8,C. Tilden Lecture)

Prof. C,J.M.
North Wales) .
"Molecules taking the Strain”

€tirling (University College of

Prof. R,D, Chambers (Durham)
YThe Unusual World of Fluorine”

Dr. A,X, Covington (Newcastle-upon-Tyvne)
"Chemistry with Chips®

Dr. M.L,H. Green
YNaked 2toms and

(Oxford)
Negligee Ligands™®

Prof. A. Ledwith (Pilkington Bros.)
"Glass as a High Technology Material”
(Joint Lecture with the Society of Chemical Industry)

Dr. J.2,.
'Son et

Salthouse (Manchester)
Turiere”®



21. 2.85 Prof. P.M. Maitlis, F.R.S. (Sheffield)
"What Use is Rhodium?”

7. 3.35 Dr. P.W. Atkins (Oxford)
"Magnetic Reactions'

X Lectures attended

(C) Research Conferences attended

,_..'~..... r\

£ o e - Qe -— -
Gracduate Symposium, Dur

[

17th Sheffield Symposium on "Modern Aspects of Stereochemistry”,

Sheffield, 21 December 1983

Graduate Symposium, Durham, April 1984

International Symposium on "Chemistry of Carbanions",
University of Durham, 16-20 July 1984

Graduate Symposium, Durham, April 1985

(DY First Year Induction Course, Octcber 1982

This course consists of a series of one hour lectures
on the services available in the department.

1. Departmental organisation

2. Safety matters

3. Electrical appliances and infrared spectroscopy
4, Chromatography and Microanalysis

5. Atomic absorptiometry and inorganic analysis

6. Library facilities

7. Mass spectrometry

8. Nuclear magnetic resonance spectroscopy

9. Glassblowing technique.
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10.

11.

12.

13.

14.

15.

16.

17.
18.
19.
20.
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22.
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