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Abstract

Functionalisation of Hydrocarbons using Fluorinated Alkenes

Functionalisation of hydrocarbons is a field of continuing activity and a variety of
approaches to this field, have been _taken. This thesis is concerned with the
functionalisation of the carbon-hydrogen bond,in hydrocarbons, using fluorinated
alkenes via a free radical chain mechanism.

Radical initiator :

"R-H .———— > R-CF,CFHCF
CF,=CFCF,

"Addition of the nucléophilic'alkyl radical to the electrophilic fluorinated alkene,
specifically hexafluoropropene, occurs readily to give incorporation of the
polyfluoroalkyl group into a number of hydrocarbons, including aliphatic, mono-, bi- and
polycyclic systems. |

Further chemistry of these polyfluoroalkylated systems has beeﬁ investigated,
including dehydrofluorination of the polyfluoralkyl group to give a series of novel mono-

di- and poly-enes with polyfluoroalkenyl groups.

- HF
R-CF,CFHCF; ———— R-CF=CFCF;

Perfluorination of the polyfluoroalkylated systems, using high i/alency metal fluorides,
produced a range of new perfluorocarbons of interest and the monocyclic
polyfluoroalkylated systems  were further functionalised, by radical chemistry, to give

isomeric products.
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Chapter One
Introduction of Highly Fluorinated Groups Into Organic Compounds




1.1 Fluorine in Organic Chemistry

There are very few naturally 6ccurring organic compounds containing fluorine.
Therefore organofluorine chemistry is -an almost entirely synthetic field which is
continually expanding. Three géneral approaches have been ﬁsed for the synthesis of
. fluorinated organic co_mpounds, which can be categorised as perfluorination, selective
ﬂuorination and the incorporation of an already fluorinated group.

A variety lof niethods are available for selective and perfluorination which have
been reviewed elsewherel-2. Perfluorinated compounds have found a wide range of uses,
sﬁch as inert fluids and coatings, because of their high chemical and therm;ll stability and
'non-stick' properties. Their ability to absorb oxygen and carbon dioxide created interest

in compounds such as perfluoromethyldecalin (1) as 'blood substitutes'.

Selective fluorination of certain organic compounds can lead to increased
biological activity, as replacing a hydrogen with fluorine has a significant effect of the
electronic properties of the molecule with minimal steric disruption. For example 5-

fluoro-uracil (2) has shown anti-cancer properties.

-
, O |
vy ST
A o |
| @) e

The introduction of a fluorinated.group, such as a trifluoromethyl group, into an
organic compound can also lead to high biological activity, for example the anti-

depressant Prozac™ (3). The fluoroalkyl group can also increase the lipophilicity ofa




molecule, for example the plant protection agent Trifluralin™ (4) has a high activity due
to its high lipophilicity.

N"Pr2
02N ) N02

' CF,
(4)

This thesis is concerned with methodology for the introduction of
polyfluoroalkyl groupé via free radical additions to fluorinated alkenes. T};erefore this
introduction will include é.general discussion of methods available to introduce
- perfluoro- and polyfluoroalkyl groups, some basic principles of free radical chemistry
and a more comprehensive review of free-radical additions to hexafluoropropene (HFP),

which is employed extensively in the original work done here.

1.2 Methods of Introducing' Fluoroalkyl Groups

A wide range of methods, including electrophilic, nucleophilic and free-radical
processes, have been devised to introduce fluoroalkyl groups into organic compounds

and the following sections give brief introductions to these methods.

1.21 Electrophilic,Fluofoallgylating Ageﬁts

A series of perfluoroalkyl and polyfluoroalkyl arylidonium salts have been
. prepared’. These act as sources of electrophilic fluoroalkyl equivalents (Rg*) and react
with nucleophiles, such as carbanions, phenyl derivatives, alkenes and alkynes.
Generally, the best method of preparation of the fluoroalkyl arylidonium salts is
the reaction of an arene, e.g. toluene, with [bis(triﬂuoroécetoxy)iodo]perﬂuoroalkane
(scheme 1.1), Which is usually produced in situ viar oxidation of iodoperfluoroalkanes

with trifluoroperacetic acid®.




Scheme 1.1

. ' CF3SOgH @
) CH3_© + RF'(OZCCFs)ZﬁL CH3‘OIRF + C:F:3SO(39
: - OOC ‘

RF= 03F7

The preferred counterion is the triflate anion, because of its electron withdrawing
trifluoromethyl group which reduces its nucleophilicty and consequently it does not
participate in the reactions of the salt. |

Grignard reagénts (scheme 1.2) and perfluoroalkynyllithium reagents reacted
with the iodonium salts to give the expected prc;ducts, perfluoroalkyllithium reagents

also reacted, but gave lower yields>S. Enolate ions of B-diketones and B-ketoesters

reacted to give alkylation at both the carbon and oxygen®.

Scheme 1.2

° | |
@*%% + PhCH,MgCl — PhCH,CqF 7 + @—I

Aryl systems reacted with the iodonium salts to give electrophilic aromatic

- OH OH
| C.F
Plﬁ%}st © @/ 2fs
> +

' CZFS
1 : 1
- 53%

substitution products’8.

OH

The reaction mechanism (scheme 1.3) is thought to proceed via intermediate (5), rather

than (6), as compound (7) is not produced and, in general, a high proportion of ortho




products are obser_ved, which would also favour the less sterically hindered intermediate
()

Scheme 1.3 Addition of electrophilic fluoroalkyl group to phenyl systems

-Ph H —
R OR.x2 R RS "
oo "/
H
o 4 I—? e
(7)

(6)

In general, addition of iodonium salts to alkenes, with allylic hydrogens, is followed by

rearrangement of the double bond®.

CgFy7
) oo ()

Pr?C7F15 N

C7F1sn X CaHg
71%

/\CSHH

Alkynes are less reactive than alkenes and give a mixture of substitution and addition
products, depending on the solvent!®. Trimethyl silyl enol ethers react to produce

carbonyl compounds in good yield!1-13,

OSiMey .
PhCH CF5CH,I"Ph PhGHCO,Me
| OMe KF CH,CF,

CgF,I*Ph
CH,=CHOH=CHOSiMe, —— > CgF17CH,CH=CHCHO
. y
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Sodium hydride eliminated hydrogen fluoride from some polyfluoroalkyl

aryliodonium salts!? to produce the alkenyl salts (8).

+ - a - AL+
RECF,CH,I"Ph CF380; —oer—pre [RFCF,CH-I*Ph]
Re H
>=< CF5S05
F  +Ph
8

The alkenyl salt reacts at both vinylic carbons, with loss of fluoride ion or iodobenzene,
but this can be controlled to an extent by the hardness of the nucleophile. For example,
_ the soft 7-butylthiophenoxide ion reacts at both sites whereas with the hard phenoxide .

ion only fluorine substitution occurs’.

Re  H | Ars_ Re H R H
—=( CF80; 2. V=¢F , 1=
F Ph F  SAr AS #Ph
_ Re H

PhO _
PhO  +Ph

1.22 Nucleophilic Perfluoroalkylating Agents

Nucleophilic perfluoroalkyl groups can be produced by addition of fluoride ion
to perfluoroalkenes, for example, the reaction between HFP and caesium fluoride in
aprotic solvent.

CF,=CFCF, ———> [(CF3)2@F]

Aprotic
solvent (9)




The resulting carbanion (9) reacts with perfluoroacyl fluorides!#!5, perfluoroalkenes!,

and electrophilic fluoroaromatics!”, ir situ.

CsF, 100°C  (CF3),CFCF=CFCF, 22%
CF2=CFCF3 —

268 hrs- o

(CF,),C=CFCF,CF; 3%
S . F7C,9 CsF, 100°C Q
= + 3 A
& s F MeCN CsF7~ “CF(CF),
60%

1.23 Perfluoroalkylorganometallics

There are many examples of perfluoroorganometallic reagents in the literature
and several excellent reviews!8-2!, and this is just a brief introduction to some of the
most commdnly used perfluoroalkyl organometallic reagents. Examples of reactions
~ between organbmetallic reagents and organofluorine compounds are known, but are

beyond the scope of this review and are reviewed elsewhere?223,

Perfluoroalkyllithium reagen{ts

Initial attempts to produce perfluoroalkyllithium reagents failed because of their
instability and only fluoro-alkenes were produced. It was assumed that the
perﬂuoroalkyllithiurh reagent decompose, with B-elimination of lithium fluoride. The
most general method of producing a perfluoroalkyllithium reagent is by halogen-lithium
exchange at low temperature?*.

CHalLi

CoFl ———— C,FLi
57 Eno, 74 2T




Perfluoroalkyllithium reagents react with a wide variety of electrophiles, including
carbonyl compounds?3-27. Lithium-h'(il(_)gen exchange, in situ is preferred because of the

instability of the perfluoroalky! lithium reagent.

9 - C,Fs OH

CHaLi o

+ CoFgl ———> -100%

Et,0, -78°C

o) CoFs

CHa,li OH
+ Cofgl ————»> 039,
Et,0, -78°C 6

O O CHali O 0

+ CgFyyl ————>
EtOJ\_/lLOEt Et;0, -78°C EtOJ\/U\CSFW

Perfluoroalkyllithium reagents react with chromiun tricarbonyl complexes of

benzaldehydes, attacking at the least sterically hindered face of the molecule to give high

asymmetric induction?82%,

' ' ' CoF5
H
<\ + CQFsl —_— "'"H
:u 0 87% :| kOH
Cr(CO); ' | Cr(CO),
(+) -s (+) -ss 94%

Perfluoroalkyl magnesium reagents

Perfluoroalkyl magnesium reagents are more stable than perfluoroalky! lithium
reagents, but still must be prepared at low temperature with pure magnesium. The
favoured method is insertion of magnesium in to a carbon-halogen bond30-3!,
Trifluoromethyl magnesium halides afe more difficult to produce than the longer chain
perfluoroalkyl .magnesium reagents. The maximum yield of trifluoromethyl magnesium
" jodide (li) was only 45% and it was much less reactive perfluoropropyl magnesium

iodide32 (10).




-20°C
CaF7l + Mg ———» C.F,Mgl  64%

CFsl  + Mg ———3(£> CFMgl 45%
O
AN (1)

An alternative method to perfluoro Grignard reagents was developed by reacting an
unfluorinated Grignard reagent with a perfluoroalkyl iodide at low temperature. These
reagents reacted in situ with acetone to give the corresponding alcohol33:34,

' CsF4l
CeHsMgBr I (CH3)2c';CgF7 65%

0°C, Et,0, 12hr  OH

Perfluoroalkyl Grignard reagents react with a variety of electrophiles, including carbonyl

compounds33.

R,CO

n-CgFy;MgBr —=2 > n-CgF;,CR,0
' R = CF,, 64%
R = CHa, 90%

At low temperature, perfluoroalkyl esters can be produced from dialkyl carbonates,
with perfluoroalkyl ketones only produced as byproducts, because of the stability of

the hemiketal salt intermediate® (12).

o g0 OMgBr H* 0]
CeF17MgBr + | BN CgFﬂ—l—OEt —
Et0” "OEt | OEt -60°C  C4Fy;”, OEt
@)
(12)

CgF177 CgFy7




 Perfluoroalkyl zinc reagents
Solvated perfluoroalkyl zinc reagents are produced by reaction of zinc with
perfluoroalkyl iodides in ethereal solutions®”. . '
0°C

CsF/l + Zn — C3F.2Znl 50-60%
Dioxane

They canb also be prepared by ligand exchange with other perfluoroalkylated metals.
Solvated perﬂubroalkyl zinc are too stable to react with carbonyl compbunds, unless

they are activated by pyridine33.

0 ' 0
o+ (CFy),CFznl —22 I » CF(CF3)
THF-

COH

Perfluoroalkyl halides react with electrophiles in the presence of zinc, presumably via a

perfluoroalkyl zinc halide intermediate®.
0

‘ CHCF3
H 4 CFsBr L ©/ o0,

Perfluoroalkyl copper reagents

Perfluoroalkyl copper reagents were first prepared by addition of copper metal
to perﬂuoroalkyl iodides in a co-ordinating solvent*®, They can also be produced by
decarboxylation of perﬂuorocérboxylates in the presence of copper (I) halide and
metathesis of other perfluoroalkylorganometallic reagents with copper metal or copper

(1) salts.

MSO |
" Rel + 2Cu ——> R Cu+ Cul
' 110-120°C

10




Reactions with organic halides can be carried out using pregenerated perfluoroalkyl

~ copper*! or in situ4?.

. 5
| | CH CN CoF, 49%
CsF,Cu + Ph)krfc ——> Ph 87
. 0] 0]
Cu, Py
CoF/l + PhCH=CHBr ?O—:} PhCH=CHC,F,  82%

Perfluoroalkyl copper reagents react with alkenes, presumably via the perfluoroalkyl

radical generated from deéomposition of the perfluoroalkyl reagent*>.

110°C
+ m'é? C7F150H20H205H11 + C7Fi50H20H=CHC4Hg

CH2=CHCSH11 1 . 2

A lot of interest has been generated by the addition of perfluoroalkyl copper reagents to

_aryl halides and there are many excellent reviews on this in the literature!%-20,

1.24 Fluoroalkylation Via Radicals

The most common source of perfluoroalkyl radicals is homolytic bond cleavage
of the carbon-halogen bond in perfluoroalkyl halides. This can be initiated by
thermolysis, ultraviolet light, gafnma rays, electrolysis or chemical initiators, such as
peroxides. The trifluoromethyl radical has been produced by these methods and its
reactions with aromatics, heteroaromatics, alkenes and alkanes have been reviewed by

Chambers?! and McClinton** .

11




1.25 Functionalisation of the Carbon-Iodine Bond
~ Perfluoroalkyl iodides are also used as telogens in free-radical telomerisations

with perfluoroalkenes*>-46, and polyfluoroalkenes?’, for example trifluoromethyl iodide

and tetrafluoroethylene?s.

CFyl —TWVOrA _ Gr, 4
F,=CF :
CFyl —22=CF2 o oF &F,
n(CF=CF,)

CF,CF,0F, ——— CF4(CF,CF,),CF,CF

. CF.l
CF3(CF,CFp),CF,CF; ———2—» CF4(CF,CFy)n,1CF3

Telomerisations proceed via a free-radical chain mechanism, which is discussed more
fully in the next section. The chain length of such telomers can be controlled by the ratio
of the reactants. Increasing the proportion of perfluoroalkyl iodide reduces the telomer

chain length, whereas increasing the proportion of perfluoroalkene increases the telomer

- chain length.

12




1.3 Functionalisation of the Carbon-Hydrogen Bond
1.31 Free Radical Additions to Fluorinated Alkehes

A further method of introducing a fluoroalkyl group into an organic compound is
insertion of a fluorinated alkene into a carbon-hydrogen bond, via a free-radical chain

mechanism, which is an on going project in this laboratory®.

R F
IC=C\ F F
Free-Radical I. F CF3 L
—7 Thatr. ¢ T —§eH
o F CF,

Free-radicals are uncharged species and therefore are not as easily stabilised by
solvents as ions3?, although solvent effects can be important’!. A free-radical chain
reaction (scheme 1.4) can consist of thousands of steps which can be categorised into

three important stages: initiation, propagation and termination.

Scheme 1.4 Free-Radical Addition Chain Mechanism
Initiation

//'\.
R-H + In® —— R" + H—In

Propagation

Addition
A ||
R+ Nc=¢! — R-(l)—(f‘
o /

Telomerisation

| ' | I
R—c—clrﬂ\}c:c(———g R—(I:-clz—c—clr

Chain transfer

13




Termination

R +R ——

, || |
R"+ R4C-C)* ——
I 1/n
1\, 1\,
R ?- + R1C- —_—
\ m n
In free-radical addition reactions the propagation stage consists of three separate
processes: addition, telomerisation and chain transfer.
Hexafluoropropene (HFP) is a particularly useful fluorinated alkene for free-
radical addition reactions, as is it an industrially available fluorinated alkene that only
forms a homopolymer under extreme conditions>?, because of steric inhibition by its

trifluoromethyl group. Consequently in free-radical additions to HFP, chain transfer

competes successfully with telomerisation and only addition products are observed.

1.32 Reaction Rate and Regiochemistry

The propagation stages dominates the radical chain and are therefore the major
processes in determining the regiochemistry and rate of the reaction. In additions to
HFP, the propagation stage consists of two processes, addition: of the radical to the
double bond and abstraction of a hydrogen by the fluoroalkyl radical.

Many reviews 23-8have been published on the factors affecting radical additions
to double bonds and hydrogen-abstraction reactions and they concluded that both
processes depend on the complex interplay of polar effects, steric effects and radical

stabilisation.

Free-radical addition

Radical addition to a double bond is an exothermic process59, as a t-bond is

broken and a 6-bond is formed, and therefore an early 'reactant-like' transition state (13)

is expected.

14
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Yy, V _.‘\“

G
cmasmeae @

(13)

In an early transition state the stability of the radig:al formed is not of major importance,
and polar and steric effects are the dominat.ing factors affecting the rate and
regiochemistry of addition. Tedder>® concluded from experimental data that polar
effects had a major affect on the overall rate of addition to fluorinated alkenes: This was
demonstrated by comparing the reactivities of methyl and trifluoromethyl radicals
towards ethene'and tetrafluoroethylene (Table 1.1). It was reported that the
electrophilic tn'ﬂuofomethyl radical reacted with etﬁene at a faster rate than the methyl
radical, whereas ‘the methyl radical reacted faster with the electrophilic alkene

tetrafluoroethylene.

Table 1.1 Ratio of radical addition rates to Tetrafluoroethene/ ethene3,

kc,r,/ ke H, (164°C)

CHj 95
CF3' 0.1

Giese>® explained the effect of polarity on rate of addition by Molecular Orbital theory.
In the addition of a methyl. radical to ethene the methyl radical's SOMO is situated
approximately between the HOMQ and LUMO of ethene and interacts about equally
with both res_ultingi in stabilisation of the HOMO. For an electrophilic alkene, such as
tetrafluoroethylene, the electron-withdrawing substituents on the double bond lower the
energy of the alkene LUMO increasing its interaction with the methyl radical's SOMO

which results in stabilisation of the SOMO and HOMO and an increased reaction rate.

15




! — LUMO N
— LUMO
O ' - + CHy=CH, Ot _1“ i
SOMO X \ SOMO "~ . ¢ _1. CF,=CF,
\‘ \‘ ‘_&’ ‘
‘ L Homo
', 4 HOMO

The regiochemistry of addition to unsymmetrical alkenes was more complex. A
study by Tedder3S of mono-fluorine substituted alkenes (CH,=CHF) found that both

nucleophilic and electrophilic radicals favoured addition at the CHj; of the alkene (table

1.2).

Table 1.2 Orientation Ratios (a : B) for addition at 150°C
o p
| CH,=CHF

1:0.09
1:03
1:02
1:0.2

CH;e
CH,F»
CHF,e

CFje

As the size of the attacking radical was increased, from a trifluoromethyl radical to a

perfluoro-tert-butyl radical, the proportion of addition at the less substituted vinylic

carbon also increased (table 1.3).

for addition at 150°C

Table 1.3 Orientation Ratio (o :
o B
CH,=CHF
CF3e 1:0.1
(CF5),CF- 1:0.02
(CF;);Ce 1:0.005

16




These results suggested that steric effects dominated in this system. Giese explained the
preference of an attacking radical for the least substituted end of the alkene by an
unsymmetrical transition state (14) in which steric interactions between the radical and

alkene substituents are minimised.

(14)

‘ NevertheleSs a small polar effect was observed, as increasing the nucleophilicity of the
radical did increasg the ’proportion of addition at the fluorine-substituted vinylic
carbon. Increasing the number of fluorine substituents on the alkene complicated the
system. F dr triﬂuoro‘ethylene‘ (taBle 1.4),"it was found that addition of the nucleophilic
methyl radical favoured additioﬁ at the more substituted vinylic carbon, suggesting that

polar effects were dominant in this system.

Table 1.4 Orientation Ratio (o : B) for addition at 150°C
o B

CHF=CF,
CH,e 1:2.1
CH2F° 1:20
CHF,* 1:0.9
CFye - 1:05

In additions to HFP, nucleophilic carbon radicals preferentially attack the
difluoromethylene group. In this case there is no conflict between polar and steric
effects as the CF, group is the more electrophilic (c.f. nucleophilic additions to HFPS)

and the less sterically hindered site.

17




FgrsF )
o= ———  RCF,CFCF,
F  CF,

Hydrogen Abstraction

Generally, hydrogen-abstraction has a larger activation energy than radical
addition and therefore the transition state usually occurs later and so the stability of the
radical formed must be considered, along with polar and steric effects.

Studies by Tedder®® on hydrogen abstraction by trifluoromethyl and methyl
radicals on alkanes (table 1.5) produced evidence of an Evans-Polyani relationship (Ea
= a[D(R—H)] + PB), i.e. there was a direct relationship between the strength of the bond
broken in the alkane and the activation energy of hydrogen-abstraction, confirming the
importancé of the stability o(f the radical formed in hydrogen abstraction. This
relationship was only valid when polar effects were constant, indicating the importance

of polarity in hydrogen abstraction.

Table 1.5 Evans-Polvani Relationship

RH + Xe —> Re + HX

-~ Ex=0o[DR-H)] + B

X o B (kcalmol-1)
CH,e 0.49 74
CFye 0.53 84

In alkanes, radical stability increases as the number of alkyl substituents are
increased, as the radical formed is stabilised by its neighbouring alkyl substituents via

hyperconjugation. This was confirmed in ESR studies on the fert-butyl radical®!.

18




Steric factors also affect the rate and site of addition. Steric hindrance can block
hydrogen-abstraction at certain sites in a molecule, whereas the release of steric
compression on formation of radical, which increases with the number of substituents,

also has a beneficial effect on stability of the radical.

H

WCHs
CH3/(1::|CH3 CHS_-g'CH3
: 3

Againbpol‘arity has a major influence on the rate and selectivity of hydrogen-
abstraction. Tedder>? showed that electrophilic radicals, such as the trifluoromethyl
radical, abstract hydrogens at a faster rate than nucleophilic radicals, such as the methyl
radical, from carbons with electron-fepelling substituents, whereas nucleophilic radicals
abstract hydrogens at a faster rate than electrophilic radicals from carbons with electron-

withdrawing substituents (table 1.6).

Table 1.6 Relative rates of H-abstraction by CH3° and CF_-i- (ethane as standard)

164 164
D(R-H) Kcalmol-! kre] (CHze) kre] (CF39)
- (CH3);C-D 91 14 60
CH;COCH,-H 92 2.1 0.5

The fluoroalkyl radical (15) produced from addition to HFP, is a large electrophilic
radical and therefore will preferentially abstract hydrogens from nucleophilic carbons,

for example the carbon with an 0-oxygen, although steric hindrance may occur in some

systems.

RCF,CFCF; + CHyOCH;——— RCF,CFHCF; + CH,0CH,
(15)
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1.33 Methods of Initiation
: Alehough various methods of free radical initiaton, such as thermal and UV
initiation, have been used in the additions to HFP this project is primarily concerned
with chemical (peroxide) and gamma ray initiation.
Chemical initiation of radical reactions is affected by thermal decomposition of
compounds with unusually weak bonds, such as the O-O bond in peroxides. It involves

homocleavage of the initiator first, which then reacts with the substrate$?.

Peroxide Initiation

RO-OR —2 » 2RO

R-Os + RH ——— > Re + R-OH

Dibenzoyl peroxide (DBPO) and tert-butyi peroxide (DTBP) are typical
examples, and their reactions are generally conducted at 80°C and 140°C respectively®,
at which temperature their half lives are ca. four hours.

" Gamma irradiation provides a flexible method of initiation as not only can the
duration of the reaction be varied, but also, uhlike peroxides, it is temperature
-independent and thefefore reactions .can also be performed at a variety of
temperatures®®. However, a radiation source, such as the Cot0 source available to our
laboratory, is needed. Gamma rays do not homolytically cleave the substrate directly.
The Co®0 source is encased in a steel sheath, which absorbs the radiation and produces
secondary electrons. The secondary electrons ejected from the metal then interact with
the organic substrate to produce excited molecules which disassociate into radicals

which start the chain reaction.

1.4 Free-Radical Additions to Hexafluoropropene (HFP)

1.41 Addition of Oxygen Containing Compounds
The first free-radical additions to HFP were performed by LazerteS, on butanal

and methanol.
2 - (CeHsCOy), 0
CH3CHQCH20\ + CFf=CFCFy ———> CH3CHQCH20 70%
H 80°C, 16 hr CFZCFHCFg

20




CHsOH + CF,=CFCF, ‘281802 ioch,cF,crHCE,
o ° 120°C, 3 hr 7o

* Muramatsu® and HaszeldineS” have investigated additions to HFP of alcohols

using ‘y-ray, uv, thermal and peroxide initiation (Table 1.7).

‘Table 1.7 Free-radical additions of alcohols to HFP (Ry.= CF,CFHCEF,)

Alcohol ~  Alcohol Initiator Products and yields (%)  Ref

| / HFP-
CH;OH.  1:27 ~ y-rays HOCH,RF 76  [66]
3:1 A, 280°C o 83  [67]

S 3:1 0 uv,40°C 86 [67]

3.1 DTBPIS0C 93 [67]

“SOH  1:23 yrays F 99 [66]

' 3:1 A, 280°C OH 43 [67]

3:1 uv, 40°C | 51 [67]

‘ 3:1 DTBP,150°C ‘ 60  [67]
\/\OH o 1:2.3 . Y-rays ' \/Ft: -9 [66]
/OC C1:20 Y-rays HO){‘F 100 [66]
30 A, 280°C | | 57 [67)

3:1°  uv,40°C L 93 [67]

| _ 3:1 _DTBPIS0C | 87 [67]
\/(l)i . 3:1 A, 280°C \/OQ 35 [67]
T 311 uv, 40°C Re 95  [67]

3:1 DTBP,150°C [67]

T OH
SO s e Y a4 [67]
- Rr
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Hydrogen abstractlon in alcohols and aldehydes, occurred at the carbons atom
'nelghbou:rmg the oxygen, as the oxygen lone pairs stabilise the intermediate radical via
resonancg. This interaction also increases the nucleophilicity of the alkoxy radical in the

addition ’ste‘p.

, | o) 0'® CF,=CFCF,
JJ\ —_— J - . »
R H R ¢ R . @

L — QO CF,= CFCFS;
CH30H ——— H,C-OH <~— H,C-OH

“The 1mportance of steric hindrance in radical attack was emphasised by
Haszeldme who successfully added 1,1,1-trifluoroethanol (16) to HFP, but observed
'no addition of 2,2,3,4,4,4-hexafluorobutan-1-0167 (17) to HFP.

CF,=CFCF, GF CFHCF,
CFsCH,OH — > CF;CHOH
(i8) ~320°C, 112hrs 54%
< o | CF,=CFCF,
- CFiCFHCF,CH,0OH —— %>
(7 - 320°C, 112hrs

Muramatsu®® and Abr()skinva68 performed some preliminary investigations into
édditi@ns of ethers fo HFP, using gamma rays. This was followed by a more systematic
investigation by Chambers et al®®-71. Other workers have successfully used other types

Cof ..ini'jcia_tidn72774 and additions of ethers are summarised in table 1.8. More recently

 successful additions of polyethers to HFP have also been achieved”>".
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Table 1.8 Free-radical additions of 'ethers 10 HFP.

Ether Ether Initiator = Products and Ref
/ HFP yields (%)
(l):, 19:1 y-rays Re 65 : [81]

23:1 y-rays 91 [66]
39:1 y-rays Re 95 RewON-Re [72]
1:1.1 UV 73 U [75]
0
)

2:1 DBPO 80 - [68]

, y-rays 59-5 34-95 [68]

\67 1.6:1 y-tays 64 \C?, Re 31 [71]

O DBPO O_R: 90 [72]

O 16:1 y-rays O._Re 70 [71]

O ©3:1 300°C U 10 [74]

3:1 UV 82 [73]

14:1 y-rays Re 81 Re O R.F 7 [66]

[ 32:1 y-rays [ 79 t j ‘ [71]

3:1 UV 95 O | (73]

1:13 UV 51 [75]

0L 1:2 uv  _O_Rg 31 [75]
& Y
eNge 0O

O 29:1 y-rays ORF 70 - [81]

o) 23:1 y-rays O R 68 [69]

N5 s0cc | /v 61 ' 174]

3:1 UV 65 [73]

O 28:1 y-ra O 38 43 [69

VAVl y-rays \/ Y o [69]

- 29:1 y-rays 44 R! /5 57 [66]

1:16 UV Re F 39 [75]

/\/0\/\ 23:1 y-rays /\/OY\ 12 </>>4) 28 [69]

: ' ‘ v ' RF RF 2
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Hydrogen abstraction in ethers occurs at the carbon neighbouring the oxygen,
again as the resulting radical is resonance stabilised by the neighbouring oxygen. This

stabilisation can be explained by M.O. theory.

The interaction of the heteroatom lone pair with the adjacent carbon radical
producing a nucleophilic radical which attacks the electrophilic alkene’>. This is shown

in valence bond form below.

*
*

-O.
|
}
¢
|

B

Chambers’! established a reactivity order for cyclic ethers of oxolane > oxepane
> oxane, by competition reactions. The increased reactivity of the five and seven
membered rings over the six-membered ring was attributed to the increased energy
barrier to an eclipsing interaction between the orbital containing the radical and a lone
pair on the neighbouring oxygen, in the six-membered ring.

Muramatsu’’ observed that addition of the mono-adduct of diethyl ether to
HFP only yielded a small amount of di-adduct, which was in contrast to diethyl ether
itself. Therefore he suggested that the di-adducts of acyclic ethers were formed by

intramolecular hydrogen abstraction, via a six membered transition state (18).
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| F J ~ ,
CF,=CFCF, F L e
/\O/\ 2 3y O/K

|

CF

3
R R
H CF,=CFCF5 F F
/-\ o /ko)\

R = CF,CFHCF,

F

0]

Chambers®® observed tri-adduct formation with n-dibutyl ether and postulated that it
was also formed by intramolecular hydrogen abstraction, in a similar mechanism as

" proposed by Muramatsu.

VAN ——
o VYV VYV VY
' Re Re Re RF
16% 28% A 26%

Addition to HFP of a series of ethers, with electron withdrawing substituents’’,

highlighted the effect of polarity on-radical additions.

HEP CF,CFHCF,
R'CF,—0O-CH,CHj4 » R'CF,—0-CHCH,
‘ y-rays
= CHF,, CHFCI, CH,CF,
_ ‘ : CF,CFHCF,
» HFP 0 -
R CHQ—O_CH20H3 » R CH2—O_CHCH3
y-rays
+
R? = CH,F, CF5, CH,CI, CH,CF, CF,CFHCF,
. » R2CH -0- CHCH3
CFQCFHCF3
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The ethers with a—fluorine atoms were less reactive than those without, suggesting that
the fluorine atoms were reducing the nucleophilicity of the ether radical attacking the
HFP. Thé electron-withdrawing substituents of both sets of ethers directed hydrogen
abstraction by the fluoroalkyl radical to the opposite side of the molecule in formation
of the mono-adducts

Surprisingly, borate ethers readily undergo HFP addition%®. It was suggested
that the intermediate carbon radical was stabilised by extensive ‘allylic-type' conjugation .

with neighbouring oxygen and boron ( B=0-Ce).

OCH CH,R
: 3  23:1HFP_ (é) 2iF
CH3O” "OCH;z  y-rays RECH,O” "OCH,Rg
65%

Rg = CF,CFHCF,

Although tetramethylsilane reacts with HFP to give the mono-addition product,
reaction occurs at the methoxy group in methoxytrimethylsilane, as the oxygen provides
greater stabilisation of the carbon radical. Jones’® was able to add HFP to several

siloxanes, including silicon oil.

Me,Si Loril. _ MesSiCH,R: + Me,Si(CHoRE),
i.y-rays, 3:1HFP 14% -
i. DTBP, 1: 1.3HFP  11% 89%
Me;SiOMe HFP __  Me SIOCH,R:  62%
y-rays

RF = CcmFHCFS

Several isomers of the mono-adducts were afforded from addition to HFP of

" esters®7, but the preferred site of addition was at the carbon neighbouring the ether

oxygen.
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| j\ HFP j\- 0
+
CHy” “OCH; “rgp  ReCHy;~ ~OCH, CHs)LOCHZRF
10% 39%

Rg = CF,CFHCF;

1.42 Additions of Nitrogen Containing Compounds

Addition of nitrogen containing substrates have been investigated in this
laboratory78-80.81, Frée-radicalvadditions of amines to HFP were complicated by
competition with nucleophilic attack on HFP by the nitrogen of the amine®!. Tertiary
amines did undergo radical addition to HFP, as nucleophilic attack by the nitrogen is

sterically hindered by its substiuents.

CHj CHRr  CH, CH,Re
N Y-rays N N Re N Rr
(] - O-J-U
3:1 HFP |
2% 2% 18%

RF = CF2CFHCF3

A route to HFP adducts of primary and secondary amines was found by
protecting the amine with trimethylsilyl groups before adding HFP (table 1.9) and then

hydrolysing the product®0.

Table 1.9 Free-radical addition of silyl amines®_to HFP (R = CF,CFHCF 3)

Silyl amine Initiator Products and yields (%) Ref
$iMes Y-rays SliMé3 21 SliMes 40 [80]
o O™ O
CHg —rays CH:Re g7 80] -
MesSIN 00 MegSIN, %0
CHs CHj
Me;Si, y-rays  MesSi 86 [80]
,N_CHS ,N_CHQRF
Me3Si ‘ Me3Si
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Addition of amides7880-82 (table 1.10) was more successful than to amines. The
carbonyl group of the amide reduces the electron donating ability of the nitrogen and
therefore reduced its nucleophilicity, although it also reduces the nucleophilicity of the
mtrogen-stébiliéed radical. The amide‘ adducts could then be hydrolysed or reduced to

amines$0.

Table 1.10 Free radical addition of amides to HFP (RF = CF,CFHCF3)

Amide Initiator. Products and yields (%) Ref
0 y-rays O 50 o) 23 [81]
A N chaRe P\
H NMe, H N, Re™ NMe,
" Me
0O y-rays O R= Me, 82 [81]
A pree _J CHoR; R=Ph, 30
R NMez  y_rays R N'M R= NMe,, 55
o e
)OL y-rays )Ci [78]
Me" NHMe Me” NHCH,Re
| R y-Tays R R = Me, 98 78]
O\V\b DTBP oﬁ, Re R=H 182]
O# Me y-rays Oﬁ.— Me 40 (82]
| N._R

& &

1.43 Additions of Alkenes and 1 Derivatives

Muramatsu et al3? used equimolar amounts of the alkyl benzene and DTBP to
get addition to HFP in low yields. Indanes (20) were formed as well as the expected

mono-adduct (19). Haszeldine3485 produced similar results using thermal initiation.

R1 ) R1 R1 R2 |
q i. orii.
| R? R2 FF [83-85]

i.1:1.5 HFP : 1 DTBP F CFg
i3 1 HFP, 250-300°C (19) . (20)
~ 3-28% 6-14%
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Indane formation was believed to occur by cyclisation of the fluoroalkyl radical. A
similar mechanism was proposed for indané formation in benzylic derivatives of

alcohols’®, ethers8 and carbonyl compounds?.

R!
- ' * C&
— [83]
L. F

F CF3 F CF3

87,88

Thermal additions of alkenes were complicated by cyclic products and only

low yields of mono-adducts were produced by éllylic insertion.

R' CHy . R'"  CH,CF,CFHCF,

H 1:1HFP %

R2 R3 220°-360°C R2 R3

(87]
2-16%
The patent literature élaimed cyclohexene gave a significantly greater yield of the mono-

adduct (21), using thermal initiation®®, but only trace amounts could be produced by

DTBP initiation, in this laboratory®°.

3:1HFP _ CF,CFHCF, N
320°C 189]

(21) 60%
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Chapter Two

Free Radical Additions of Hydrocarbons to Hexafluoropropene
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2.1 Introducfion

The fu‘nctionélisation of hydrocarbons is a field of continuing activity and a
variety of approaches in this field have been taken®1-%3. In the present work the
reactions of several alkanes and cycloalkanes with hexafluoropropene have been

investigated, as a remarkably simple method of functionalisation.

2.11 Additions of Alkanes to Hexafluoropropene (HFP)

Addition to HFP, of several short, straight or branched chained hydrocarbons
(C,-C4) were claimed in the patent literature, using thermal®® and UV irradiation®
(table 2.1). Haszeldine at al also added HFP to n-butane and n-pentane®. All the

reactions were péffonned using a three fold excess of the hydrocarbon.

Table 2.1 Addition of alkanes to HFP (thermal & UV initiation)

Initiator  Products (Rg = CF,CFHCF3) : Ref.

& yields (%, calculated, based on HFP)
CoH 300°C 89
2Hs /\RF 40 | [89]
CsHg 295°C R4 [89]
UV, ~50°C > Fy [94]
i-C4Hjo UV, ~50°C 15 [94]
n-CqHyg  325°C, Re 29 \ASF 6 Re 19 [89]
UV, ~50°C \A 24 4 /\A 17 [94]

Re
n-CsHiz  300°C Rr Re ReRF  [89]

M\)\/MM

Both types of initiation gave low to moderate yields of HFP adducts. For the
straight chain alkanes, with four or more carbon atoms, there is little selectivity at the
site of hydrogen abstraction which led to mixtures of isomeric HFP adducts. Di-adducts

were only produced by systems with four or more carbons. This may be due to the
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electronic or steric effect of the fluoroalky! group in the mono-adducts deactivating the

systems to further attack.,
Preliminary work, in this laboratory®?, has also been performed on aliphatic

hydrocarbons, using y-rays and peroxide initiation (table 2.2).

Table 2.2 Addition of alkanes to HFP (y;rays and Peroxide)

Alkane  .alkane Initiator Products (Rf = CF,CFHCF3) Ref
-/ HFP & yields (%, calculated, based on HFP)
CH4 12 DTBPz No Reaction [90]

C3Hg 122 yraysb >_RF 21 /\,RF 2 [90]

i-C4Hjp 12 yraysb ’ 42 [90]
| Re
n-C4Hjo 12"  y-raysP \)\ 6 /\A 11 [90]
- |

n-C¢His 1:2  DTBP2  CgHisRF CgHis(Rp2 CeHiz(Rp);  [90]
1 8 5

a140°C, 24 hrs. 10 Mrads, 18°C, 4 days

Again, only low to moderate yields were achieved. The low reactivity of n-
héxane may have been due to impurities in the hydrocarbon (8% cyclohexene), as
competition reactions with cyclohexane, showed that they have comparable reactivities.
Several isomeric adducts, which were inseparable, were produced in the n-hexane
reaction, demonstrating the lack of selectivity of hydrogen abstraction from the

secondary carbons.

2.12 Addition of Parﬁally Fluorinated Alkanes to Hexafluoropropene

Additions to 2-trifluoromethylbutane and 1,1,1-trifluoropentane, using thermal

initiation, were attempted®® (table 2.3). They are especially of interest as the
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trifluoromethyl group has a similar electron withdrawing effect as the C3FgH group,
but has lower steric requirements. Therefore it should be possible to determine which

effect has the greater influence on di-adduct production.

- Table 2.3 Addition of partially fluorinated alkanes to HFP (thermal initiation)

Conditions Products (Rg = CF,CFHCF3) Ref
& yields (%, calculated, based on HFP)

Y\ 292°C, 4 days Rr 7 [96)
. 280°C, 4 days Y\/ 25

CFs 260°C, 4 days - CFg 10

IRAVAN 295°C, 4 days Rr 23 [96]
CFy 277°C, 4 days | WA 20
260°C, 4 days CF3 . 10

Generally, as the temperature increased so did the reaction conversion, but the
yields of the desired products decreased. In neither case were mono-adducts formed
from insertion into carbon-hydrogen bond B- to the trifluoromethyl group. This
strongly suggests that it is the iﬁductive effect of the fluoroalkyl group, and not its

steric bulk, that dictates the site of addition of a second HFP group.

2.13 Addition of Cycloalkanes to Hexafluoropropene

Additions to HFP, of cyclic hydrocarbons have been claimed in the patent

literature using thermal initiation8? and UV irradiation®* (table 2.4).

Table 2.4 Addition to HFP of Cycloalkanes (thermal and UV initiation)

Alkane/ Initiator  Products & yields(%, calculated, Ref

HFP. | based on HFP) (Rg = CF,CFHCF3)
3:1 310°C [>_ Re 5 [89]
3:1 290°C Re [89]
3.1 UV,~50°C 43 [94]

3:1 280°C 54 [89]
31 UV,~50°C Re 38 [94]
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The reactions were generally done on a very small scale and only the mono-
adducts were claimed; characterised by elemental analysis only, and no additional
products were indicated. These should not be discounted especially in the thermal
réactions where the hydrocarbon is susceptible to fragmentation from which many
addition products may result. All the systems gave moderate to poor yields using these
initiators.

Use of y-rays to initiate addition to HFP of a cyclic hydrocarbon system was
reported by Russian workers in 1976. Their initial studies were on the adamantane
system97. They conducted a series of reactions using gamma rays, varying the
temperatﬁres (20-100°C) and reaction time. In general they used a five fold excess of

HFP to produce 1-(1,1,2,3,3,3-hexaﬂuoropropyl)adamantane (22).

CF,CFHCF,

7 1:5 HFP
= [97]
~ y-rays

(22)

\

' Using up to a twenty-fold excess of HFP, they also produced 1,3-bis(1,1,2,3,3,3-

hexaﬂuoropropyl)andamantane98 (23).

CF,CFHCF

1:10 or 1:20 HFF ~[98]
v-rays CF,CFHCF4

(23)

Podkhalyuzin and Nazarova also investigated the addition to cyclohexane99. The
yield of (1,1,2,3,3,3-hexafluoropropyl)cyclohexane (24) was optimised using a 1.5
excess of cyclohexane over HFP. Several reactions were performed for kinetic studies
with the temperature being varied from 20°C , 25°C and 81°C. The reaction was very

clean giving only the mono-adduct. It was found that the reaction was almost
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completely inhibited by benzene or iodine, which confirmed the radical nature of the

N 3:2HFP CF,CFHCF,
y-rays [59]

(24) 60%

reaction.

More recently other systems have been studied, in preliminary work done in
this laboratory®?, with varying success. No reaction occurred with cyclopropane and
only a small amount of addition to decalin occurred, whereas addition to cyclopentane

gave a mixture of mono- (25) and di-adducts (26).

' Q 1:2 HFP G )\_,\ 190]

Y-rays

o . (26)
95 /o conversion 6 5 % 33%

R = CF,CFHCF,

Peroxide initiation (DTBP) was also used in the addition to cyclohexane. An increased
proportion of di-adducts to mono-adducts was observed, which is presumably due to

the increase in temperature of the system.

O sm Q) =
DTBP, 140°C
24hrs (24) 27)

49% 40%
R = CF,CFHCF,

90% conversion
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2.2. Addition of Alkanes

2.21. Propane

In the present work a more complete investigation into the addition of propane

to HFP was undertaken, using both y-ray and DTBP initiation.

Ha - R_7F | i. orii "G n2
/C\ = _— >— /C\
H,c” “cH, *  F7C "RE+ H.C”  CH,R:
F CF5 3C
(28) (29)
Rg = CF,CFHCF,
i, vy-rays,r.t.
ii, DTBP, 140°C, 24hrs
Initiator Ratio Yields (%)
C3Hg : HFP (28) (29)
y-rays, 4 days, 6 Mrads 1:1 ' 8 trace
Y-rays, 8 days, 12 Mrads 1:1.2 19 1
DTBP 1:1.5 75 3

Reactions initiated by y-rays géve low to moderate conversions to the mono-
adducts (28) and (29), whereas using DTBP initiation gave a greatly enhanced reaction
conversion, which can be simply attributed to the increased temperature of the reaction.

A GLC/MS analysis of the product mixture from the DTBP initiated reaction
identified two isomers of the mono-adduct, which could not be separated. The 19F and
I'H NMR spectra of the product mixture confirmed that the major isomer was
1,1,1,2,3,3-hexafluoro-4-methylpentane (28) and the minor isomer was 1,1,1,2,3,3-
héxaﬂuorohexane (29), agreeing with previous data®® from this laboratory.

Three major signals in the 19F NMR spectrum corresponding to a CF3 (-74.5,
broad singlet), CF; (-1 17.7 & 121.8, AB system), and a CFH group (-212.0, doublet)
were as’signed'to the 2H-hexafluoropropyl group of compound (28). The CF, group is
observed as an AB system since the fluorines are not equivalent due to the adjacent

chiral CFH group. The '"H NMR spectrum exhibited three major resonances at 1.12,
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2.34, and 4.82 ppm in a 6 : 1 : 1 ratio which corresponded to the two equivalent CHs,
CH, and CFH groups respectively.

Addition to propane occurred at the secondary carbon in preference to the
primary carbon despite it having a 1 : 3 statistical ratio of methylene to methyl
hydrogens. This is rationalised by the increased stability of the hydrocarbon's
secohdalfy radical over its primary radical, primarily due to increased hyperconjugation

in the secondary carbon radical.

2.22. 2-Methylpropane
Addition of 2-methylpropane to HFP was affected using both y-ray and DTBP

initiation.
F F | CH CHa
\C:C/ i. orii.
‘ (CH3)30H + ) \ - H3C RF + H3C H
F CF3 CH, CH,Re
(30) (31)
Rg = CF,CFHCF3
i, y-rays, r.t.
ii, DTBP, 140°C, 24hrs
Initiator Ratio Yields (%)
CsHyo : HFP (30) (31)
v-rays, 5 days, 7.5 Mrads 1:1 - 17 trace
DTBP _ 1:13 80 3

_The v-ray initiated reaction gave a low conversion to essentially one product,
which was confirmed as 1,1,1,2,3,3-hexafluoro-4,4-dimethylpentane (30) by
comparison of its EI* mass spectrum, 19F NMR and 'H NMR spectra with the data
from previous_' work in this laboratory®°

» At elevated temperature, using DTBP initiator, the reaction conversion was
greatly increased. There was also a slight decrease in the.selectivity of the reaction.

Again the major product was compound (30), but a minor component (>5%) was also
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detected. The EI* spéctrum confirmed the minor product as a mono-adduct with a
_ (M+-ﬁ) peak at 207 and a base peak at 43 which concurs with loss of a
+CH,CF,CFHCF; fragment, suggesting addition occurred at a methyl carbon. Minor
signals 1n the 19F NMR of the product mixture confirmed the presence of a second 2H-
| hexafluoropropyl group and the 1H NMR spectrum of the product mixture observed
small additional resonances at 0.88 (doublet), 1.39 (broad singlet) and 1.61 (broad
singlet), which correspond to two equivalent CHj3's, a CH and a CH;CF; group of
11,1 ,‘2,3,3 -hexafluoro-4,4-dimethylhexane (31).
Addition occurred primarily at the methyne group rather than the methyl groups
despite the 1 : 9 statistical relationship between them. Again this is rationalised by the

increased hyperconjugation in the tertiary carbon radical.

2.3.'Addiﬁon of Monocyclic Hydrocarbons
2.31. Cyclopropane

~ Cyclopropane failed to. react in a y-ray initiated reaction performed over an
extended period of time (15 Mrads). Cyclopropane's low reactivity may be due to its
* high C-H bond strength!% and greater electronegativity compared with the larger
cycloalkanes. A reaction at elevated temperatufe, using DTBP initiation, was attempted

to try to increase the reactivity of the cyclopropyl radical.

\ i
/N + c=C [>—CF,CFHCF,

F CFj , (32) trace

i, tbutyl peroxide, 140°C, 24hrs

Although a small amount of the mono-adduct (32) was identified by GC.-ms
(M peak at 192) the product mixture was veryv complex and the adduct could not be
isolated. The complexity of the products was most likely due to ring opening of the
cyclo_iaropan’e, from a large release of ring strain after H-abstraction, followed by

polymerisation.
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2.32. Cyclopentane

"The cyclopentane obtained for these reactions had only a guaranteed purity of

95+%. Addition to HFP was attempted initially using y-réys and subsequent reactions

were performed using DTBP initiation.

| ’ - RF : RF
F. F
\ . . .
O_ + ,C:Ci i.or ii. é N < \7R
. F
| (25)

(26)

i, y-rays,r.t. Rg = CF,CFHCF;
ii, DTBP, 140°C, 24hrs

Initiator Ratio Conversion Yields (%)
-CsHyp : HFP w.r.t. CsHyp (25) (26)
y-rays, 5 days, 7.5 Mrads 1:1.6- 54 86 9
DTBP 1:1.6 96 49 38
DTBP 1:2 100 57 23

Using y-ray initiaﬁon moderate conversion was achieved. A pure sample of the
major product (25), Was obtained by fractional distillation. A 1F NMR spectrum, 'H
NMR spectrum and EI* spectrum of the pure sample concurred with the previous
© data®® for 1,1,1,2,3,3-hexafluoropropylcyclopentane (25).

A broad band proton decoupled !3C NMR experiment was run on compound
(25) to use as a model for other hydrocarbon adducts of HFP. Four resonances were
observed in the 0-30 ppm region and were assigned to CH> ring carbons (figure 2.1).
The chiral CFH group in the fluoroalkyl side chain destroys the symmetry of the
cyclopentane ring and consequently separate signals are observed for each ring carbon.
A fifth resonance at 42.5 ppm appears as a triplet (Jc.r 22 Hz) and can be assigned to

the tertiary ring carbon, which couples with the neighbouring B-fluorines of the CF;

group.
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Figure 2.1 13C NMR chemical shifts (ppm) for the cyclopentane ring of compound (25)

Three further resonances appear at very high field and can be attributed to the carbon
atoms in the hexafluoropropyl side chain. The first, at 86.0 ppm, was observed as a
doublet (1Jc.r 195 Hz) of doublets ((Jc.r 37 Hz) of quartets (2Jc.r 34 Hz) doublets
(3Jcr 30 Hz). This coupling was characteristic of the CFH carbon (figure 2.2).

Figure 2.2 Carbon-FluQrine coupling to the CFH carbon in compound (25

doublet
2jof, 37Hz  doublet

/\UC_F, 195 Hz
/P{/‘F
F doublet c
2Jc-[:, 30 Hz

quartet
2JcF, 34 Hz

Cp Fs
The second, a doublet (LJc.p 251 Hz) of doublets (1Jc.r 249 Hz) of doublets ((Jc.r 24
Hz) at 118.9 ppm was assigned to the CF; carbon (figure 2). The final resonance at
120.2 ppm was split into a quartet (Jc.r 282 Hz) of doublets (2Jc.r 26 Hz) and was

assigned to the CF3 group (figure 2.3).

Figure 2.3 Carbon-Fh;orine coupling to the CF, & CF3 carbons iﬁ compound (25)
doublet
2Jc.F, 24 Hz

. doublet ,F H F
1JC-F: 051 Hz | \ doublet
Jo-F, 26 Hz
C

o NOF CF, Cp F @

F. F H

doublet quartet
e, 249 Hz 1Jc.F,282 Hz
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Initiation using DTBP, gave an almost quantitative reaction conversion.
AFrvacV:tior_lal distillation of the products gave compound (25) and a higher boiling fraction
consisting'of six components, in the GC. ratio 1.7 : 1.1 : 2.3:2.4: 1.5 : 1. The EI* mass
- spectra, 19F NMR and 'H NMR of the second fraction agreed with the literature data
for isomers 1,x-bis(l,1,1‘,2,3,3-hexaﬂuoropropyl)cyclopentan_e (x=2,3) (26) which could
not be distinguished from each other. '

The introduction of fnore than one hexafluoropropyl group into a cycloalkane,
not only produces the possibility of regioisomers e.g. 1,2- or 1,3-substitution, but also
diastereomers of the regioisomers because of the introduction of chiral centres in the
ﬂuéroalkyl side chain and at the site of addition in the cycloalkane. Therefore if these

chiral centres were removed then characterisation should be easier (see later).

2.33. Cyclohexane
Addition to cyclohexane was initiated using both y-rays and DTBP. The

peroxide reaction was also successfully performed on a larger scale, using a one litre

autoclave.
ROF
N
| (24) (27)
i, y-rays,r.t ,
ii, DTBP, 140°C, 24hrs Rg = CF,CFHCF4
Initiator - Ratio Conversion - Yields (%)
) A CegHjp : HFP . wurt. CgHys (24) 27
v-rays, 5 days, 7.5 Mrads 1:15 79 90 4
DTBP . 1:2 99 39 53
DTBP, 1 litre autoclave 1:2 50 85 6

A high reaction conversion was achieved using y-rays and fractional distillation

of the p'roduct mixture separated, the major product, 1,1,2,3,3,3-
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hex_aﬂuorbpropylcyCIOhexane (24) from isomers of the di-adduct, 1,x-bis(1,1,2,3,3,3- A
hexafluoropropyl)cyclohexane (x=2,3,4) (27). TheA19F NMR and 'H NMR spectra and
" the EI* mass spectra of compounds (24) and (27) agreed with previously reported
data®09?, ‘

A broad band proton decoupled 13C NMR experiment was performed on
compound (24), to use as a model for characterisation of the di-adducts. The three
hexafluoropropyl carbons were assigned as in the previous experiment. Six resonances
were observed for the cyclohexane ring.. A triplet at 41.6 ppm (2Jc.r 21 Hz ) was
attributed to the methyne carbon of the ring. A multiplet at 25.5 ppm and a triplet at
24.0 ppm (PJc.r 4 Hz ) were assigned to the. two carbons neighbouring the methyne
- group because of their third order coupling to the difluoromethylene fluorines. Three
singlets, observed at 25.8, 25.5 and 25.3 ppm, were assigned to the other three
methylene carbons, with the methylene group furthest from the electron-withdrawing

fluoroalkyl group being assigned the signal at highest field.

Figure 2.4 13C NMR chemical shifts (ppm) for the cyclohexane ring of compound (24)

Unfortunately, a 1H NMR and a broad band proton decoupled 13C NMR of the liquid
mixture of di-adducts (27) could not distinguish the structures of the separate isomers.
Peroxide initiation (DTBP) resulted in complete conversion of the hydrocarbon
starting material. The product distribution differed from the y-ray reaction, in that a
greater proportion of >di-adducts (27) were formed. Fractional distillation separated the
mono-adduct (7) from the mixture of di-adducts (27). On standing, a solid (27a)
crystallised out from the di-adduct mixture. A methanol solution of the di-adduct

mixture was then cooled to -15°C, to remove any further solid di-adduct (27a) which
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was characterised separately (see later). A GC analysis of the liquid di-adducts
identified six major components, in a ratio of 1 : 3.5 : 15 : 6 : 11 : 3, which could not be
separated individually.

The solid di-adduct (27a) had previously®® been described as 1,4-
bis(1,1,2,3,3,3-hexafluoropropyl)cyclohexane although no conclusive proof of the
structure was given. The 19F and 'H NMR solution spectra and EI* mass spectrum of
the solid di-adduct (27a) agreed with the literature®, but also a broad band proton
decoupled 13C NMR 'spectrum of a CDCl; solution of the solid di-adduct (27a) was
run to determine its structure. Six resonances were observed, three of these signals at
85.0, 119.3 and 120.9 ppm, were assigned to the three carbons of the hexafluoropropyl
groups as in compound (5). Only three signals were observed for the cyclohexane ring
which eliminated the possibility that the solid was the 1,3-bis-adduct. At high field, two
triplets were observed at 22.7 and 21.1 ppm (3Jc.r 3-4 Hz), arising from the methylene
ring carbons, and another triplet at 40.6 ppm (2Jc.r 22 Hz) due to the methyne ring
carbons. The similarity in chemical shifts of the methyne carbons in (24) and (27a)
strongly suggests that (27a) is the 1,4-bis-adduct and not the 1,2-bis-adduct and this is
supported by the evidence of C-F coupling in both the methylene ring carbons of (27a).

' A single crystal was grown, and submitted for X-ray crystallographic analysis,
which conclusively identified it as a diastereomer of trans-1,4-bis(1,1,2,3,3,3-

hexafluoropropyl)cyclohexane (27a) (figure 2.5).

Figure 2.5 trans-1.4-bis(1.1.2.3.3.3-hexafluoropropyl)cyclohexane (27a)
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The crystal's symmetry is dominated by a centre of inversion, i. The packing of
the molecule in the crystal revealed no intermolecular H-bonding interactions with CFH

proton.

2.4. Addition of Bicyclic Hydrocarbons
2.41. Cis-Decalin

A y-ray initiated reaction produced only a low conversion (<5%) of cis-decalin

and so the reaction was repeated using peroxide initiation.

H = H H
R Fi A
+ ,C=C\ —_ +
F CF ‘
1 : 2 (33) (34)
ii. DTBP, 140°C, 24hrs
RF = CFQCFHCF3
Initiator Ratio Conversion Yields (%)'
CioHis : HFP  wurt. CioHyg 33) (34)
DTBP, 140°C 1:2 4 39% 56 33
DTBP, 140°C, acetone 1:2 44% 49 45

The initial reaction using DTBP initiation, produced a disappointing reaction
conversion (39%) which may have been due to the immiscibility of the starting
materials. Fractional distillation of the reaction mixture gave two fractions, other than
starting material. The first fraction contained a group of 7 compounds, which were
identified as isomers of x-(1,1,1,2,3,3-hexafluoropropyl)cis-decalin (x=1,2,9) (33) by
their NMR and mass spectra. The 19F NMR of the first fraction identified the presence
éf several non equivalent hexafluoropropyl groups, but the TH NMR contained many
overlapping multiplets and although the CFH protons were evident, the ring proton

assignments were very difficult. The EI* mass spectra of compounds (33) identified an
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M peak at 288, a (M*-CF,CFHCF;) peak at 137 and a base peak at 95, confirming
them as isomers of the mono-adduct.

Radical addition to HFP of cis-decalin at the one- or two-position, not only
generates a chiral centre in the ﬂuoroalkyl side chain, but also at the site of addition.
Consequently, four diastereoisomers are possible for addition at each site. Addition at
the tertiary carbon (nine-position) does not create a chiral centre at that site, but the
tertiary radical produced éould invert and therefore produce both cis- and frans-isomers
of 9-(1;1,l,2,3,3-hexaﬂuoropropyl)decalin (33c). This explains the large number of

isomers of the monjo-édduct (33) produced.

F F

\ / ‘ .
-, H . ,C:C\ HCFQCFHCFg H . éFHCF
2 F  CF, < ~CF 3
, (9a) (9b)
6 3 20D
54 4 H + H
4 possible isomers 4 possible isomers
e CF,CFHCF,
* denotes chiral centre
| (Sc)
H

2 possible isomers

Obviously further addition to HFP to form di-adducts (34) leads to an even greater
number of possibie isomers as other regio-isomers are possible as well as a further
increase in chiral centres present. The sécond distillation fraction contained a group of
sixteen compounds identified as isomers of x,y-bis(1,1,1,2,3,3-hexafluoropropyl)cis-
decalin (x=1, y=2-10; x=2, y=3-10) (34) from their NMR and mass.spectra. The EI*
mass spectra identified M* peaks at 438, (M*-CF,CFHCF3) peaks at 287 and base
peaks at 245. Again, the 1°F NMR confirmed the existehce of several hexafluoropropyl
groups and the TH NMR was very complex.

In an effort to increase the reaction conversion dry acetone was added as a co-
solveﬁt to impréve the miscibility of the reactants, in the subsequent reaction. This did

raise the conversion slightly, but still only a moderate reaction conversion was achieved.
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2.42 Trans-decalin

Addition to trans-decalin was attempted using y-rays at room temperature, but
only a low conversion (<5%) of starting materials occurred and so the reaction was

repeated using DTBP initiation at 140°C.

H | H H
R Fi i
+ c=c —— +
; FCFs
| H b

2 (35) 51% (36) 34%
79% conversion

(Re)o

- I

i. DTBP, 140°C, 24hrs
Re = CF,CFHCF

Again increasing the temperature had a beneficial effect on the system.
Fractional distillation, under reduced pressure, of the product mixture gave two separate
fractions. The first fraction contained four components, in a GC. ratio of 1 : 4.4 : 10 :
4.9, which were identified as isomers of the mono-adduct (35) by their NMR and mass
spectra data. Their EIT mass spectra identified M™ peaks at 288 and (M-
CF,CFHCF 3')"'. peaks at 137. The 19F NMR of the first fraction identified several 2H-
hexafluoropropyl groups and the 'H NMR identified the CFH and ring protons. A

The second distillation fraction contained ten major isomers of the di-adduct
(36). Their EI‘+ mass spectra included M™ peaks at 438 aﬁd (M*-CF,CFHCF3) peaks
“at 287 and the !9F and 'H NMR spectra confirmed the addition of 2H-
hexafluoropropyl groups.

Again the sites of addition could not be conclusively determined because of the large
number of isomers produced. |

In comparison with addition to cis-decalin, the reaction conversion of 79% was
surprisingly high and the reaction was more selective. Itvmust be remembered though
that a free-radical reaction is a chain process which can easily be several thousand steps

long and any inhibitor can have a drastic effect on the overall reaction conversion.
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Therefore to get a true comparison of reactivities, a competition reaction must be

performed (see later).

2.43. Norbornane
~ Addition to HFP of norbornane was successful using both y-ray and DTBP

initiation.

| R F o |
‘ + C=C Lol + b
/ \ [
F CF, Re / Re
. Re
(37) (38)
i, y-rays,r.t. _
ii, DTBP, 140°C, 24hrs
RF = CF2CFHCF3
Initiator Ratio Conversion Yields (%) -
C7Hi; : HFP wurt. CsHyo 37) (38)
Yy-rays, 4 days, 6 Mrads . 1:1.3 65 80 12
DTBP 1:1.5 100 44 45

Fractional distillation of the product mixture from the y-ray initiated reaction
gave two fractions. Analysis of the lower boiling fraction, by NMR and GC.-ms.,
identified two isomers of the mono-adduct (37), with very similar GC. retention times
(7.95 & 8.00 mins.), in a ratio of 1 : 1.06, which could not be separated. Their EI*" mass
spectra included M* peaks at 246 and base peaks at 95 (M*-CF,CFHCF3). A 19F
NMR of the mixture identified two sets of signal attributable to two separate 2H-
hexafluoropropyl groups and !13C and 'H NMR spectra were used to further determine
the structures of (37) '(sée later).

The higher Aboiling fraction consisted of a group of four compounds identified as
isomers of the di-adduct (38), by their EI* mass spectra (M*-F, 377; MT-CFCFHCF3_
245). This was confirmed by a !9F NMR of the mixture which identified peaks at -74.7
(broad singlet), -114.1 (overlapping multiplets) and -210.8 ppm (broad singlet)

47




corresponding to CF3, CF, and CFH groups of several 2H-hexafluoropropyl side
- chains. A '
Complete conversion of norbornane occurred in the DTBP initiated reaction,

gave almost equal amounts of the mono-adducts (37) and di-adducts (38).

2.44. Structure determinatioh of the mono-adducts (37

'A broad band proton decoupled 13C NMR experiment was run on the two

component mixture (37) to identify their structures.

FF
7 \C—_—C/ : *
\ .
] L F o ‘E . ’E CF,CFHCF,
z:l} / >~ CF,GFHCF,

(37)
* denotes chiral centre

At low field two separate 2H-h¢xaﬂuoropropyl groups were identified. Two
overlapping doublets of quartets of doublets were observed a 85.6 and 86.2 ppm and
were assigned to the two different CFH groups (c.f. compound (25)). The 115-126 ppm
region was complex with two overlapping doublet- of doublets at 120.1 ppm, assigned
to the two difluoromethylene groups, and these signals ;ilso overlapped with two
overlapping quartets of doublets at 121.2 ppm, -attributed to the two trifluoromethyl
groups. The high field region, 0-50 ppm, contained 13 distinguishable resonances. To
identify which of these signals were from methylene or methyne carbons a 13C DEPT
spectrufn was also run on the two component mixture (37). It identified six methyne
carbons, including two overlapping triplets at 44.9 ppm (?Jc.r 22 Hz) corresponding to
the two tertiary carbons attached to the fluoroalkyl group. The other four methyne
resonances had no coupling to any fluorines and therefore were assigned as bridgehead
carbons. As four bridgehead carbons were'. obéerved and no quaternary carbons were
detected, addition to HFP must have occurred via a methylene group of norbornane and
not at é bridgehead site. Comparison with 13C NMR data of other substituted

norbornanes!?!, the two lowest field methylene resonances, at 36.9 and 36.6 ppm, were
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both assigned to carbons at the seven-position and therefore eliminated the likelihood
that H-abstraction occurs at the seven-position'either.

These results indicated that addition occurred at the two-position, but it was
still unclear whether the hexafluoropropyl group was in the exo- or endo- position. To
clarify this a 13C/1H HETCOR NMR experiment was run to identify the protons
associated with the two- and seven-positions and then a 'H/!H COSY NMR
experiment was run to, locate any coupling between thém, in‘ the hope that if the exo-
isomer was present the 4Jy.;; 'W' coupling, between the two- and seven-protons would

be observed!02,

(37)

Unfortunately the protons associated with the seven-position had overlapping signals
with the five- and six-position protons and although coupling with the two-position
proton, to this region was observed in the 1H/!H COSY NMR spectrum it could not be
reliably attributed to 4Ty "W'.

Alternatively, the protons at the one- and two-positions in the exo-isomer (37)
would have a dihedral angle of almost 90° which, according to the simplified version of
the Karplus equation!%2 (J = 10cos ¢, where ¢ is the dihedral angle), would result in
very little coupling, whereas the same protons in the endo-isomer (37a) would have a

dihedral angle of approximately 30°, giving rise to coupling of 6-8 Hz.

- . , R
1 ' 1 H
H 1, H H
. H H2R RF FR R
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The 13C/!H HETCOR NMR spectrum identified the one-positibn protons, as
broad singl.ets, at 2.45 and 2.68 ppm and the two-position protons, as overlapping
multiplets at 2.14 ppm. Examination of the 'H/!H COSY NMR spectrum showed no
coupling between these peaks and therefore the two mono-adducts were characterised
as diastereomers of 2-exo0-(1,1,2,3,3,3-hexafluoropropyl)norbornane (37).

The bridgehead position in norbornane is very strained and also unable to invert,
for these reasons formation of bridgehead radical is unlikely '93. A radical formed at
the »two—positioAn‘ is probably more stable than the corresponding radical at the seven-
position because of the ability to undergo hyperconjugation with the corresponding

protons at the three-position .

Az A3

Preference for exo-attack, by HFP, is probably due to greater steric hindrance on

approach to the endo site .

exo
attack
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2.5 Addition of Polycyclic Hydrocarbons

2.51 Adamantane

Previously, Russian workers have successfully added HFP to adamantane using
Y-rays initiation®”:98:104105_ They used various solvents at temperatures between 20°-
100°C, and up to a twenty-fold excess of HFP, to produce mono-, di- and tri-adducts.
Nevertheless, a reaction was attempted using DTBP, without a solvent and a three-fold

excess of HFP.

E : RF RF RF
+ C=C + +
/ \ . RF
F CFy, 4
RF RF

1 : 1.9

95% conversion
(22) 15% (23) 63% (39) 13%

; Rg = CF,CFHCF,
i, DTBP, 140°C, 24hrs

Almost complete conversion of the adamantane was achieved and fractional
distillation, under reduced pressure, of the pfoduct mixture gave three fractions. The
I9F, 1H, 13C NMR and EI'*mass spectra of each fraction confirmed them as 1-
(1,1,1 ,2,3,3-he-xaflﬁoropropyl)adamantané (22), 1,3-bis(1,1,1,2,3,3-
hexafluoropropyl)adamantane (23) and 1,3,5-tris(1,1,1,2,3,3-
hexafluoropropyl)adamantane (39) respectively, in agreefnent with the literature.

Hydrogen abstraction occurs at the bridgehead carbons in adamantane in
preference to its methylene carbons, which is in contrast to the norbornane. Although
the bridgehead radical of adamantane is pyramidal and cannot invept, unlike the reactiye
t-butyl radical, thé léck of strain in the radical conformation (sp3) and the lack of steric
hindrance to abstraction of its exposed tertiary hydrogens seem to compensate for the
proposed instability of a rigid radical!%3.

. By varying the molar ratios of the reactants, adducts (22), (23) and (39) could be

obtained as the major produét (table 2.1).
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Table 2.1 Additions of adamantane to HFP (DTBP initiator Rr=CF,CFHCF;)

CioHye  Yields(%):

R R R R
to HFP F F F F
molar
Re Re Re
ratio :
Re Re Re
22) 23) (39) (40)
i 1:12 60 19 : ]
i 1:1.8 25 63 ] ;
ioo1:3 - 8 82 _

v 1:7 - - 59 36

In all the reactions the conversion of adamantane was approximately 100%,
except for reaction (i), in which the conversion was 92%. The most surprising aspect of
these reactions was the ease of production of the higher adducts of adamantane. In other
hydrocarbon systems the addition of the fluoroalkyl group significantly reduces its
ability to undergo further substitution, unless an intramolecular pathway is available, as
in butane®,

Addition to HFP, using a seven-fold excess, produced a waxy solid which
consisted of two components, one of which was identified as compound (39). The two
components could not be separated by fractional distillation, under reduced pressure,
but when the mixture was dissolved in chloroform, hexane or pentane a white solid (40)
precipitated from the solution. The EI*™ mass spectrum of the white solid (40) -
suggested that it was the tetra-adduct with a M™-F peak at 717 and a base peak at 585
(M*-CF,CFHCF3).The !9F solution state NMR spectrum of the solid (40) in ds-
acetone produced only three sets of signals, at -74.1 (singlet), -121.1 & -127.6 (AB
system) and 7207.1 ppm (doublet), indicating that all the 2H-hexaﬂuor6propyl groups
wefe.equivalent. The high symmetry of the solid (40) was confirmed by the 'H NMR

spectrum of the solution which contained only two multiplets at 2.07 ppm (six
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' 'equivalent CH; groups) and 5.99 ppm (four equivalent CFH groups). The broad band
proton decoupled 13C NMR spectrum conclusively confirmed that the solid was
1,3,5,7—tetrakis(l,1,1,2,3‘,3-hexaﬂuoropropyl)adamantane (40), as it contained only five
resonahces at 30.1 (singlet, six methylene carbons), 41.6 (triplet, four quaternary
carbons), 83.1 (doublet of doublets bf quartets; four fluoromethylene carbons), 119.0
(doublet of doublets of doublets, four difluoromethylene carbons) and 121.4 ppm
(quartet of doublets, four trifluoromethyl carbons). A 19F solid state NMR experiment
was also run on compound (40) and it identiﬁed four signals‘ corresponding to the 2H-
hexafluoropropyl group. Interestingly, it identified two signals due to the CF, group
conﬁrmin_g that its fluorines are non equivaleﬁt. A single crystal of compound (40) was
grown and submitted for X-ray crystallographic analysis, which proved the structure

beyond any doubt (figure 2.8).

Fig. 2.8 Crystal structure of 1.3.5.7-tetrakis(1.1.1.2.3 3-hexafluoropropyl)adamantane

(40)




2.6 Cbmpefiﬁon Reactions -

To get a true comparison of relative reactivities of the hydrocarbon systems

towards HFP, a series of competition reactions were performed using both y-ray and

DTBP initiation. An"equimolar mixture of two hydrocarbons was reacted with a

deficiency (0.15 molar ratio) of HFP and the reaction mixture was analysed before and

after the reaction by GC.

2.61. DTBP, 140°C -

/

Hydrc_)carbbn

Overall

Hydrocarbon Ratio per
ratio prior to ratio after ratio carbon in
reaction (R;)  reaction (Ry) R1/R2) hydrocarbon

[T 47.82 43.69 0.90 0.09

o 7 52.18 43.12 1 0.10

[T 53.41 4975 0.79 0.08
[ 7 46.58 34.46 1 0.17

_ Q 45.13 36.94 1 020
[T - 5476 44.54 1.01 017

The competition reaction between cis- and trans-decalin indicates that there is

no. difference in reactivity between them at elevated temperatures, despite the marked

differences in the conversions of their independent reactions. This evidence suggests

that the independent cis-decalin reactions were inhibited by some undetected impurity.

The competition reaction between cyclohexane and frans-decalin also shows that there

is little difference in reactivities of the two systems, although cyclohexane is slightly

more reactive. The greater reactivity of cyclopentane over cyclohexane, although only
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‘very slight, maybe due to the lower energy barrier to an eclipsing interaction between
the carbon-hydrogen bonds in cyclopentane which stabilise the intermediate radical via

hyperconjugation.

2.62 Gamma rays (20°C)

Hydrocarbon = Hydrocarbon Overall Ratio per
ratio prior to ratio after ratio carbon in
reaction (R;)  reaction (Ry) (Ri/R2)  hydrocarbon

[T 46.72 41.74* 1 0.17
[T & 48.46* 097 - 0.10

42.99 41.14* 1 0.17

7 57.01 55.45% 0.98 0.10
[ 7 55.58 44.76 0.93 0.17
Q 4429 - 3883 1 0.20

* - HFP recovered from the reaction.

The competition reaction between cyclohexane and frans-decalin showed little
difference in the reactivities of the two hydrocarbon, even at room temperature. It is
interesting to note that not all the HFP (approx. 75% consumption) was consumed in
the reaction. Thié indicates thét the reaction was inhibited by undetectable impurities,
as other competition reactions involving cyclohexane have completely consumed the
HFP. Again ihere was no significant difference in the reactivities of the cyclohéxane and
cis-decalin. Only 28% of the hexafluoropropene present reacted, even though the
reaction was performed over twice the normal time period. This strongly suggests that

impurities were present. These inhibitors are likely to have been contained within the
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cis-decalin starting material as the independent reactions in?olving it also had low

conversions. The competition reaction between cyclohexane and cyclopen£ane did

consume all the available HFP, and again there was little difference in their reactivity.
Interestingly, performing the competition reactions at room temperature, rather

than 140°C, did not increase the selectivity between the hydrocarbons.

2.63. Crude competition reactions

Crude competition reactions were performed when the ratios of the hydrocarbon
starting materials could not be determined by GC, for example if one substrate was
either a solid or a gas. These crude competition reactions were performed using DTBP
initiation at 140°C and a molar ratio of 1 :1 :1 of hydrocarbon : hydrocarbon : HFP and

the ratio of products was measured by NMR or GC.

GLC. adduct Ratio of HFP  Ratio per 3ary/2ary

percentages incorporation Carbon
32% mono (22) 6.2 1.7
12% di (23)

CHj3 9% mono (30) 1 | 1

CHg A

CHj 62% mono (30) 2.2 2.2

CH3—‘—H
CH,
|c'|;2 28% mono (28) 1 1
HsC”  “CHy

The competition reaction between adamantane and 2-methylpropane suggests
that adamantane is slightly more reactive than 2-methylpropane, when the statistical
ratio of tertiary carbons (1 : 4) is taken into account, but this result maybe within the
exi)erimental error. The corhpetition reaction between 2-methylpropane and propane

suggests that 2-methylpropane is twice as reactive as propane. This can be explained
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by the increased radical nucleophilicity and stability of the -butyl radical over the

isopropyl radical.

2.7 Conclusions

In general, any hydrocafbon system which gave only moderate conversion at
rodm temperatlire, gave a high reaction conversion at elevated temperature (140°C). The
results of the competition reactions, at 140°C and room temperature, indicate that there
are only very small differences between the reactivities of all the hydrocarbon systems
and that they all produce radicals that react with HFP. The crude competition reactions
also showed there are little differences in the reactivity of similar hydrocarbon systems.
A notable exception was cis-decalin, but results of competition reactions involving cis-
decalin, at low and high temperétures, suggest that it is as reactive as the other systems.
The anomaly must be due to cis-decalin containing minute amounts of inhibitors, but
sufﬁcieht*enough to prerhaturely fernﬂnate the radical chain mechanism.

| In acyclic systems, the favoured site of attack was in the order tertiary carbon >

secondary carbon > primary carbon. This order is in agreement with radical stability in
ag:yclic systems and also reflects the increased nucleophilicity of the radical. The cyclic
systems were not so predictable, as in contrast to adamantane, norbornane and decalin
systems favoured addition at secondary' carbons. This is rationalised by the increased
strain at the tertiary site in norbornane and the increaéed steric crowding in the decalin
systems.

The NMR data of the hexaﬂuoropropyl adducts are complex and some
simplification is required for di- and poly-substituted products, for example

dehydrofluorination of the.poiyﬂuoroalkyl group.

- HF
R-CF,CFHCF; ———— R-CF=CFCF;,

This process eliminates some stereospecific centres and should simplify structure

determination.
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Chapter Three

Dehydrofluorination of Hexafluoropropene Adducts
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3.1 Introduction
Several methods have been used to remove HF from the ether adducts of

hexafluoropropene,56.78.80.106

such as compound (41). In general, alkoxide bases were
used with or without solvent and gave moderate to good conversions. In all cases a

mixture of the Z- and E-alkenes were produced which could not be separated.

(17/CF2CFHCF3 i iiioriv @/C,::CFCFS

(41) | (42)
| Conditions Yield of (425 (%) Ref.
i KOHg), 150°C 47 [66]
| ii. KOHg),reflux 75 (78]
iii. KOH, diglyme, 120°C 75 [106]
iv. KOWBu, 'BuOH, 25°C 62 [80]

Alcoholic solutions of sodium hydroxide were used by Russian
workers??:105.107 {5 dehydrofluorinate the cyclohexane mono-adduct (24) and the
mono- (22) and di-adduct (23) of adamantane. The reactions gave good conversions, but

again produced a mixture of the Z- and E- isomers of the alkene which were inseparable.

, O/CFQCFHCF3 O/CF=CFCF3
i

(24) (43) 85%
i. NaOH in EtOH, 81°C, 3 hrs

3.2 Regiochemistry of the Double Bond

1

In all the cases illustrated, the double bond is formed at the two-position in
- fluoroalkyl side chain. This raises an interesting point of regiospecificity, as

theoretically, three isomers could be produced (scheme 3.1).
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Scheme 3.1
— R'R?C =CF~-CFH-CF;

HF, R'R?CH— CFCF—CF,

R'R?CH-CF,~CFH-CF3 — —>
| —X— R'R?CH—CF,-CF=CF,

As fluoride ion is a poor leaving group, due to the strength of the C-F bond, and the
proton removed is quite acidic the dehydrofluorination mechanism is likely to be E1cB
or E2 (concerted) with an 'E1cB-like' transition state, where C-H bond stretching occurs

before C-F bond stretching.

E1cB Mechanism

'('OR

H R__F fast ~ R._F

21T M _Slow _ RCE=CFCF,
Fs«C~ F  F FsC~ °F >

E2 Mechanism (E1cB-like fransition state)

‘OR _ %0R _
‘g R_F Sﬁ R _F
/@%/ —| &i_—7 | — RCF=CFCF,
FsC~ F F2 F.C” F  F |

In the present work, deuterium exchange reactions, using a deuterated solvent,
were performed on compounds (24) and (22), in order to determine the mechanism of

dehydroﬂudrination.
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CF,CFHCF; CF=CFCF;  CF,CFDCF,

Y

(24) (43) 90% - (24a) 4%
CFZCFHCF3 CF=CFCF;  CF,CFDCF,4
22) (45) 52% (22a) 9%

i, 1:0.75 KO'Bu, 'BuOD, 25°C, 15 mins.
In both reactions deuterium was incorporated into the starting material (scheme 3.2)
which is consistent with an ElcB mechanism, although the possibility of an

independent exchange process cannot be overlooked.

Scheme 3.2 Solvent deuterium exchange in an E1cB process

t - t -
FsC” F F ™BUOHF,C” F F 'BuO" FC” F F
slow
RCF=CFCF;

If dehydrofluorination proceeds via an E1cB mechanism, the regiochemistry of the
double bond is governed by the acidity of the proton that is removed and the strength of
the C-F bond being broken. The proton at the two-position is the most acidic due to the
neighbouring electron-withdrawing CF, and CF3 groups, and therefore deprotonation of

it produces the most stable carbanion. The fluoride ion is more easily removed from the
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CF; group than the CF3 group, as this leads to a smaller number of vinylic fluorines,

whose lone pairs have unfavourable interactions with the electrons of the double bond!

(Figure 3.1).

Figure 3.1 Electronic repulsions between vinylic fluorines and tt—electrons

(\\* B \108° 907
,,F/ \ ‘ of’o”/
o / | o o

3.3 Dehydrofluorinations

3.31. 1.1.2.3.3.3-Hexafluoropropylcyclohexane (24)
Dehydrofluorination of the adduct (24) was affected by potassium hydroxide or

potassium t-butoxide at various temperatures.

F ~ CFg
F F
CF,CFHCF, ~~ "CFy -~ °F
i,ii,iii or iv +
(24) | (43a) (43b)
F CF,
EtO . EtO
~” "CF4 Z F
+
(44a) (44b)
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Conditions Conversion Yields (%)

(%) (43a) (43b) (44a) (44b)

i. 1:2KOH, EtOH, 50°C, 20 hrs 100 71 28 0.7 03
ii. 1:2KOBu, BuOH, 25°C, 15 min 100 58 - 2 - -
ii. 1:1.5 KO!Bu, iPr,0, 0°C, 10 min 100 92 trace - -
iv. 1:1.5KOBu, C¢Hy4, 0°C, 15 min 100 85 trace - -

A reaction using alcoholic potassium hydroxide, at 50°C, was terminated after
two an a half hours. Analysis of the product mixture by GLC/MS and NMR confirmed
the major products as E- and.Z- isomers of pentafluoroprop-2-enylcyclohexane (43)
which could not be separated. Two minor products, identified as E- and Z- isomers of
1,1,1,2-tetrafluoro-3-ethoxy-prop-2-enylcyclohexane (44) by their EI* mass spectra
and 19F NMR spectra, were inseparable from compounds (43).

Compounds (44) were produced as a result of attack by ethoxide ions, from the

solvent, on compounds (43) (Scheme 3.3), followed by loss of fluoride ion.

Scheme 3.3

CF= CFCFs CF(OEt)=CFCF,

F
EtO CF3
@ @
(44)

In an attempt to eliminate the production of the vinylic ethers (44), the steric

(43)

requirement of the base was increased by using t-butoxide. Three reactions were
performed, using various solvents, and were terminated after complete conversion of the
starting material. The low yields of products from the reaction in t-butanol solvent were
attributed to difficulties in extracting the products. Isopropyl ether and hexane were

used instead to make the workup easier, although the solubility of potassium t-butoxide
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is greatly reduced in these solvents. Changing the solvent also allowed the reaction
temperature to be lowered below 25°C, the melting point of t-butanol. Using potassium
t-butoxide did eliminate the formation of the vinyl ethers (44) and also had the
unexpected effect of sighiﬁcantly reducing the proportion of E-alkene (43b) formed.
The amount of E-isomer (43b) was further reduced, to negligible proportions, when the
temperature of the reactipn was lowered from 25°C to 0°C.

The ability to produce only the. Z-isomer (43a) was surprising, as on steric
grounds it might be expected that the cyclohexyl and trifluoromethyl groups would

prefer to be trans to one another.

Structure determination of pentafluoroprop-2-enylcyclohexane (43)

The removal of the chiral CFH group not only increases the symmetry of the
system over its precursor, but also reduces the number of diastereomers produced in the
case of the higher adducts. Therefore the mono;enes are useful model compounds for
structure determination of the di-enes.

The mixture of E- and Z-isomers of pentafluoroprop-2-enylcyclohexane (43)
could not be separated, Their EI* mass spectra both gave M peaks at 214 and the two
isomers were distinguished by their respective vinylic fluorine resonances in the 19F
NMR spectrum of the mixture.
19F NMR - The vinylic fluorines of the E-isomer (43b), at -148.3 and -176.5 ppm, were
identified by their coupling to one another (3J;qnsr.F = 132 Hz). Such a large coupling is
characteristic of trans-fluorines!%8. The CF3, at -68.2 ppm, was assigned by its relative
integraﬁon‘to'the vinylic trans-fluorines. The cis-fluorines of the Z-isomer (43a) were
observed at -131.4 and -161.4 ppm and again the CF3; group was identified by its
relative integration. The vinylic fluorine adjacent to the cyclohexyl group was observed
as a doublet (3Jp. = 31) due to its antiperiplanar coupling to the CH ring proton. The
other vinylic proton was observed as a quartet (3Jg.p = 11) of doublets (4Jp.;y = 5) due
to its coupling to the ﬂuori‘ne atoms of the adjacent CFg group and smaller coupling to
the CH ring proton. Surprisingly, no vicinal fluorine-fluorine coupling was observed

between the two vinylic cis-fluorines.
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A pure sample of Z-pentafluoroprop-2-enylcyclohexane (43a) was
characterised separately. Its 19F NMR speétrum, as previously described, established it
as the Z-isome.r. , N
13C NMR - The stereochemistry of the Z-isomer (43a) was confirmed by a broad band
proton decoupled !3C NMR spectrum which identified three signals at low field
corresponding to the three carbons of the pentafluoropropenyl group. The CF3 group,
at 120.4 ppm, was identified as a quartet (!Jc.p = 270 Hz) of doublets (2Jc.r = 35 Hz)
of doublets 3Jc.p = 10 Hz) dué to its first order coupling to three o-fluorines, followed

by second order coupling to the B-fluorine and third order coupling to the y-fluorine

(figure 3.2).

Figure 3.2 Carbon-fluorine coupling (Hz) to the trifluoromethyl carbon of (43a)

doublet

F) 2JC-F =35

quartet
@UC.F =270

Cy = cyclohexyl

The magnitude of the final coupling to the y-fluorine (10 Hz) confirmed that this
fluorine was trans to the CF3 group and therefore the overall stereochemistry of the

double bond was cis. A doublet (Jc.p = 250 Hz) of quartets (2Jc.r = 40 Hz) of
doublets (2Jc.r = 24 Hz), at 134.9 ppm, was assigned to the vinylic carbon « to the
CF3 group because of its large coupling to the three equivalent -fluorines. The vinylic

carbon, o to the cyclohexyl group, was observed as a doublet (1Jc.r = 264) of doublets

(AJcr = 10) of quartets (Jcp = 3.4) at 156.6 ppm (figure 3.3).

Figure 3.3 Carbon-fluorine coupling (Hz) to the vinylic carbons of (43a)

doublet . doublet doublet doublet
2)cF =40  VJoF=250 Ucr=264  2Jcp=10
P F ' | F}\V/\\F
o= . =

N quartet N
Cy/ CF3 2lc.r =24 CY/ \}Fs 3321”35.4

Cy = cyclohexyl
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Four other resonances were identified at 25.6, 25.9, 28.9 (doublet, 3Jc.p = 2‘.2)
and 36.7 ppm (doublet, 2Jc.f = 21) were éssigned to the CHj; ring carbons at the four-,
three-, two-positions and the CH carbon at the one-position respectively due to the

increased deshielding from the perfluoroalkenyl group (ﬁgme 3.4).

Figure 3.4 13C NMR chemical shifts (ppm) of compound (43a)

F

F 34.9
1569~  CF31204

36.7
28.9

25.9
25.6

(43a)

1H NMR - A 13C HETCOR experiment also made it possible to assign the proton
spectrum. The methyne ring proton at 2.52 ppm was observed és a doublet (3Jy.g =32
Hz), from vicinal coupling to the vinylic fluorine, of triplets (3Jy.y = 12 Hz), due to
coupling to two neighbouring protons.. The magnitude of the 3Jy.y coupling is
characteristic of an antiperiplanar relatjonship between the protons!?? and therefore the

fluoroalkenyl group occupies an equatorial site (figure 3.5) on the cyclohexane ring. -

Figure 3.5. Antiperiplanar coupling in equatorial conformation of compound (43a

R H
; R T~ CF=CFCF,
1 3y 12 Hz H
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3331-(1.1.23.3 3-Hexaﬂuorq ropyl)adamantane (22
Several methods were used to remove HF from 1-(1,1,2,3,3,3-

hexaﬂuoropropyl)adamantane (22) with surprising results.

CF3 F
| ‘ F F
CF,CFHCF,4 N ~ “CF,4
i, ii or iii
- +
(22) (45a) (45b)

i. . 1:2 KOH, EtOH, 80°C
i. 1:2 KO®Bu, (Pr),0, room temp.
iii. 1:2 KO'Bu, (Pr),0, -10°C

Conditions Reaction Yields:

| | conversion (45a) . | (45b)
KOH, EtOH, 80°C - 100% 87 trace
KO®Bu, (iPr);0, RT. 100% 92 trace
KOBu, (iPr),0, 0°C 100% trace 85

Using potassium hydroxide at elevated temperature the mono-adduct was
converted to almost exclusively 1-(E-pentafluoroprop-2-enyl)adamantane (45a).
Potassium t-butoxide at room temperature gave a similar product distribution as the
potassium hydroxide reaction. The reaction was very exothermic and no attempt was
made to control the reaction temperature, but when the reaction was repeated and the
temperature was held at 0°C then the product distribution changed dramatically. The
major component then became- 1-(Z-pentafluoroprop-2-enyl)adamantane (45b) which
was confirmed by a 19F NMR spectrum of the product.

Decreasing the témperature of the reaction completely inverted the product
distribution from the E-isomer to the Z-isomer becoming the major product. This

suggests that the Z-isomer is kinetically preferred product and at low temperature
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kinetic control dominates, whereas at higher temperature the reaction is under

thermodynamic control (See later).

Structure determination of compounds (45a) and (45b)
The EIT mass spectra of both the E-isomer (45a) and the Z-isomer (45b) identified M

peaks at 26A6 confirming dehydrofluorination had occurred. NMR analysis was
performed on separate samples of the two compounds (45a) and (45b).

I9F NMR - The two vinylic fluorines of the E-isoméf (45a), at -149.3 and -175.6 ppm,
were observed as large doublets (3Jp.p= 131 & 130 Hz) due to their tfans coupling to
each another. The vinylic fluorine cis to the CF3 group, at -149.3 ppm, was further split
by the three y-fluorines into a quartet (4Jp.r = 23 Hz). The CF3 group, at -67.6 ppm,
was in turn split by the vinylic y-fluorine into a doublet (*Jp.p= 21 Hz). |

13C NMR - The CF3 carbon signal, at 119.5 ppm, was split into a quartet (\Jc.p = 273
Hz), due to its coupling to its three a-ﬂuorines, then into a doublet (2Jc.r = 36 Hz),
from its coupling with the vinylic B-fluorine, and finally another small doublet (Jc.p=
3.5 Hz), arising from coupling to the vinylic y-fluorine. The small magnitude of this
coupling confirmed the cis- relationship between the CF3 group and the y-vinylic
fluorine (c.f. Z-pentafluoroprop-2-enylcyclohexane (43a) and therefore that the vinylic

fluorines were trans to each other (figure 3.6).

Figure 3.6 Carbon-fluorine coupling (Hz) to the trifluoromethyl carbon of (45a)

~ doublet Ff\p quartet
3JC_FA=3.5 l," R F3 1JC-F =273

C=—C.
V4 N/ doublet

Ad F 2). =36

Ad = adamantyl

The vinylic carbon o to the CF3 group, was initially split into a doublet (1Jc.p = 242
Hz) by its o-fluorine, then into a further doublet (2Jc.r = 54 Hz) by the vinylic B-

fluorine and finally into a quartet (2Jc.p = 39 Hz) by the B-fluorines of the CF3 group,
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at 138.2 ppm. The vinylic carbon, o to the adamantyl group, was split into a doublet
(MJer = 260 Hz) by its oc-ﬂuorine, then into another doublet (2Jc.r = 36 Hz) by the
other vinylic fluorine and then into a quartet (3Jc.p = 2.3 Hz) by the fluorines of the

CF3 group, at 160.2 ppm (figure 3.7).

Figure 3.7 Carbon-fluorine coupling (Hz) to the vinylic carbons of (45b)

doublet quartet doublet ‘quartet
2Jc.F =54 2Jc.F =39 1Jc.F =260 8Jc.F=2.3
F,,'/'\ CF3 , CF;
C—C: C—C,
/ > 4 \} doublet
Ad N, doublet Ad F2y a6
Jo.F = 242 C-F=

Ad = adamantyl

IH NMR - The high symmetry of the adamantyl group gave only three resonances in

the proton spectrum which weré assigned as in figure 3.8.

'Figu_re 3.8 13C and 'H NMR chemical shifts (ppm) of compound (45a

27.8 ) 1.76

(45a)

A pure sample of 1-(Z-pentafluoroprop-2-enyl)adamantane (45b) was

characterised separately.

I9F NMR - The two vinylic cis-fluorines were observed as two broad singlets at -125.2
and -154.7 ppm and the trifluoromethy! group was detected at -60.2 ppm.

The carbon and proton NMR spectra of Z-isomer were similar to those of the

E-isomer and are summarised in figure 3.9.
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Figure 3.9 13C and 'H NMR chemical shifts (ppm) of compound (45b)

F F
i /13&&3: 120.1 PN CF
160. 3120. 3
38.0 : 1.95
36.2 2.07
| 27.9 | 1.77

(45b)

3.34 trans-1.4-Bis(1,1.2.3.3.3-hexafluoropropyl)cyclohexane (27a
Compound (27a) was used in a separate dehydrofluorination reaction, from the

other di-adducts of cyclohexane (27).

F .
CF,CFHCF, " "CF,
I.
CF,CFHCF, FsC -
'96% conversion  F
(272) (46) 72%

i. 1:2 KO'Bu, (Pr),0, -10°C, 20 mins.

Low temperature crystallisation was used to precipitate the compound (46) out
of the organic layer. The EI* spectrum of the white solid (46) gave a M peak at 344
which conﬁrméd it as a di-ene and the stereochemistry of both, equivalent double bonds
was confirmed as cis by its 19F NMR spectrum. The high symmetry of the molecule
was confirmed by its broad band proton decoupled 13C NMR spectrum which
identified five signals, three of which were accounted for by the carbons of the
pentaﬂuofopropenyl groups. The two at high field were attributed to the methylene

ring carbons (27.8 ppm, singlet) and the methyne ring carbons (35.5 ppm, doublet, 3Jc ¢
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= 21). A crystal was grown for X-ray. crystallographic analysis, which confirmed the

structure as frans-1,4-bis(z-pentafluoroprop-2-enyl)cyclohexane (46) (figure 3.10).

Figure 3.10 trans-1.4-bis(z-pentafluoroprop-2-enyl)cyclohexane (46)

F(1) '

The C(5)-C(4)-C(3) and "C(4)-C(3)-C(1) bond angles are distorted to
approximately 130°. This is presumably due to the steric repulsion between the
 trifluoromethyl and cyclohexyl groups. The distance between F(2) and F(4a) is 2.515 A
and between F(4b) and H(lax) is 2.241 A, so there is no significant repulsive or
attractive interactions. |

The di-ene (46) was observed in two forms (o and ), in a 2 : 1 ratio, which
vary in the conformétion of their trifluoromethyl groups. However, very high thermal
parameters of CF3 fluorines méy indicate further disorder of the trifluoromethyl groups.
‘The o form exists with F(4a) fluorine in the mirror plane and the F(3a) and F(3a')
fluorines felated via this plane; whereas the § form exists with the F(4b) fluorine in the
mirror plahe aﬂd the F(3b) and F(3b') fluorines related via this plane. The different

conformation_s of the CF3 group can be seen more clearly in figure 3.11
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Figure 3.11 o- and 3- forms of Compound (46

3.35 1.x-Bis(1.1.1.2.3.3.3-hexafluoropropyl cyclohexane x=2.3.4

The cyclohexane di-adduct mixture (27), including the crystalline isomer (27a),

was dehydrofluorinated at 0°C

F
F
CF,CFHCF3 F F ~ “CF,
i F -’ AN F
+
N CF5 CF,
CF,CFHCF4 _
' F;C 2~
(27) @ sT% N OF
100% conversion - E
(46) 30%

i. 1:4 KO'Bu, (Pr),0, 0°C, 20 mins.

A GLC/MS of the product mixture identified four components, two of which
- existed in trace amounts, all had M* peaks at 344 in their EI" mass spectra. The two
major products, in a 1.92 : 1 ratio, were identified as compounds (47) and (46)
respectively, by their NMR data. Compound (46) crystallised out of the product
mixture when methanol was added and the system was cooled in an acetone slush bath
(-78°C). A separate GLC was run on a solution of the solid and éomparison of the

retention times identified it as the minor of the two major products.
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The major di-adduct formed on addition of HFP to cyclohexane is the cis-1,3-
isomer (47) and not the trans-1,4-isomer (46). On formation of the di-adducts it would
be anticipated that the electron-withdrawing polyfluoroalkyl group in 1,1,2,3,3,3-
hexafluoropropylcyclohexane (27) would reduce the ease of hydrogen abstraction,by
the propagating electrophilic radicals (48), from the CH; groups B- and y- to it. No
significant production of 1,2-isomer is good evidence for this, however, the effect is
clearly rapidly attenuated in this system, as the 1,3-isomer (47) is twice as abundant as

the 1,4-isomer (46).

| . CF,CFHCF,
CF,CFHCF, '5:' HFP_ a7
o / .
5 + RCF,CFCF, CF,CFHCF,
0 (48) \ (EI HFP
(27) _ P (49)

The 1.9 : 1 excess of the 1,3-adduct (47) over the 1,4-adduct (46) obviously arises

through the statistical effect.

Structure determination of cis-Al 3-bis(Z-pentafluoroprop-2-enyl)cyclohexane (47

NMR spectroscopy-experimenfs were run on the remaining mixture, containing
essentially oniy one component, to determine its structure.
I9F NMR The I9F NMR spectrum identified three resonances consistent with two
equivalent pentafluoroalkenyl groups. |
13C NMR - At low field, three resonances at 119.8, 135.1 and 154.5 ppm were assigned
to the two equivalent pentafluoropropenyl groups. In the 0-40 ppm region, four
resonances were observed, suggesting that the cyclohexyl ring was 1,3-disubstituted
rather than 1,2- or 1,4-disubstituted since these isomers would produce omly three and
two signals respectively. The doublet at 35.6 ppm (2Jc.f = 21) was assigned to the two

equivalent CH groups, at C-1 and C-3, and the singlet at 30.0 ppm was attributed to the
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methylene carbon, C-2, because of the deshielding due to the two adjacent fluoroalkenyl
groups. A further doublet (3Jc.p = 2.3) at 27.4 ppm was identified as the two equivalent
methylene groubs, at C-4 and C-6, and finally a singlet at 24.6 ppm was assigned to the
methylene' carbon, C-5, which is deshielded the least (figure 3.12).

Figure 3.12 13C NMR chemical shifts (ppm) of compound (47)

IH NMR - A doublet (2Jy.r = 31) of triplets (3Jg.y = 12) at 2.64 ppm was identified
as the two equivalent CH ring protons. The large antiperiplanar Hydrogen-Hydrogen
coupling confirmed that both perﬂuoromalkenyl groups occupy equatorial sites in the

cyclohexane ring.

3.36 1.1.2.3.3.3-Hexafluoropropvlcvclopentane (25

Dehydrofluorination was performed at -78°C, as earlier attempts at higher

temperatures had led to tarring of the product.

F
| | CF,

(25) (49) 68%

i. 1:1.5 KO'Bu, (Et),0, -78°C, 30 mins.

Complete conversion of starting material was achieved to only one product which was
identiﬁéd as Z-pentafluoroprop-2-enylcyclopentane (49). The M peak was observed
at 200 in the EI*T mass spectrum and the compounds I9F NMR data . identified the
existence of the perfluoroalkenyl group with cis stereochemistry only. A broad band
proton decoupled 13C NMR spectrum was run on the product to provide a model for

the structure determination of the elimination products of the di-adducts of
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cyclopentane. The 13C NMR detected six resonances (figure 3.14), three of which, at
120.4, 134.7 and 155.3 ppm confirmed the presence of the Z-pentafluoroprop-2-enyl
group. The other three signals were assigned to the cyclopentane ring. A doublet (ZJc.p
= 22) at 36.8 ppm was attributed to the methyne ring carbon and singlets at 29.5 and
26.2 ppm were assigned to the methylene ring carbons at the two and three positions

respectively' due to the deshielding effect of the perﬂubroalkenyl group (figure 3.13).

Figure 3.13 13C NMR chemical shifts (ppm) of compound (49)

205 ©
v 2 155.3
' 36.8 X 134.7
CF
(49) 1204

The low temperature at which the reaction was performed seemed to remove

any trace of the E-isomer, which suggests that the Z-isomer is kinetically favoured.

3.37 1.x-Bis(1.1.2.3.3.3-hexafluoropropyl)cyclopentane x=2.3 (50

Again the dehydrofluorination was performed at -78°C.

CFQCFHCFs E/ “CF, Z CF,
3 CF,CFHCF, Fs

100% conversion

(50a) (50b) (50c)
Gc. ratio 4.7 16 1 1
| . J
| t . Y
i. 1:4 KO'Bu, (Et),0, -78°C, 30 mins. (50) 60%

Distillation of the product mixture gave a fraction containing three components,
(50a), (50b) and (50¢), which could not be separated. A 19F NMR spectrum of the

fraction mixture identified three sets of cis-fluorine resonances and M* peaks at 330
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were observed in the mass spectra of all three components, establishing them as isomers
of bis(Z-pentafluoroprop-2-enyl)cyclopentane, in a ratio4.7:1.6: 1. .

Again, a combination of the polar and steric effect of the polyfluoroalkyl group
in 1,1,2,3,3,3-hexaﬂuoropropylcyclopéntane (25) favours further addition of HFP to y-

position, although some addition does occur at the B-position.

CF,CFHCF,
o

(6)

Structure determihation of compounds (50a), (50b) and (50¢)

13C NMR- A broad band proton decoupled- 13C NMR spéctrum was run on the three
component mixture. The spectrum was complex at low field, with the perfluoroalkenyl
resonances overlapping each other, but between 0-42 ppm the spectrum was much
clearer (figure 3.). The major component was identified as trans-1 ,3-bis(Z-
- pentafluoroprop-2-enyl)cyclopentane (S0a). A large-singlet at 29.9 ppm was assigned
to the two equivalent methylene ring carbons, the singlet at 31.4 was attributed to the
other methylene ring carbon, because of the shift to higher field from the two adjacent
perfluoroalkenyl groups, and a doublet (2Jcp = 22 Hz) was assigned to the two
equivalent methyne ring carbons attached to tﬁe perfluoroalkenyl groups. Similarly, the
signals at 28.4, 32.2 énd 37.0 ppm (doublet, 2Jc.f = 22 Hz) were assigned to cis-1,3-
bis(Z-pentafluoroprop-2-enyl)cyclopentane (50b). The minor component was
identified as trans-1,2-bis(Z-pentafluoroprop-2-enyl)cyclopentane (50c¢). The doublet
at lowest field (40.3 ppm, 2Jc.r = 23 Hz) was assigned to the methyne ring carbons of
_the 1,2-isomer due to its increased deshi.elding. A singlet at 28.9 ppm was assigned to
the two methylene ring carbons éqﬁivalent to each another and a small singlet (21.5
ppm) at lowest field was assigned to the other methylene ring c;clrbon, because of its

increased shielding (figure 3.14).
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Figure 3.14 13C NMR chemical shifts (ppm) of the Cyclopentyl rings in compounds
(30)

F I
= "CF,4 ~~ “CF,4
36.6 37.0
29.9 31.4 28.4 32.2 25.1
s CF3 CF3 28.9
F F F
(50a) » (50b) (50c)
3.38 x-(1.1.2.3.3.3-Hexafluoropropyl)trans-decalin x=1.2 (34)

Dehydrofluorination of the mono-adducts of trans-decalin (34) was performed

at 0°C.

F

N CF,CFHCF, H o F

/ i SN
! ! CF,
H - H

_ 100% conversion
(34) (51a) (51b)

9F nmr ratio 1 : 3.3
N\ _J
g

i. 1:1.5 KO'Bu, (Et),0, 0°C, 15 mins. (51) 82%

- A ’F NMR spectrum of the reaction mixture confirmed complete conversion of the
starting material, and distillation of the product mixture gave a single fraction of two
components, (51a) and (51b) ina 1 :3.3 19F NMR ratio. Further analysis of their
NMR and mass spectra identified the components as 1-(Z-pentafluoroprop-2-
enyl)trans-decalin (51a) and ‘2-(Z—pentafluoroprop-Z-enyl)trans-decalin (51b)
respectively . |

Therefore it was established that addition of HFP occurred at the secondary

carbons and not at the bridgehead position in trans-decalin. As in adamantane, the

3
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trans-decalin bridgehead has an unstrained sp3 configuration, but in adamantane the
bridgehead proton is very exposed whereas in frans-decalin each bridgehead proton has

four 1,5-hydrogen interactions (figure 3.15).

Figure 3.15 1.5 H-interaction at the bridgeheads in frans-decalin

The steric effect of these hydrogens theréfore inhibit the addition of HFP at the
bridgehead position, whereas there are no steric barriers to addition at the equatorial
positions of the methylene ring carbons. Addition preferentially occurred at the two-
position rather than the one-position. This can be accounted for by the increased steric

demand of the one-position.

Structure determination of compounds (51a) and (51b)
A broad band proton decoupled 13C NMR experiment and a 13C DEPT NMR

experiment were run on the two component mixture.

13C NMR - Three groups of resonances at low field corresponded to the CFH, CF, and
CF; carbons of the two different pentafluoropropenyl groups. Compounds (51a) and
(51b) were distinguished by the signals arising from the carbons () neighbouring the
carbon attached to the perfluoroalkenyl group. A 13C carbon DEPT spectrum of the
mixture identified three doublets, with 3Jc.p coupling constants of ca. 3 Hz, as
methylene carbons. The two large doublets at 35.6 ppm and 28.5 ppm were assigned to
the CH; groups B- to the fluoroalkenyl group in compound (51b). The doublet at higher
field was assigned to the CH, carbon neighbouring the bridgehead, due to the increased
deshielding from it. A mﬁch smaller doublet at 29.5 ppm was assigned to the CH;, group
B- to the fluoroalkenyl group in compound (51a), and a small, broad CH signal, at 42.5

ppm, was assigned to the bridg‘ehead carbon B- to the fluoroalkenyl group in compound

(51a) (figure 3.16).
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Figure 3.16 13C NMR chemical shifts (ppm) of the carbons B- to the fluoroalkenyl

roups in compounds (51a) & (51b

(51b)

The other signals in the 13C NMR spectrum were tentatively assigned, by comparing
chemical shifts with data from methyl-substituted trans-decalin!®® and Z-
pentaﬂuofoprop-Z-enylcyqlohexane (43a).

'H NMR - Two sets of doublets (Jy.p = 32 sz of triplets (3Jy.y = 12 Hz), at 2.24
and 2.58 ppm, in a 1 : 3.3 proton NMR ratio conﬁrfned that the pentafluoropropenyl
groups of both (51a) and (51b) are equatorial. The rest of the proton spectrum was

assigned using a 13C/ 1H HETCOR NMR experiment.

3.39 x-(1.1.2.3.3.3-Hexafluoropropyl)cis-decalin x=1.2.9 (33)

Dehydrofluorination of the mono-adducts of cis-decalin (33) gave only the Z-

‘alkenes (52), using potassium t-butoxide.

: HI :/CcmFHCFs I 1 I A ‘

H 100%
(33) conversion
- 195 nmr (52a) (52b) (52¢)
R F _ €.5 2.9 )
R.! = - ratio
A Y
' -+ CFj (52) 85%

i. 1:2 KO'Bu, (Et),0, -10°C, 15 mins.
Distillation of the product mixture gave a fraction containing three components which
could not be separated. Analysis of the fraction, using GLC/MS and NMR, identified

the three products as 1-(Z-pentafluoroprop-2-enyl)cis-decalin (52a), 2-(Z-
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pentafluoroprop-2-enyl)cis-decalin (52b) and 9-(Z-pentafluoroprop-2-enyl)decalin
(52c).

In cis-decalin, some addition of the ﬂuoroalkyl group did occur at the bridgehead
position, in contrast to trans-decalin. This can be rationalised as the bridgehead site in
cis-decalin has fewer 1,5 Hydrogen interactions (figure 3.17) than the corresponding site

in trans-decalin.

Figure 3.17. 1.5 Hydrogen interactions at the bridgehead in Cis-decalin.

Again the two-position is attacked in preference to the one-position and this can be

accourted for by the increased 1,5 hydrogen interactions at the one-position.

Structure determination of compounds (52a). (52b) and (52¢) |

The 19F NMR spectrum of the three component mixture identified three sets of
c;is-ﬂuorines in the ratio 2.5 : 2.9 : 1. The three products all had Mt peaks at 268 in
their EI'™ mass spectra as alkenes by GLC/MS which identified .
13C NMR - The broad band proton decoupled spectrum was complex and so a 13C
DEPT spectrum was also run on the mixture to identify the methyne carbons. Three
doublets With 2Jc.r coupling constants ca. 20 Hz were assigned as the carbons attached
to the perﬂuorbalkenyl groups. The two larger doublets, at 37.3 and 31.3 ppm, were
identified as methyne carbons by the 13C DEPT spectrum and the smaller doublet, at
34.0 ppm, was assigned to the quaternary carbon of 9-(Z-pentafluoroprop-2-
enyl)decalin (52¢). Again the two major components, 1-(Z-pentafluoroprop-2-enyl)cis-
decalin (52a) and 2-(Z-pentafluoroprop-2-enyl)cis-decalin (52b), were distinguished by
their carbons B- to their fluoroalkenyl groups (figure 3.20). Three doublets with 3Jc.p
- coupling constants ca. 3 Hz were observed. The doublets at 28.1 and 34.1 ppm- were
assigned to the compound (52b), with the doublet at lower field assigned to the carbon

neighbouring the bridgehead, because of the deshielding effect of the bridgehead. The
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doublet at 23.1 ppm was assigned to CH, group B- to the fluoroalkenyl group in

compound (52a) (figure 3.18).

Figure 3.18 13C NMR chemical shifts m) of the carbons o— and B- to the

fluoroalkenyl groups in compounds (52a) and (52b

Two sets of bridgehead carbons, at 35.9 & 35.7 ppm and 35.3 and 35.2 ppm, were also
identified by the 13C DEPT spectrum. The smaller set ,at higher field, was assigned to
compound (52a) because of the increased deshielding of the perfluoroalkenyl group and
the larger set was assigned to compound (52b). The rest of the carbon spectrum was
assigned tentatively using data on corresponding methyl-substituted cis-decalins!%.

IH NMR - Two doublets of triplets at 2.56 and 2.71 ppm of similar size confirmed that
addition of the fluoroalkyl group occurred at the equatorial positions, in the two major

components.

3.40 1.1.2.3.3.3-Hexafluoropropvlnorbornane (37

Dehydrofluorination of compound (37) was achieved easily using t-butoxide as

' F
LchzoFHCF3 L N F

98% conversion
(37) o (53) 90%

i. 1:2 KO'Bu, (Pr),0, 0°C, 20 mins.

the base.
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A 9F NMR spectrum of the reaction mixture confirmed a 98% conversion of
the starting material. Distillation of the reaction mixture gave a pure sample of exo-2-(Z-
pentafluoroprop-2-enyl)norbornane (53) identified by its NMR and mass spectra.

A broad band proton decoupled 13C NMR spectrum was run on compound (53)
as a model for the higher adducts of norbornane. The removal of the chiral CFH group
eliminated the.possibility of diastereomers and therefore simplified the 13C NMR
spectrum considerably. The Z-pentafluoropropenyl group was identified as three
signals at low field. A further seven resonances were observed in the 0-45 ppm region.
A 13C DEPT NMR spectrum identified three of these resonances at methyne carbons, a
doublet (3Jc.r = 3.1 Hz), at 42.0 ppm, was assigned as the bridgehead carbon closest to
the perﬂuoroalkeﬁyl group and a singlet, at 36.1 ppm, was assigned to the other
bridgehead. The final methyne resonance, a doublet (2Jc.r = 20 Hz) at 38.8 ppm, was
attributed to the carbon attached to the perfluoroalkenyl group. The methylene
resonances were assigned by comparison with data from other substituted

norbornanes!?! (figure 3.19).

Figure 3.19 13C NMR chemical shifts (ppm) of the norbornyl group of compound (53

36.1
4
37 / 347

30.3 F
27.9 42.0T N\—F

388 CF,

(53)

A 13C/TH HETCOR NMR spectrum of compound (53) was used to assign its complex
proton spectrum and a 'H/TH COSY NMR spectrum was used to identify any proton-

proton coupling.

3.41 exo-2.x-Bis(1.1.2.3.3.3-hexafluoropropylnorbornane x=5.6 (38)

Dehydrofluorination of the norbornane di-adduct mixture (38) also proceeded

successfully.
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F : 9F nmr

‘ F ratio

F— ' (54a) 1.7

’i . \_-F

/A / cF,crHCR, —" “Fs |
CF,CFHCF, 100% CFy > (54)
. conversion 93%
(38) F F
(54b) 1/
F—/ N\ F

~ CF, CF,

i. 1:3.3 KO'Bu, (Pr),0, 0°C, 20 mins.

Distillation of the reaction mixture gave a fraction containing two components,
"~ which were inseparable. NMR and mass spectra, of the fraction identified the two
components as exo-2,5-bis(Z-pentafluoroprop-2-enyl)norbornane (54a) and exo-2,6-
bis(Z-pentafluoroprop-2-enyl)norbornane (54b) ina 1.7 to 1 ratio.

It is unsurprising that the major product was compound (54a) as the two
fluoroalkenyl groups are in positions, such that steric crowding and electronic effects

are minimised in the molecule.

Structure determination of compounds (54a) and (54b)
Compounds (54a) and (54b) were identified as the dehydrofluorinated products

by their M peaks, at 356, in their EI* mass spectra.

19F NMR - Two sets of cis-fluorine signals, in a ratio of 1.7 : 1, suggested that each di-
ene contained equivalent Z-pentafluoropropenyl groups and therefore addition had only
occurred at the exo-positions of the methylene groups in norbornane.

13C NMR - Three groups of signals at low field confirmed the presence of two
perﬂuoroalkenyl groups. Nine resonances were observed in the 0-50 ppm region and a
13C DEPT NMR spectrum identified five of fhem as methyne carbons. Of these, two
doublets at 38.0 (]Jc.r = 21 Hz) and 39.9 ppm (YUJc.r = 20 Hz) were assigned as the
carbons attached to t_he perfluoroalkenyl groups and the remaining three as bridgehead

carbons. A large doublet (%Jc.p=2.6 Hz) at 41.9 pprh was assigned as the bridgehead
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éarbon in exo-2,5-di-ene (54a), because of its similar chemical shift to the analogous
bridgehead of the mono-ene (53). Singlets at 48.2 and 36.2 ppm were assigned as
bridgehead carbons of exo-2,6-di-ene (54b). The lower field singlet was attributed to the
bridgehead carbon between the two perfluoroalkenyl groups, because of the large
deshielding from them and the higher field singlet was assigned to the other bridgehead

carbon.

36.5

(54a)

The relative sizes of the carbon resonances indicate that the major component of the

mixture was exo-2,5-bis(Z-pentafluoroprop-2-enyl)norbornane (54a).

342135 7-Tetrékis 1.1.2.3.3.3-hexafluoropropvl)adamantane (40

An eight fold excess of potassium t-butoxide was used to dehydrofluorinate the tetra-

adduct (40).
I. - +
RF RF 100% RF1 RF.‘. RF1 RF1
R/ conversion R R
(40) (55a) (55b),
Y
(55) 78%

i. 1:8 KO'Bu, (Pr),0, rt.
F

RF = 'CFQCFHCF3 RF1 = F> —_— <CF3 RF2 F> _<

Complete conversion of the tetra-adduct was achieved in a very exothermic

reaction. Distillation of the product mixture, using a Kugelrohr apparatus under reduced
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pressure, gave a fraction containing two components, (55a) and (55b) in a2 : 1 ratio.
The fraction was dissolved in chloroform and cooled (approx. -50°C), at which point, a
white solid (§5a) precipitated out.

The incorporation of an Z-pentafluoropropenyl group into (55b) can simply be

attributed to statistical probability.

Structure determination of (55a) and (55b)
A GLC/MS of the two component mixture identified, M* peaks at 656 in both EI*

mass spectra, indicating that both were isomers of the tetra-ene (55). .

19F, 13C and 'H NMR spectra were run on a solution of the white solid,
identifying it as 1,3,5,7;tetrakis(E-pentaﬂubroprop-Z-enyl)adamantane (55a).
19F NMR - Only three signals were observed in the 19F NMR spectrum indicating the
high symmetry of the molecule. The two vinylic fluorines were observed as doublets at
-149.7 and -170.3 ppm with coupling constants of 134 & 135 Hz respectively
confirming their trans -relationship. The trifluoromethyl group was observed as a broad
singlet at -67.6 ppm.
I3C NMR - Only five signals weré observed in the carbon spectrum which is
summarised in figure 3.25. Two resonances were observed at high field, a singlet at 36.4
ppm, as§igned to the methylene carbons, and a doublet (2Jc.r = 21 Hz) at 38.4 ppm

attributed to the quaternary carbons (figure 3.20).

Figure 3.20 13C and 'H NMR chemical shifts (ppm)of compound (55a)
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IH NMR - Only one resonance was observed in the proton spectrum, at 2.21 ppm
which corresponds to the six equivalent methylene groups. ’

The minor isomer was identified as .1 -(E-pentaﬂuoroprop-2-eny1)-3,5,7-tris(Z-
pentafluoroprop-2-enyl)adamantane (55b) by its 1F and 'H NMR spectra.
I9F NMR - Two CF5 resonances were observed, at -60.4 and -68.5 in a 1 : 3 ratio, and
were assigned to the Z- and E-perfluoroalkenyl groups respectively. Four vinylic
resonances were identified. Two broad singlets at -126.7 and -148.6 ppm were assigned
to the two cis-fluorines and two doublets (3Jp.r = 135 Hz) at -150.6 and -171.6 were
assigned to the six trans-fluorines (figure 3.21).

IH NMR - Two singlets were observed in the proton spectrum at 2.19 and 2.18 and

were assigned to the two sets of methylene groups.

Figure 3.21 19F and 'H NMR chemical shifts (ppm) of compound (55b)

-148.6

3.5 Kinetic v's Thermodynamic Control

It was thought that, in all the hydrocarbon systems, the E-isomer would have
been the more thermodynamically stable alkene, because of the steric interactions
between the alkyl and the trifluoromethyl gfoups. This seemed to be the case in the
adamantyl systefn, but the reactions involving the cyclohexyl system were not so
conclusive. Fluoride ion induced double bond isomerisations (scheme 3.4), were
performed at high temperaturev, to give more conclusive evidence of which stereoisomer

was the more thermodynamically stable.
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Scheme 3.4 Mechanism of Fluoride ion induced double bond isomerisation

Caesium fluoride isomerisations were performed on compounds (43a) and (45a).

F CF,
F F F
Z ™ CF, Z ™ CF, ZF
i.
—_— - +
(43a) (43a) 49% (43b) 37%
CF;
F F F
~~ "CF,4 =~ °F ~~ "CF,4
. i. +
(45a) * (45b) 97% (45a) Trace

i. 1:5 CsF,Tetraglyme, 200°C, 50 hrs.

In the adamantyl system, the Z-alkene (45a) was almost completely converted

into the E-alkene (45b). This established that the E-alkene (45b) was

thermodynamically more stable. In the cyclohexyl system, the Z-alkene (43a) remained -

the major component in the reaction mixture, even after fifty hours of CsF isomerisation

87



at 200°C. This suggest that the isomerisation process had reached an equilibrium and
that the E-alkene (43b) and Z-alkene (43a) have similar thermodynamic stabilities.

For both systems, the Z-alkenes (45a) and (43a) were the products favoured by
kinetic control. The rate determining step of the E1cB mechanism is loss of fluoride ion

from the intermediate anion (Figure 3.22).

Figure 3.22 Rate determining step of E1cB mechanism
@R%/ F
FsC F F )

The intermediate anion has an'sp3 configuration and is able to take up either the gauche
or’ trans conformation, consequently the gauche conformation of the anion is more
stable. This resolt is surprising given the steric size of the alkyl and trifluoromethyl
groups which may have been expected to favour the trans conformation. Preference of
the gauche conformation may be accountod for by the 'gauche effect' as seen in 1,2-
difluoroethane! 10111 Tt has been argued that this is due to fluorine-fluorine lone pair
attraction!!2, whereas others say it is the frans conformer which is conjugatively
destabilised rather than stabilisation of the gauche conformer!13. Another possibility is
that there is a destabilising interaction between the trifluoromethy! fluorines and
difluoromethylene fluorines (figure 3.23) which competes successfully with the steric

interactions of the alkyl and trifluoromethyl groups.

Figure 3.23 Gauche conformer of the intermediate anion

R F .
S
F7 " CFq
F
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3.6 Conclusions

Dehydrofluorination of the hexafluoropropyl side chain is a convenient route to
a novel set of moﬁo-, di- ahd poly-enes which opens up a new area of chemistry, for
example, they could be used as rﬁonomers. The tetra-ene (40) has possibilities as a
monomer in a dendritic polymer because of its tetrahedral shape.

Not only can dehydrofluorination be performed easily, but by reducing the
temperature of the t-butoxide system only the Z-isomer of many of tﬁe alkenes has
béen produced. This has not only simplified the product mixtures, which is useful
synthetically, but also allowed fuller characterisation bf many of the HFP di-adducts.

Better characterisation of the di-adducts allowed a fuller discussion of the
factors affecting the incorporation of more than one hexafluoropropyl group. It was |
concluded that polar and steric effects both contributed to the site of addition in a
mono-adduct, although these factors attenuated quickly as the site of addition became

more remote from the initial hexafluoropropyl group.
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Chapter Four
High Valency Metal Fluoride Fluorinations

90




4.1 Introduction
In the late 19th century it was observed that CeF4 and PbF4; evolved fluorine on
heating!14. These obsefvations lead to investigations into using high valency metal
fluorides as fluorinating agenté in organic chemistry. Various high valency metal
fluorides, such as silver difluoride and manganese trifluoride, were iﬁvestigated, but in
general cobalt trifluoride was easy to use; regenerate and provided the best results!!>.
Fluorinations using cobalt trifluoride were found to produce less fragmentation
" than when using direct fluorination, which waé attributed to the lower heat of reaction

of cobalt trifluoride!16, which is approximately half that of direct fluorination!!” (figure

4.1).

Figure 4.1

|- | | :
—cI;—H +2 CoFg —— —(|3—F +H=F + 2 CoF, AH° =-240kJ mol

o N |
—C-H + F—F ——»—cl;—F + H-F AH° = -416 kJ mol’’

In general, a 1afge excess of cobalt trifluoride should be present so that only 25-
 ‘3-0% is consﬁmed during the réaction, otherwise the yields of perfluorinated products
‘,usually falls!1®. Fluorination of a substrate becomes more difficult as the number of
ﬂuorinés atoms, in the substrate, increases. The technique is flexible, in that it is
possible to control the extentAof the reaétion by altering the reaction temperature or the
input rate of the organic substrate. The level of fluorination can be varied depending on
- the reaétion’terﬁpér_aﬁxre_:, but generally the technique is used to attain perﬂuoriﬁation.
Cobalt trifluoride fluorination involves two main stages. Initially cobalt
diﬂuoride undérgoes oxidative fluorination to cobalt trifluoride, which is achieved by -

passing fluorine over a cobalt fluoride bed at 250-300°C. When the cobalt trifluoride, in
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the reactor, has been fully regeneratéd then the organic sﬁbstrate is passed over.the
~cobalt trifluoride bed to produce perfluorinated material, cobalt difluoride and hydrogen

fluoride (scheme 4.2).

Scheme 4.2

i) Regeneration

2CoF, + F, » 2CoF;

i) Fluorination

2CoF; + R-H—— ~ 2CoF, + R-F + HF

Cobalt trifluoride fluorination islthought to proceed via a radical-cation
mechanism 118, Injtiélly the substrate is oxidised to a radical cation (56), followed by
loss of a pxi'oton‘to form the corresponding fadical’ (56a). The radical is then further
oxidised to form a catioﬁ (56b), Which then uhdergoes fluoride ion addition (scheme

43)

)
Scheme 4.3
] | +* H* | o
—c-H —oFs C-H| —— |—C
| -le l [
(56) (56a)
\l -le
| F- | +
—C-F =<«—— |[|—C
| CoFg |
(56b)

Cobalt triﬂuoride fluorination of Hydrocarbons

In the late 1940's much interest was generated in perfluorination of

hydrocarbons, using cobalt trifluoride, as perfluorocarbons were found to be unaffected
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by uranium hexafluoride. A series of r‘i=a:lkanesv(C4-C11) and cyclic hydrocarbons (table

4.1) were successfully perfluorinated!19-124,

Table 4.1 Cobalt Trifluoride Fluorination of Cyclic Hydrocarbons -

~ Hydrocarbon Reaction Major Product Yield Ref.

@ 28% [119]
C,Hs ®/0st 38% [119]

300°C CF, 45%  [121]
@/ (crude) -
350°C , ©/02F5 23% [121)
380°C CsF7 40% [121]
©/ (crude) ,
C4Ho 350°C, CsFs  42% [121]
| 4 (crude)
250°C and CF, 25% [121]
. 350°C @: (crude)
CF |

Temperature

O
- X
1%

Qo

O
n

I
o

3

@) ®)
I I
W @

3
HsC\O/CHS 350°C F30\®/CF3 17% [121]
) C 3s0°c CFg 42% [121]
| h CFZC CFs (crude)
© CH, 350°C CF, 21% [121]
HeC” ‘ “CH, F4C” t “CF,
~_CHs  250-380°C CFs  38% [121]
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The early reectors Werev superceded by a horizontal reactor containing cobalt

' triﬂuoride in a nickel tube with a central rotating shaft with paddles attached, so as to
agitate the cobalt trifluoride and improve the contact with the organic vapour!10 and a
series of perﬂuorodicycloﬁexyl compounds were produced using this method (scheme

4.4).

Scheme 44

CeHs(CH2)nCoHs _3]9_'490_0"@"(0':2 _®
CoF3

Yield of perfluorocarbon
n=0,59% n=4,28%
n=1,45% n=524%
n=2,66% n=6,8%
n=3,33% n=10,2%

. P(')iyﬂuorinationlzs’126 can also be achieved, usually to give compounds containing one
or two remaining hydrogeps, but the product mixtures tend to be complex as at high.
'temperatufes. the fluorination process shows little selectivity. However

“monofluorination of some hydroftuorocarbons has been accomplished recently!27:128,

Although co‘balt triﬂuofide was generally recognised as the best high valency

‘metal fluoride fluorinating agent, the reactions with hydrocarbons show ‘that the
perﬂuorlnated products are produced in moderate yields due to degradatlon of the
substrate. More recently thls has been combated, in ethers, by the 1ntroduct10n of a

polyﬂuoroalkyl group 1nto the .substrate prior to perfluorination! 29,

(7 >_< _yraysor O _CF,CFHCF,
peromde Q/ (41)
| CoF,
440°C

®/CF20F2CF3 |
(57) 70%

- This resulted in much improved yields over perfluorination of the parent ethers!3?.
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4.2 Cobalt Trifluoride Fluorinations

4.21 2.5-Bis(1.1,1.2.3.3-hexafluoropropvltetrahydrofuran (58

In the present work, a sample of 2,5-bis(1,1,1,2,3,3-
hexafluoropropyl)tetrahydrofuran (58), which had been previously prepared in this
laboratory’>, was passed through the cobalt trifluoride reactor at 400°C, the maximum

temperature of the reactor.

F3CHFCF2C\<OJ/CFQCFHCF3 i F4CF,CF,C ~ON_ CF,CF ,CF,
L remeresly

(58) 86% recovery® (59) 80%

i. CoF3, 400°C, N, 30 ml min"

*'recovery (%) calculated, based on (59)

A GLC/MS, 19F NMR and PF/19F COSY NMR of the product mixture identified the
major products as cis- and trans-perfluoro-2,5-dipropyltetrahydrofuran (59), whose -
data agreed with theliterature’>, and also the presence .Of various polyfluorinated
products. The polyfluorinated products were rémoved from the product mixture by
continuous extraction with acetone, but the cis- and trans- isomers of (59)‘couldi not be
separated. Eveh at 400°C, there was very little decomposition during the reaction. This
can be attributed to the presence of the two polyfluoroalkyl groups in the starting

material (58) which significantly stabilised the ether to cobalt trifluoride fluorination.

4.22 1.1.2.3.3.3-Hexafluoropropyvlcyclohexane (24
The cobalt trifluoride fluorination of 1,1,2,3,3,3-hexafluoropropylcyclohexane

(24) was conducted at 375°C.

CF,CFHCF, CF,CF,CF; CF,CFHCF,

— - +

89% recovery
(24) (60) 63% (60a) 17%

i. CoFg, 375°C, N, 30 mI min™" + CgFygH, 20%

* recovery (%) calculated, based on (60)
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| _ | GLC/MS and !9F NMR analysis of the product mixture identified the major
.pioduct as perﬂuoroprobylcyclohexane (60) and the major polyfluorinated product was
icientiﬁed.as 2H—perﬂuoroprbpylcyclohexane (60a). Again the polyfluorinated products
weré removed By continuous extraction with acetone. A trace amount of
perﬂubr@cyéldheXane was identified as the only decomposition product and was
separated frcim (60) by préparaﬁve scale GLC. |
Again very littlé decdmpésition' occurred during the reaction because of the
fluoroalkyl group, in fact, the-hydrogen iil the hexafluoropropyl side chain of (24) was
the most difficult to fluorinate, presumably because of the electron withdrawing
properties of the neighbouring trifluoromethyl and difluoromethylene groups
. deactivating the site. |
‘ The 19F NMR spectrum of the purified perfluoropropylcyclohexane (60) agreed
with the data published by Lin and Lagowli31 who produced compound (60) in
moderate yield ona small scale »by direct fluorination at -130°C. GLC/MS icientiﬁed the
polyfluorinated produ(its as containing one or two remaining hydrogens (M™-F peaks at
413 & 395‘)' and ‘2H-perﬂuorOpropylcyclohéxane (60a) was identified by its M*-F
' -peak at 413 and base peai< at 151,.corresponding to the *CF,CFHCF; fragment..

4.23 1.1.2.3.3.3-Hexafluoropropylcyclopentane ( 25)

Cobalt trifluoride fluorination of 1,1,2,3,3,3 -liexaﬂuoropropylcyclopentane (25)

was conducted at 375°C.

CF,CFHCF, CF,CF,CF, CF,CFHCF,

T

(25) 87% recovery* (61) 60% (61 a) 38%

. + 08F15H, 2%
i..CoF3 375°C, N, 30ml/min

* fecovery (%) calculated based on (61)

. .GLC/MS analysis of the product mixture identified the two major products as

‘ perﬂuorppropylcyclop‘entane (61) and 2H-perﬂuoropropquyclopentane (61a), which
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were separated by continuous extraction with acetone. The perfluorocarbon mixture
| contained a small trace of perfluorocyclopentane, but this was removed from (61) by
preparative scale GLC. }
| A 1°F NMR sp‘ectrum of perfluoropropylcyclopentane (61) identified three
singlets at -81.2, -116.1, and -125.1 ppm, which were assigned to the CF3 group, the
neighbovuring CF2‘ group and the remaining CF5 group of the perfluoropropyl side chain
respectively. Another smaller singlet was detected at -185.2 ppm and was assigned to
the tertiary CF group in the cyclopentane ring. The remaining signals were observed as
two AB systems at -123.0 & -128.3 ppm (2Jg.p =270) and -129.0 & -132.5 (3JE.F
=259) which were assigned to the two CF; groups in the cyclopentane ring. In each AB
system‘ the signals at lower field were assigned to the axial- fluorines, as these are
expected to be more deshlelded than the equatorial fluorines. The EI* mass spectrum of
- (61) contamed a M+ F peak at 381 and a base peak at 69, corresponding to the CF;3
fragment. Compound (61a) was identified by its EI* mass spectrum which contained a

Mt-F peak at 363 and a base peak at 151, corresponding to the *CF,CFHCF;

4 fragment.

4.24 trans-1.4-Bis(1.1.2.3 3 3-hexafluoropropyl)c élohexane 27a

The ucobalt trifluoride fluorination of trans-1,4-bis(1,1,2,3,3,3-
hexafluoropropyl)cyclohexane (27a) was conducted at various temperatures to try to
identify the optimum temperature of the reaction. The crystalline solid was heated so

that it liquefied before entering the reactor.

CF,CFHCF, CF,CF,CF,
+ CnF2n/2n+2
—-—->
. + C12F24.mHm (M=1-3)
CF,CFHCF, CF,CF,CF,
(27a) N (62)

i. CoF3, 300-400°C, N, 30m¥/min
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% Composition of producté by GLC/MS
Recovery* | ChFapan+2|  Ci2F24 Ci2F23H Ci2F22H,
n<12 (M*-19, 581) | (M*-19, 563) | (M*-19, 545)
400°C 77% 23.3 64.5 8.8 34
350°C 68% 9.8 - 78.1 10.6 1.5
*calculated, based on (62)

The major products in both reactions were identified as the cis- and trans-
isomers of perfluoro-1,4-dipropylcyclohexane (62). A GLC/MS analysis of the product
mixture from the reaction at 400°C identified a surprisingly large amount of
perfluorinated decomposition products, the major component of which was identified
as perﬂuorbpropylcyclohexane (60) (M*-19, 431). Lowering the reaction temperature,
td 350°C, reduced the proportion of decomposition products, without increasing the
proportion of polyﬂuorinated products. A pure sample of perfluoro-1,4-
dipropylcyclohexane (62) was obtained by continuous extraction of the product
mixture, with acetone, followed by preparative scale GLC. Chlorotrifluoromethane was
then added to compouhd (62) and the solution was cooled to -15°C, at which point
trans-perfluoro-1,4-dipropylcyclohexane (62a) crystallised out of the solution.

Both the cis- 'a‘nd trans-isomers of perﬂuoro-l,4-dipropylcyclohexane (62) were
produced from only the trans-isomer of the substrate. This is consistent with the
proposed oxidative radical mechanism, as the tertiary radical produced can rapidly

interconvert (figure 4.3) to give both cis- and trans-isomers.

Figure 4.3

lcvclohexane (39

Structure determination of cis- and trans-perfluoro-1.4-dipro
The EI* mass spectra of the cis- and trans- isomers of perfluoro-1,4-
dipropylcyclohexane (62) identified M™-F peaks at 581. A 19F NMR spectrum of a

solution of trans-perﬂuoro-i,4-dipropylcycldhexane (62a) identified three singlets at
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-81.2, -119.4 and -126.1 ppm, in a 3 : 2 : 2 ratio, which were assigned to the
perﬂuoroprobyl group. A large AB system at -117.7 & -126.7 ppm was assigned to the
four equivalent difluoromethylene groups of the cyclohexane ring and a singlet at -186.7
ppm was assigned as the axial fluorine in the fluoromethyne group due to its similar
chemical shift as the corresponding fluorine in perfluoropropylcyclohexane (60). cis-
Perfluoro-1,4-dipropylcyclohexane (62b) was identified ﬁoﬁ the !°F NMR spectrum
of mixture of cis- and trans- isomers of (62). The pefﬂuoropropyl fluorines were
observed as three singlets at -81.0, -113.4 and -124.8 ppm respectively. The singlet at
-119.4 was assigned to all the ring fluorines and the singlet at -183.0 ppm was assigned
to the fluoromethyne group. The equivalence of both perfluoropropyl groups and the
diﬂuoromethylene groups of the cyclohexane ring were explained by rapid

interconversion of the cyclohexane chair conformation (figure 4.2).

Figure 4.2
CF,CF,CF, CF,CF,CFy
F4CF,CF,C CF2CFCFs

4.25 1.x-bis(1.1.2.3.3.3-hexafluoropropyl)cyclohexane x=3.4 (27
Cobalt trifluoride fluorination of compound (27) was conducted at both 375°C
and 400°C, at both temperatures the major group of products were isomers of

perfluorodipropylcylohexane (62) and (63).

CF,CFHCF; CF,CF,CF;  CF,CF,CF5

S .
N
CF,CFHCF; CFCF,CF;
CF,CF,CF
(27) (62) (63)

+ CFononsz (N<12)

"i. CoFg, 300-400°C, N, 30ml/min :
+ CyoF4.mHm (M=1,2)
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% Composition of products by GLC/MS
Temp | Recovery* | CnFan/an+2 CioF24 Ci2F23H C12F2H>
n<l12 (M*-19, 581) | (M*-19, 563) | (M*-19, 545)
400°C 75% 445 445 - 10.0 1.0
375°C 83% 10.9. '58.1 23.3 7.7
*calculated, based on (63)

GLC/MS analyses of both reactions, identified perfluorinated decomposition
products and polyfluorinated products, of which 2H-perfluoro-dipropylcyclohexane

(63a) (M™-19, 563; base peak; 151) was the major component.
CF,CFHCF,

F
N
CF,CF,CF3
(63a)

Isomers of perfluorodipropylcyclohexane (62) and (63) were obtained by continuous
extraction of the product mixture with acetone, followed by preparative scale GLC, but
coﬁld not be separated. ’

Again lowering the temperature, from 400°C to 375°C, reduced the amount of

decomposition products greatly and enhanced the proportion of

perfluorodipropylcyclohexane (62) and (63).

Structure determination of perfluoro-1.3-dipropylcyclohexane (63
The 19F NMR épectrum of the pefluorocarbon mixture was complex, especially

in the difluoromethylene region and so a 19F/19F COSY NMR spectrum was also run

on the mixtures.

CF4CF,CF, CF,CF,CF,




The CF; and CF groups of both isomers of perfluoro-1,3-dipropylcyclohexane (63)
were readily distinguished atv-8.0.9 ppm and ca. -184 ppm. In trans-perfluoro-1,3-
dipropylcyclohexane (63a) the perfluoropropyl groups occupy equatorial positions
giving the cyclohexane ring a rigid conformation, and therefofe three AB systems at
-120.0 & -125.0, -121.3 & -131.3 and -122.8 & -140.8 ppm ina 1 : 2 : 1 ratio were
assigned to its CF, ring groups at 2, 4/6 and 5 positions respectively. In contrast, the
cyclohexane ring of cis-perfluoro-1,3-dipropylcyclohexane (63b) will be rapidly
inverting, as in compound (63b), and its three CF, ring groups at the 2, 4/6 and 5
. 'positions were tentatively assigned to singlets at -1 15.6, -115.1 and -126.2 ppminal :

© 2 : 1 ratio. Finally two groups of singlets at ca. -127 and -114 ppm were assigned to the

CF, of the perfluoropropyl groups of both isomers.

426 1.x-bis(1.1.2.3.3.3-hexafluoropropyl)cvclopentane x=2.3 (26)

The cobalt trifluoride fluorination of compound (26) was also conducted at
375°C and 400°C, and isomers of perfluorodipropylcyclopentane (64) were identified

as the major products in both cases.

- CF,CFHCF3 CF,CF,CF;
. + Cann/2n+2 ,n<1 1

l. )
F + C11F22-mHm ,m=1,2

\

CF,CFHCF4 CF,CF,CF3

(26) (64)

i. CoF3, 350-400°C, N, 30ml/min
‘ % Composition of products by GLC/MS
Recovery* | CoFonont2|  CuiF22 CiiF2iH C11F20H2
n<ll' | (M*-19, 531) | (M*-19, 513) | (M*-19, 495)

400°C 48% 20.8 71.3 7.4 0.4
375°C 77% 10.5 71.0 17.1 0.7

*calculated, based on (64)




GLC/MS analyses of the product mixtures identified the major perfluorinated
decomposition product as perfluorodipropylcyclopentane (61) (M*-19, 381; base peak
at 69) and the major polyfluorinated produci as 2H-perfluorodipropylcyclopentane

(65) (M*-19, 363; base peak at 151).
CF,CFHCF;

F
3 CF,CF,CF,
(65)

Lowering the reaction temperature, from 400°C to 375°C, reduced the
proportion of perﬂuorinatéd decomposition products, but it also had the effect of
increasing the percentage of polyfluorinated products and therefore the proportion of

perfluorodipropylcyclopentane (64) remained unchanged.

Structure determination of perfluoro-1_3-dipropvicyclopentane (64a

The two major isomers of perfluorodipropylcyclopentane (64) were identified
as a 1 : 1 mixture of cis- and trans-perfluoro-1,3-dipropylcyclopentane (64a) by 19F

NMR and 19F/19F COSY NMR spectra on the mixture.

2
CF30F2CF2\Q/CFQCF20F3
1\ F /3
' 5 4

(64a)

As in perfluoro-2,5-dipropyltetrahydrofuran (59), five AB systems were observed in
the difluoromethylene region. A comparison of the spectra suggested that two singlets,

at -114.2 and -122.4 ppm, arose from the CF, groups at the two positions, one from
each isomer. Two AB systems centred at approx. -126 ppm were assigned to the CF;
groub neighbouring the CF; groups because of their characteristic chemical shift, again
one from each isomer. Two AB systems at -123.0 & -124.3 ppm and -126.1 & -134.1
ppm, were assigned to the two equivalent CF, groups at the four and five positions in

the cyclopentane ring, of both isomers. The final AB system and a singlet, both centred
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at approx. -118 ppm were assigned to the CF, groups, neighbouring the tertiary ring CF

group, of the perﬂubropropyl group in both isomers.

4.27 x-(1.1.2.3.3.3-hexafluoro rov Deis-decalin (x=1.2.9) (33

The cobalt triﬂuoridé_ fluorination of compound (33) was performed at 375°C.

{_~CF:CFHCF; _ CF,CF,CFq
: |

H 84% recovery* (66) 68%
(33) _

i. CoF5 375°C, N, 30ml/min

* recovery, calculated based on (66)

+ Cann/2n+2 n<10, 19%

+ C1 3F22_mHm 1 3%

The major group of products were identified as isomers of perfluoro-x-
propyldecalin (x=1,2,9) (66), polyfluorinated products contributed 13% to the product
mixture, but were removed by continuous extraction with acetone ovérnight. The major
perfluorinated decomposition products were identified by GLC/MS as the two isomers
of perfluorodecalin (5%) conﬁﬁning isomerisation occurred at the bridgehead position
during fluorination. The 19F NMR spectrum of the perfluorocarbon mixture was very
complex in the difluoromethylene region because of the number of isomers of the
product and the number of CF, groups within each isomer. A 19F/19F COSY NMR was

run on the mixture, but still the AB systems could not be resolved.

4.28 1 -(1.1.1.2.3.3-hexafluoropropyl )adamantane

Attempts to perfluorinate alkyladamantanes!3? using cobalt trifluoride have led
to significant amounts of perfluorinated decomposition products, as occurred with
norbornane!33, but by introducing trifluoromethyl groups, in a two step process, and
thén fluorinating by passing the substrate through a thermally graduated reactor several
times, perfluorination was attained.

A Simple reaction was performed, where 1-(1,1,2,3,3,3-

hexaﬂuoropropyl)adamantane (22) was passed through the CoF; reactor at 400°C.
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CF,CFHCF, - CF,CFHCF,
i ’ + CoFon,p N<13,62%

—_— - ]
+ C1oF16-mHm 6%

(22) (67) 32%

i. CoF3, 400°C, N, 30mimin’

The product mixture was very complex due to a lérge amount of pérﬂuorinated
decompdsition products. A GLC/MS of the mixture indicated that the major product
was perfluoro-1-propyl-adamantane (67) (M*-19, 555), but it could not be isolated
from the mixture and so no further characterisation was possible. Decomposition
presumably occurred as the adémantyl cage structure was uhable to withstand the high
temperature. In further reactions the temperature was reduced, but this only increased
the amount of polyfluorinated products. |

Attempts to perfluorinate 1,3-bis(1,1,1,2,3,3-hexafluoropropyl)adamantane (23)
at 400°C also gave an extremely complex mixture of perfluorinated decomposition
products including a small amount of perfluoro-1,3-dipropyl-adamantane (M*-19, 705)
which could nét be separatedt Therefore it seemed that a further increase in the
percentage of fluorine content of the starting material had no beneficial effect on the

reaction.

4.29 Z-pentafluoro-2-propenylcyclohexane (43a

As the CFH proton in the fluoroalkyl group of the hexafluoropropyl adducts
proved, consistently, to be the most difficult. to fluorinate, the cyclohexane adduct (24)

was dehydrofluorinated prior to fluorination.

F
- |
~ CF3 CF,CF,CF3  CF,CF,CF,
-
85% recovery*
(43a) - (60) 90% (60b) 10%

i. CoF5 375°C, N, 30mimin™’

* recovery, calculated based on (60)
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The major product was identified as perfluoropropylcyclohexane (60) and only
a small amount of polyfluorinated products (60b) were identified and no perfluorinated
decomposition products were observed. | » |

Removing the CFH group .prior to fluorination allowed a lower temperature to
be used without resulting m an increased amount of hydrogen. containing products. The

lower temperature also eliminated any decomposition and this resulted in an increased

amount of the desired perfluorocarbon.

4.3 Methanol/TFE. Telomers
Telomers produced from radical addition of methanol to tetrafluoroethylene
have long been known!34. Cobalt trifluoride fluorinations of the heptanol and nonanol

derivatives were conducted, at 400°C and 300°C, as a quick convenient route to

perfluoroalkanes.

' CoF,, 400°C
H(CF2CF),CH,OH Nc; 30mimin - CFa(CF2)4CFg

(68) 86%recovery®  (68a)93%

a calculated based on (68a)

H(CF,CF,);CH,0H —CoFs CF4(CF,),CF5; + HCF,(CF,),CF;
i. orii.
(69) Recovery®  (69a) (70)
i. 400°C, N, 30mimin™'  65% 90% 2%
ii. 300°C, Ny 30mimin™'  51% 25% 75%

b calculated based on (69a)

Fluorination of the nonanol telomer at 400°C, produced perfluorooctane (68a)
as the major product and similarly .perﬂuorohexane (69a) was identified as the major
preduct from the heptanol telomer. |

Lowering the temperature of the heptanol derivative, to 300°C, 51gmﬁcantly
reduced the proport1on of perﬂuorohexane (69a) produced and 1H-perfluorohexane (70)
became the major product. The reaction probably proceeds via an acid fluoride, which

then loses OCF; (scheme 4.5). When the reaction was repeated at 200°C, a 19F NMR
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spectrum of the products, identified a signal at +24.3 ppm, characteristic of an acid

fluoride.
Schemé 4.5
H(CF,CF,)sCH,0H H(CF,CF,)sCOF
Acid fluoride
1- OCF,

CF3(CF2)4CF3 I — HCFz(CF2)4CF3

" Both reactions provide quick and simple routes to perfluoroalkanes and also
could be used to produce 1H-perfluoroalkanes, if required by simply reducing the

reaction temperature.

4.4 Fluorinations using high valency nickel fluorides in anhydrous HF

It has long been suspected that electrochemical fluorination (Simons Process)
using a nickel anode in anhydrous HF creates higher nickel fluorides than nickel -(II)
fluoride!35 and therefore such high valence nickel fluorides were possible low

temperature, fluorinating agents in their own right.

4.41 Silver ANNickel(TV)hexafluoride

trans-1.4-bis(Z- entaﬂuoroA rop-2-enyl)cyclohexane (46

A brown siurry of AgNiFg in anhydrous HF was slowly added to a slightly
soluble mixture of trans-1,4-bis(Z-pentafluoroprop-2-enyl)cyclohexane (46) in
anhydrous HF at approximately 0°C

F

F
= CFy | CF,CF,CF-

AgNiFg
0°C, AHF

F.C H~ "CF,CF,CF;

"\

(71)

B
)
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An exothermic reaction occurred immediately, and the brown AgNiFg was reduced to an
olive green solid, assumed to be Ag(I)Ni(II)F3. When no further reaction was observed
the anhydrous HF was allowed to distil into a soda-lime trap and the remaining green
solid was washed with Arklone and then analysed using °F NMR. The 1°F NMR
spectrum produced a weak set of .signals similar to that of the cis- and trans- isomers of
perﬂuoro-l,4-dipropyléyclohexane, except that no tertiary ring fluorines were evident
(normally observed at approx. -185 ppm), suggesting that the tertiary ring prdtons were
not fluorinated and the product was 2H,2’H-perﬂuoro-l,4-dipropylcyclohexane (71).
Removing the CFH group from the fluoroalkyl side chains by
dehydrofluorination prior to fluorination would make the tertiary ring proton the
Hardest site to fluorinate, as it is the closest to the electron withdrawing side chain and

therefore NiFg¢2- was not a strong enough oxidiser to give complete fluorination.

4.42 Nickel (III) trifluoride
2.5-bis(Z-pentafluoro-2-propenyltetrahydrofuran (72)

Nickel trifluoride is a stronger oxidiser than NiF¢?- as it does not carry a negative
charge. It is formed by adding BFs to a solution KoNiF¢ in anhydrous HF from which it
removes fluoride ion to produce nickel (IV) tetrafluoride which is unstable above -40°C
and loses fluorine to give nickel (III) trifluoride as a black precipitate.

Compoimd (58) was dehydrofluorinated, using sodium t-butoxide, to form 2,5-
bis(Z-pentaﬂuoroprop72-enyl)tetrahydrofuran (72) prior to fluorination. The black
slurry of nickel trifluoride in anhydrous HF was added slowly to the slightly soluble
-2,5-bis(Z-pentaﬂuoro-2—p:ropenyl)tetrahydrofuran (72) in anhydrous HF, at

approximately 0°C.

. F - F

- MF _NiFg F3CFQCFQC\®/CFQCF2CF3
_ 0°C, AHF
(72) . (59)
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" The solid gradually turned a light brown colour as the nickel trifluoride was reduced.
The reaction was left overnight to ensure complete conversion and then the anhydrous
HF was distilled off and the remaihing brown solid was washed with
chlorotrifluoromethane. A 19F NMR spectrum of the chlorofluorocarbon solution
identified a weak set of signals similar to those of perfluoro-2,5-
dipropyltetrahydrofuran (59) and there was no evidence of any CFH signals.

" Fluorination of the tertiary ring protons may have been aided by the
neighbouring activating oxygen, but in more recent work, in collaboration with Bartlett
and Roche in this laboratory, perfluoro-1,3,5,7-tetrakispropyladamantane (73) was
produced via | nickel trifluoride fluorination of 1,3,5,7-tetrakis(1,1,2,3,3,3-
hexafluoropropyl)adamantane (55), confirming that NiF; is even able to fluorinate the

CFH proton and therefore is a stronger fluorinating agent than AgNiFg.

CF,CF,CF,

CF,CF,CF3
CF,CF,CF3
(73)

CF3CF,CF,

4.5 Conclusions

Cobalt trifluoride fluorinations were performed successfully on the mono-
adducts of cyclopentane and cyclohexane to produce their perfluorinated derivatives,
which could be isolated from their product mixtures, but perfluorination of the di-
adducts gave mixtures of perﬂuc;rinated cis- and frans-isomers which were inseparable.
Full interpretation of the !°F NMR spectra of these isomers was difficult, but was
helped by the use of 19F/19F COSY experiments. In all cases the presence of the -
fluoroalkyl group in the starting material stébilised it to fluorination, lessening the
amount of decomposition products, but the proton of the CFH group in the side chain

was the most difficult to remove and was the major contributor to the hydrogen
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before ﬂuérination. In all these reactions any polyfluorinated products were easily
removed using continuous extraction with acetone and perfluorinated decomposition
products were removed by preparative GLC. Cobalt trifluoride fluorinations of the 1-
(1,1,2,3,3,3-hexafluoropropyl)adamantane and 1,3-bis(1,1,2,3,3,3-
hexafluoropropyl)adamantane were hampered by decomposition of the adamantyl
skeleton, even when the percentage of fluorine was increased in the starting .material.
Dehydrofluorination of the fluoroalkyl side-chain, as in the cyclohexane adduct, should
allow lower temperatures to be used and may reduce the amount of decomposition
observed.

Cobalt trifluoride fluorination of the methanol/tetrafluoroethylene telomers
provided an convenient method of producing either the perfluoroalkanes or 1H-
perfluoroalkanes by simply varying the reaction temberature.

AgNiF¢ in anhydrous HF, fluorinated all but the most deactivated hydrogens in
the substrate, at 0°C. Whereas NiF3 in anhydrous HF proved to be strong enough to
fluorinate even the hydrogen in the hexafluoropropyl side chain, at 0°C, yet still

maintain the adamanty! skeleton in (73).
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Chapter Five

Functionalisation of Hexafluoropropene Adducts
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5.1 Introduction
Previous attempts to affect radical addition of HFP to alkenes such as
cyclohexene, in this laboratory, led only to trace amounts of the desired products®®,

presumably due to formation of allylic radicals which are too stable to react further

‘(scheme 5.1).

Scheme 5.1

CF,CFHCF,
O - () @

Therefore to introduce unsaturation into the hydrocarbon moiety of a
hexafluoropropene adduct, another functional group must first be introduced followed

by o,B-elimination of it (scheme 5.2).

Scheme 5.2

F_ CF3 HX @
’ N ‘ N

"CF,CFHCF, CF,CFHCF4

5.2. Attempted additions of Hexafluoropropene (HFP) to Functionalised Hydrocarbons

5.21 Cyclohexyl chloride

In the present work, addition of cyclohexyl chloride to HFP was attempted in

repeated experiments, using both y-rays and peroxide initiation, but only trace amounts

of x-(1,1,2,3,3,3-hexafluoropropyl)cyclohexyl chloride (74) were produced.
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Cl |
EF CF,CFHCF,
+ > - ( I. Orin. O/
F CF, | a1’
1 : 15 (74) Trace

. y-rays, 7Mrads, 4 Days, 18°C
ii. DTBP, 140°C, 24 hours

‘A GLC/MS of the y-ray reaction mixture identified a small group of isomers of
the mono-chlorinated adduct (74) with a (M-Cl)* peak at 233 and a 19F NMR spectrum
of the reaction mixture confirmed HFP incorporation, but no further workup of the
reaction was performed. The reaction was repeated using acetone to make the two
compouﬂds miscible, but it had no significant effect on the reaction. The low reactivity
of the system may. be due to the electron withdrawing properties of the chlorine .
deactivating the system to radical addition.

GLC/MS analysis of the DTBP initiated reaction identified the major product as
cyclohexene (6%; M+, 82). This suggests that a hydrogen f- to the chlorine is
abstracted and elﬁnination of a chlorine radical (scheme 5.3) is preferred to addition to

HFP.

Scheme 5.3‘

Ci kCI

5.3 Chlorination of Hexafluoropropene adducts

5.31 1.1.2.3.3.3-Hexafluoropropylcyclohexane (24
As an alternative to addition of cyclohexyl chloride to HFP, chlorination of

1,1,2,3,3,3-hexafluoropropylcyclohexane (24), using sulphuryl chloride, was performed.
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A two-fold excess of compound (24) was used in an attempt to produce only the mono-

chlorinated adducts (74).

CF,CFHCF,

CF,CFHCF,
2:1 SOzCIz -~
uv./15hour Pz

Cl

(74) 27%

The reaction was terminated when no further gases evolved from the reaction
mixture, indicating that no sulphuryl chloride remained. A 'H NMR of the reaction
mixture confirmed chlorination of the cyclohexane ring had occurred as several new
signals in 3.5-4.5 ppm region.were observed. Fractional distillation of the reaction
mixture gave two fractions. ‘The-major fraction consisted of recovered starting material
and ‘the other fraction was identified as isomers of x-(1,1,2,3,3,3-

hexafluoropropyl)cyclohexyl chloride (74).

5.32 Chlorination of 1.1.2.3.3.3-hexafluoropropylcyclopentane (25)

1,1,2,3,3,3-Hexafluoropropyl)cyclopentane (25) was chlorinated using

sulphuryl chloride (1 : 1 ratio) and uv initiation.

CF,CFHCF, | CF,CFHCF,
:1 80,0, '
u.v./ 16 hours ol

(25) (75)

83% conversion

A TH NMR of the reaction mixture confirmed chlorination had taken place with
several new signals in the 4-5 ppm region, corresponding to CHCI protons. GLC/MS
anelyeis identified isomers of x-(i,l,2,3,3,3-hexaﬂuoropropyl)cyclopentyl chloride x
=2,3 (75) as the major products (M-Cl)*, 219) but a trace amount of di-chlorinated

adducts were also detected (M, 288).
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Six major isomers of compound (75) were observed in three groups of two by
GLC. Two regioisomers of (75) are possible, both containing three chiral centres and
therefore sixteen isomers of the mono-chlorinated adduct are possible, making

conclusive structure determination virtually impossible.

5.4 Dehydrochlorination of Chlon'nated Hexafluoropropene adducts
5.41 x-(1.1.2.3.3.3-Hexafluoropropyl)cyclohexyl chloride x=2.3.4 (74)

Dehydrochlorination . of compounds (74) using either aqueous sodium
hydroxide!3 or triethylamine!37 failed, but a review of the literature!38:13% indicated
that the weak base, lithium chloride in dimethyl formamide was an unusual, but

successful dehydrochloﬁnating agent and so dehydrochlorination, using this system,

was attempted.

CF,CFHCF; |
L _CF,CFHCF,
Lori. - @
c”
(74) (76)
i. 1:1.5 LiCl, DMF, 150°C, 20 hrs  89%
ii. DMF, 150°C, 20 hrs . 46%

A GLC/MS of the product mixture indicated that nearly all the starting material
(89%) had undergone dehydrochlorination to produce isomers of x-(1,1,2,3,3,3-
hexaﬂuéropropyl)cyclohex-l-ene x=1,2,3 (76) (M, 232). Distillation of the reaction
mixture gave a pure sample of (76), whose IR spectrum confirmed the existence of a
double bond (v-!, 1680 cm-!). The 'H NMR of (76) identified vinylic proton
resonances in the 5.5-6.5 ppm region, confirmed that the double bond was located in the
cyclohexane ring and no vinylic fluorine resonances were observed in the 1°F NMR
spectrum establishing that 'dehydroﬂuorinatidn had not taken place.
" A reaction was also carried out using dimethyl formamide alone, to determine
whether the lithium chloride participated in the previous reaction. The reaction

conversion was significantly lower than in the previous reaction, suggesting that the
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lithium chloride does have a role in the dehydrochlorination process. The chloride ion
may be acting not only as a base, but also as a nucleophile helping to displace chloride

ion from the substrate in the transition state (77)..

The lithium cation may also co-ordinate to the chlorine leaving group, aiding the loss of

chloride ion140.

Structure détermination of x-(1.1.2.3.3.3-hexafluoropropyl)cyclohex-1-ene x=1,2.3 (76
A broad band proton decoupled 13C NMR was run on compounds (76) and
although it was complex, four major singlets were observed between 124-128 ppm

corresponding to vinylic carbons in the cyclohexane ring, suggesting that compounds

(76a) and (76b) were the major isomers.

CF,CFHCF; CF,CFHCF;  CF,CFHCF,

0 0 O

(76a) (76b) (76c¢)

Two small triplets, at 129.8 and 131.7 ppm, were also observed indicating that isomer
(76c¢) was also produced, but only as a minor product. This was confirmed by a 'H
NMR of (76) which identified a small multiplet at 6.23 ppm corresponding to the
vinylic proton of (76¢). A large multiplet at 5.71 ppm was also observed and

presumably resulted from the vinylic protons of both contained (76a) and (76b).
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5.42 x-(1.1.2.3.3.3-Hexafluoropropyl)cyclopentyl chloride x=2.3 (75

Having successfully dehydrochlorinated the cyclohexyl system, the lithium
chloride/DMF procedure was applied to the cyclopentyl derivative (75) and again good
conversion was achieved to give  isomers of x-(1,1,2,3,3,3-

hexafluoropropyl)cyclopentene x=2,3 (78).-

CF,CFHCF,
i.  CF,CFHCF;
¢l \C -
(75) (78) 72%

i. 1:1.5 LiCl, DMF, 150°C, 20 hrs

Distillation of the reaction mixture gave a pure sample of compounds (78), but
the individual isomers were inseparable. A 'H NMR of compounds (78) identified
three vinylic proton resonances, indicating that compound (78a) was the major isomer.
The smallest multiplet, at 6.56 ppm, was attributed to the vinylic proton of (78¢c) due
to the increased deshielding of neighboilring fluoroalkyl group. Another small multiplet,
at 6.13 ppm was assigned to vinylic proton of (78b) nearest the fluoroalkyl group, for
similar reasons and the final, large. multiplet, at 5.60 ppm, was assigned to the remaining

vinylic proton of (78b) and the two vinylic protons of (78a)

CF,CFHCF;  CF,CFHCF;  CF,CFHCF,

(78a) (78b) (78¢)

Although the introduction of unsaturation into the cyclopentyl system was
successful, the chlorination reaction showed little selectivity and this was reflected in

the mixture of unsaturated products (78).
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5.5 Ethoxide attack on pentaﬂuoroprop_enyl derivatives
5.51 Z-Peﬁtaﬂuoroprop-Z-enylcylohexane (43)

Dmowski showed that the pentafluoropropenyl derivative of tetrahydrofuran
readily underwent nucleophilic attack at its double bond, by alkoxide ions!%6. A

comparative reaction was performed with z-pentafluoroprop-2-enylcylohexane (43).

F
F
Z~ "CF,4 ‘ C(OEY)=CFCF; CF(OEt)CFHCF4
— QO - C
(43) 93% conversion (44) 82% (79) Trace

i. 1:2 NaOEt, EtOH, 80°C, 138 hrs

The disappearance of the vinylic fluorine, at -131.4 ppm, in the starting material
was monitored by 1£"F NMR, and after five and a half days the reaction was terminated.
A TH NMR of the product mixture confirmed the incorporation of the vinylic ethoxy-
substituents with multiplets at 4.13 & 3.84 ppm corresponding to the CH; groups and
triplets at 1.29 & 1.26 ppm assigned to the CH3 groups of both the Z- and E- isomers
of the vinylic ether (44). The !19F NMR spectrum of the products also identified a small
amount of the addition product 1-ethoxy-2,2,3,3,3-pentafluoroprop-2-enylcylohexane
(79), but this was not isolated. Distillation of the product mixture gave the Z- and E-
isomers of 1-ethoxy-2,3,3,3-tetraﬂubroprop-2-enylcylohexaﬁe (44) ina 3.5 : 1 ratio (by
19F NMR), which could not be-separated.

OEt OEt
NF Ny
CFs F
F nmrratio 3 - : 1
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In comparison with pentafluoro-2-propenyltetrahydrofuran (42), which
achieved almost complete conversion after three hours at 60°C!%, the cyclohexane
derivatiAve‘ (44) reacted at a much slower rate. This is presumably due to cyclic
substituents on the double bond. The oxygen of the tetrahydrofuranyl substituent
inductively' withdréws electron density from the double bond, increasing its
electrophilicity, whereas the cyclohexyl substituent releases electron density to it,

rﬁaking it less electrophilic and therefore less susceptible to nucleophilic attack.

5.52 trans-1.4-Bis(Z-pentafluoro-2-propenyl)cyclohexane (46)

Nucleophilic attack, using ethoxide ion was also attempted on trans-1,4(z-
pentafluoro-2-propenyl)cyclohexane (46).
F F

Fo , EtO

52%

FiCu : F.C

j/\F | Y\OEt

F * F

(46) ‘ (80)
i. 1:4 NaOEt, EtOH, 80°C, 72 hrs

After three days, a 1F NMR spectrum of the reaction mixture confirmed that
all the starting material had reacted and the major product was identified as trans-1,4(z-
1-etlloxy-2,3,3,3-tetraﬂuorbprop—2-enyl)¢yclohexane (80) which was isolated by adding
- methanol to the liquid producf and cooling to -78°C, at which point it crysta}lised out
as a white solid. The 19F NMR spectrum of the reaction mixture indicated that the
other major product was trqns-1-(z-1-ethoxy-2,3,3,3-tetraﬂuoroprop-2-enyl)-4-(z-

pentaﬂuoro-2-propenyi)cyclohexane (81) (35%), but this was not isolated.

CF4
O
(81)
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The increased reactivity of the cyclohexyl di-ene over the mono-ene is most
likely due to the decreased electron withdrawing ability of the cyclohexyl-substituent

due to the electron withdrawing effect of the extra fluoroalkenyl group.

5.6 Conclusions

Attempts to add cyclohexyl chloride to HFP were unsuccessful, but chlorination
of th¢ HFP adducts was possible. The low yields from chlorination may be improved,
but the reactions weré performed using an excess of the adduct in order to only achieve
mono-chlorination. Unfortunately, the low selectivity of the chlorine radical, coupled
with the increased number of chiral centres in the chlorinated products, produced a large
number of isomers of the chloro-derivative and it was not possible to identify the sites
of chlorination unafnbiguously. |

Dehydrochlo_rination of the chloro-derivatives failed using conventional bases,
such as triethylamine, but the weak base litﬁimn chloride in aprotic solvent, selectively
dehydrochlorinated the sysfem without any dehydrofluorination occurring.
Unforfunately, several inseparable unsaturated products were produced, which reflected
the low selectivity of the chlorination reactions.

Z-Pentafluoroprop-2-enylcyclohexane reacted at a slower rate with ethoxide,
than the corresponding tetrahydrofuranyl derivative, presumably because of the reduced
electrophilicity of its double bond. However the double bonds of the 1,4-di-ene seemed

to be more electrophlic asa consequence of the extra fluoroalkenyl group.
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Instrumentation
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Distillation™™ - |

Fractional distillation of lower boiling product mixtures (up to 150°C/1 mmHg)
was carried out using a Fischer Spahltroh MMS255 small concentric tube apparatus.
Higher boiling materials were distilled using a Buchi kugelrohr GKR-51 apparatus.

Boiling points were recorded during the distillation or using the Siwoloboff method.

Elemental Analysis

Carbon, hydrogen, and nitrogen elemental analyses were obtained using a Perkin-

Elmer 240 Elemental Analyser or a Carlo Erba Strumentazione 1106 Elemental

Analyser.

GLC Analysis
Gas liquid Chromatography (GLC) analysis was carried out using a Hewlett

© Packard 5890A gas liquid chromatograph equipped with a 25m cross-linked methyl
silicone capillary column. Preparative GLC was performed on a Varian Aerograph
Model 920 (catharometer detector) gas liquid chromatograph with packed columns,

which was mainly a 3m 10% SE 30.

IR Spectra

IR spectra were recorded on a Perkin-Elmer 457 or 577 Grating

spectrophotometer using conventional techniques.

Mass spectra

Mass spectra of solid samples were recorded on a VG 7070E spectrometer.
GLC mass spectra were recorded on the VG 7070E spectrometer linked to a Hewlett

Packard 5790A gas chromatograph fitted with a 25m cross-linked methyl silicone

capillary column.
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NMR spectra _
IH NMR spectra were recorded on a Bruker AC250 (250.13 MHz), a Varian
VXR400S (399.952 MHz) and a Bruker AMX500 (500.14 MHz) NMR spectrometer.

13C NMR spectra were recorded on a Varian VXR400S (100.582 MHz) and a Bruker
AMX500 (125.77 MHz) NMR spectrometer.

- I9F NMR spectra were recorded on a Bruker AC250 (235.34 MHz), a Varian

VXR400S (376.29 MHz) and a Bruker AMX500 (470.54 MHz) NMR spectrometer.

Melting Points

Melting points were carried out at atmospheric pressure and are unconnected.

Reagents and Solvent

| Unless otherwise stated, reagents were used as supplied. Solvents were dried by

"standérd methods and stored over a molecular sieve (type 4A).
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Chapter Six

Experimental to Chapter Two
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6.1 General Procedure -

6.11 y—ray initiated reactions

Any liquid or solid reagents and solvent, if used, were introduced into a Pyrex
Cariué tube (volume ca. 60 ml). Thé tube was then degassed three times, by freeze-
thawing. Any gaseous reagents, including HFP, were also carefully degassed, separately,
and then transferred into the cooled (liquid air) Carius tube using standard vacuum line
techniques. The tube was sealed in vqcﬁo, while frozen (li(iuid air), placed inside a metal
sleeve and then allowed to reééﬁ room temberature within a fumehood. The tube was
then taken to the 60Co source and _ifradiéted (55 Krad hr!) 10 cm from the source at
room temperature.b On termihation of the reaction the tube was cooled (liquid air) and
opened. Any refnairiihg HFP was recovered as it returned to room temperature and the
products were poured out. |
6.12 Peroxide .initiate;l reactions

The. reéctions wére carried out in either 150ml, 250ml, 6r 1 litre nickel
autoclaveé, fitted With bursting discs (maximum working pressure ca. 200 bar). The
autoclave was c'ha'rg'ed;\%rith any solid or liquid and solvent and then sealed using a
copper gasket_. The system was degassed three times by freeze-thawing and then any
'gasses, dégassed separately, were transferred into the liquid air cooled autoclave, using
standard vacuum line techniques. 'The autoclave valve was closed and then transferred,
in a Dewar flask of .li_q'uid air, to a purpose built high pressure cell where it was allowed
to warm and then heated in a thermostatically controlled, rocking furnace for 24 hrs at
140°C. On completion the autoclave was cooled (liquid air), and any remaining HFP

was recovered as it returned to room temperature and the products were poured out. '
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6.2 Free-Radical Additions of Alkanes to Hexafluoropropene
6.21 Propane
i. Yray initiation

A Carius tube was charged with propane (2.2g, 50 mmol) and HFP (7.6g, 51
mmol) and then irradiated for 4 days with y-rays (6 Mrads) at room temperature. The
tube was opened and gaseous components (8.7g) were recovered. A colourless liquid
was removed and fractional distillation of it (81-82°C) gave 4-methyl-1,1,1,2,3,3-
hexaﬂuoropenfane (28) (0.8g, 8%); (Found: C, 37.4; H, 4.2. C¢HgFg¢ calculated: C, 37.1;
H, 4.1%); IR, MS and NMR data agreed with work done previously in this

laboratory®; IR. number 1; Mass spectrum 1; NMR number 1.

ii. Y-ray initiation

A Carius tube was charged with propane (2.3g, 52 mmol) and HFP (9.0g, 60
~mmol) and then irradiated for 8 days with y-rays (12 Mrads) at room temperature. The
tube was opened and gaseous components (9.0g) were recovered. A colourless liquid
was removed and fractional distillation of it (81-82°C) gave a mixture of mono-adducts
(2.0g, 20%) which could not be separated, but §vere identified as 4-methyl-1,1,1,2,3,3-
hexafluoropentane (28) (19%) and 1,1,1,2,3,3-hexafluorohexane (29) (1%). MS and
NMR data agreed Qith work done previously in this laboratory®®; Mass spectrum 2;

NMR. number 2.

iii. DTBP initiation

An autoclave (150ml) was charged with propane (2.4g, 55 mmol), HFP (12.7g,
* 82 mmol) and DTBP (0.6g, 4 mmol) and then rocked at 140°C for 24 hrs. The autoclave
waé opéned .and gaseous 'productsv (6.3g) were recovered. A pale yellow liquid was
removed and fractional distillation of it (81-82°C) ga;/e a fnixture of inseparable mono-
adducts (8.3g, 78%), 4-methyl-1,1,1,2,3,3-hexafluoropentane (28) (75%) and
1,1,1,2,3,3-hexafluorohexane (29) (3%).
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- 6.22 2-Methylpropane
i. y¥ray initiation '

| A Carius tube was charged with 2-methylpropane (3.5g, 60 mmol) and HFP
~ (8.9g, 60 mmol) and then irradiated with y-rays for 5 days (7.5 Mrads) at room
temperature. The tube was opened and gaseous components (10.2g) were recovered. A
colourless liquid was produced and fractional distillation of it (103-104°C) gave 4,4-
dimethyl-1,1,1,2,3,3-hexafluoropentane (30) (2.1g, 17%); (Found: C, 40.5; H, 4.9.
. CgHgFg calculated: C, 40.4; H, 4.8%); IR, MS and NMR data agreed with work done

previously in this laboratory®%; IR. number 2; Mass spectrum 3; NMR number 3.

 ii. DTBP initiation

An autoclave (150ml) was charged with 2-methylpropane (2.5g, 43 mmol), HFP
(8.18g, 55 mmol) and DTBP (0.60g, 4 mmol). The autoclave was opened and gaseous
products (3.4g) were recovered. A pale yellow liquid was removed and fractional
distillation of it (103-104°C) gave a mixture of inseparable mono-adducts (7.4g, 83%),
4,4-dimethyl-1,1,1,2,3,3-hexafluoropentane (30) (80%) and 1.1.1.2.3 3-hexaﬂuoro-5;

methylhexane (31) (3%); Mass spectrum 4; NMR number 4.

6.3 Free-Radical Additions of Monocyclid hydrocarbons to Hexafluoropropene
6.31 Cyclopropane
I. Yray initiation .

A Carius tube was charged with cyclopropane (2.5g, 62 mmol) and HFP (9.7g,
62 mmol) and then irradiated for 12 'déys with y-rays (18 Mrads) at room temperature.
The' tubé was opened and only gaseous components (11.9g) were recovered, which were

identified as starting materials by GLC/MS.

ii. DTBP initiation 4
An autoclave (150ml) was charged with cyclopropane (2.3g, 54 mmol), HFP
| (8.8g, 58 mmbl) and DTBP (0.7g, 5 mmol) and then rocked at 140°C for 24 hrs. The

autoclave was opened and gaseous components (8.5g) were recovered. A pale yellow
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liquid (2.3g) was removed, but analysis by GLC/MS gave a complex mixture of
products including a small component identified as 1,1,2,3,3,3-

hexafluoropropylcyclopropane (32) (M™ peak at 192; Mass spectrum 5).

6.32 Cyclopentane
i. y-ray initiation

A Carius tube was charged with cyclopentane (7.1g, 0.1 mol) and HFP (23.6g,
0.16_’m01) and then irradiated with y-rays for 5 days (7.5 Mrads) at room temperature.
The tube was opened and HFP (15.4g) was recovered and a colourless liquid obtained.
Cyclopentane (3.2g) was removed by distillation, further fractional distillation gave two
fractions, boiling at 134-135°C and 80-81°C/15mm Hg. The first fraction was identified
as 1,1,2;3,3,3-hexaﬂuoropropylcyclopentane (25) (10.3g, 86%), (Found: C, 43.5; H,
4.6. CgH oF§ calculated: C, 43.6; H, 4.6%); IR, MS and NMR data agréed with work
done previously in this laboratory®’; IR spectrum 3, Mass spectrum 6, NMR number
5; and the second fraction was identiﬁed as a mixture of isomers of 1,x-bis-(1,1,2,3,3,3-
hexafluoropropyl)cyclopentane (x=2,3) '(26) (1.9g, 9%) (Found: C, 36.0; H, 2.9.
C11HoF 12 calculated: 'C, 35.7; H, 2.7%); IR, MS and NMR data agreed with work

done previouSly in this laboratory??; IR. number 4, Mass spectrum 7, NMR number 6.

ii. DTBP initiation

An autoclave (250ml) was charged with cyclopentane (10.5g, 0.15 mol), HFP
(36.3g, 0.24 mol) and DTBP (0.75g, 5 mmol) and then rocked at 140°C for 24 hrs. The
~autoclave was opened and HFP (5.3g) was recovered and a paie brown liquid obtained.
Cyclopentane (0.4g) wés removed by distillation, further fractional distillation gave two
fractions, boiling at 134-135°C and 80-81°C/15mm Hg. The first fraction was identified
as 1,1,2,3,3,3-hexafluoropropylcyclopentane (25) (15.5g, 49%) and the second fraction
was identified as 1,ijié(l,1,2;3,3,3-hexaﬂuoropropyl)cyclopentane (x=2,3) (26) (20.2g,
38%). |
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iii. DTBP initiation .

 An autoclave (150ml) was charged with cyclopentane (7.0g, 0.1 mol), HFP
(29.5g, 0.2 'mol) and DTBP (0.6g, 4 mmol) and then rocked at 140°C for 24 hrs.‘ The
autoclave was opened and HFP (15.0g) was recovered and a pale brown liquid obtained.
Fractional distillation of the liquid gave two fractions, boiling at 134-135°C and 80-
81°C/15mm Hg. The. first fraction was i-dentified as 1,1,2,3,3,3-
hexafluoropropylcyclopentane (25) (12.5g, 57%) and the second fraction was identified
as l,x-bis(l,l,2,3,3,3-hexaﬂuor‘opropyl)cyclopentane (x=2,3) (26) (8.3g, 22%).

6.33 Cyclohexane -
i. Y-ray initiation

A Carius tube was éharged with cyclohexane (8.4g, 0.1 mol) and HFP (22.9g,
0.15 mol) and then irradiated with y—rays for 5 days (7.5 Mrads). The tube was opened
and HFP (10.9g) was recovered é.nd a colourless liquid obtained. Cyclohexane (1.8g)
was removed by distillation, further fractional distillation gave two fractions, boiling at
154-155°C and 105-106°C/ 15mmHg. The first fraction was identified as 1,1,2,3,3,3-
hexafluoropropylcyclohexane (24) (16.6g, 90%), (Found: C, 46.4; H, 5.5. CgHoF¢
calculated: C, 46.2; H, 5.2%); IR, MS and NMR data agreed with liferature®, IR.
number 5, Mass spectrum 8, NMR number 7; and the second fraction was identified as
a mixture of isomers of 1,x’-Bis(l,1,2,3,3,3-hexaﬂuoropropyl)cyclohexane (x=2-4) (27)
(1.2g, 4%) (Found: C, 37.6; H, 3.3. C12H2F 12 calculated: C, 37.5; H, 3.2%); IR, MS
and NMR data agreed with work donie previously in this laboratory®?, IR. number 6,

Mass spectrum 9, NMR nﬁmber 8.

ii. DTBP initiation

An aﬁtoclave (25'Oml) was charged with cyclohexane (8.3g, 0.1 mol), HFP
(30.0g, 0.2 rﬁol) and DTBP (0.6g, 4 mmol) and then rocked at 140°C for 24 hrs. The
autoclave was opened and HFP (7.4g) was recovered and a yellow liquid obtained.
Cyclohexane (0.7g) was removed by distillation, further fractional distillation of the

liquid gave two fractions, boiling at 154-155°C and 105-106°C/15 mmHg. The first
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fraction was identified as 1,1,2,3,3,3-hexafluoropropylcyclohexane (24) (9.0g, 39%),
| and the ;econd fraction was identified as mixture of isomers of 1,x-bis(1,1,2,3,3,3-
hexafluoropropyl)cyclohexane (x=2-4) (27) (20.1g, 53%), from which, 2R.2'S-trans-1.4-
bis(1.1.2.3.3.3-hexafluoropropyl)cyclohexane (27a) m.p. 80-81°C, (Found: C, 37.3; H,.
~ 3.0. C12H2F 12 requires: C, 37.5; H, 3.1%); IR. number 7, Mass spectrum 10, NMR

number 9; crystallised out on standing.

iii. DTBP initiation, 1 litre autoclave

“An autoclave (1 litre) was charged with cyclohexane (454g, 5.4 mol) and DTBP
(20.5g, 0.14 mol). The autoclave was degassed three‘times by compre.ssing with
nitrogen which was then removed. The autoclave was heated to 140°C whilst being
stirred and HFP (405g, 2.7 mol) added to the mixture, through a one-way valve over a
period of 6 hours. The autoclave was allowed to cool to room temperature and then was
pressurised with nitrogen, which was then removed and then opened. A yellow oil
(856g) was recovered and distillation of it gave cyclohéxane (225g), 1,1,2,3,3,3-
hexafluoropropylcyclohexane (24) (537g, 85%) and 1,x-bis(1,1,2,3,3,3-
hexaﬂuor’opropyl).cyclohckane (x=2-4) 27) (62.2g, 6%) (mixture of isomers).

6.4 Free-Radical Additions of Bicyclic alkanes to Hexafluoropropene

6.41 Cis-decalin

I. y-ray initiation '

A Carius tube was charged with cis-decalin (6.9g, 0.05 mol) , HFP (15.3g, 0.1
mol) and dry acetone (8ml) and irradiated with y—rays at room temperature for 5 days
(7.5 Mrads). Nearly all of the HFP (14.5g) Was recovered. The colourless liquid product
mixture (7_.6g) was analysed by GLC/MS and 1°F NMR which identified traces of x-
(1,1,2,3,3,3-hexaﬂuoropropyl)cis-decalin (x=1,2,9) (33) (ca. 5% by gc.), but no further

workup was performed.
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ii. DTBP, 140°C

An autoclave (150ml) was charged with cis-decalin (13.8g, 0.1 mol), HFP (29.1 g,
0.2 mol) and DTBP (0.6g, 4 mmol) and then rocked at 140°C for 24 hours. The
autoclavé was opened and HFP (19.8g) was recovered and a yellow liquid (23.3g)
obtained. Cis-decalin (8.4g) was removed by distillation, further fractional disﬁllation of
the liquid gave two fractions, boiling at 120-121°C/20 mmHg and 152-153°C/20 mmHg.
The first fraction was identified as a mixture of isomers of x-(1.1.2.3.3.3-
hexafluoropropyl)cis-decalin (x=1.2.9) (33) (6.3g, 56%), (Found: C, 54.2; H, 6.1.
C13HgF¢ requires: C, 54.2; H, 6.3%); IR spectrum 8, Mass spectrum 11, NMR
number 10; and the second fraction was idehtiﬁed as mixture of isomers of x.y-

=3-10) (34) (5.6g, 33%),

(Found: C, 43.6; H, 4.0. C16H;gF ;2 requires: C, 43.8; H, 4.1%); IR spectrum 9, Mass
spectrum 12, NMR number 11.

iii. DTBP, 140°C, acetone
An autoclave (150ml) was charged with cis-decalin (7.0g, 0.05 mol), HFP (16.2g,
0.11 mol), DTBP (0.6g, 4 mmol) and dry acetone (8ml) and then rocked at 140°C for 24
hours. The autoclave was opened and HFP (10.7g) was recovered and a yellow liquid
(12.3g) obtained. Cis-decalin (3.9g) waé removed by distillation, further fractional
distillation of the liQuid gave two fractions, boiling at 120-121°C/20 mmHg and 152-
- 153°C/20 mmHg, the first consisted of x-(1,1,2,3,3,3-hexafluoropropyl)cis-decalin
(x=1,2,9) (33) (3.'1 g, 49%) and the second consisted of x,y-bis(1,1,2,3,3,3-
hexafluoropropyl)cis-decalin (x=1,y=2-10; x=2,y=3-10) (34) (4.3g, 45%).

6.42 Trans-decalin
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i yray iﬁftiat’ion _

| A Caﬁus tube was charged with trans-decalin (6.9g, 0.05 mol), HFP (15.5g, 0.1
mol) and dry aéetone (8 ml) and then irradiated with y-rays at room temperature for 5
days (7.5 Mrads); Néa.rly all of the HFP. ‘(14.7g) was recovered. The liquid product
mixture (7.5g) was analysed. by GLC/MS and 19F NMR which identified traces of x-
(‘1,1,2,3;3,3-hexaﬂuoropropyl)decalinb (x=1,2) (35) (ca. 5% by GLC) and no further

wofkup was performed.-

ii. DTBP initiation
“ An autoclave (250ml) was chérged with trans-decalin (13.9g, 0.1 mol), HFP
(23.1g, 0.15 mol),‘DTBP' (0.8g, 5.5 mmol) and dry acetone (2g) and then rocked at
140°C for 24 hours. The autoclave was opened and HFP (4.lgj was recovered and a
yellow ~liquid (33.3g) obtained. Acetone and trans-decalin (2.9g) were removed by
distillation, further fractional distillation of the liquid gave two fractions, boiling at 95-
97°C/ 6mmHg and 130-135°C/6 mmHg. The first fraction was identified as a mixture of
isomers of x-(1.1.2.3.3.3-hexafluoropro -1 decalin (x=1.2) (35) (11.5g, 51%), (Found:
C, 54.2; H, 6.1. C13HgF¢ requires: C, 54.2; H, 6.3%); IR spectrum 10, Mass spectrum

13, NMR riumbcr 12; and the second fraction was identified as a mixture of isomers of

X, v-bis(1.1.2.3.3.3-hexafluoropropyl)trans-decalin (x=1.y=2-10; x=2,y=3-10) (36)
(9.5g, 27%), (Found: 'C, 43.6; H, 4.0. Cy¢HgF 12 requires: C, 43.8; H, 4.1%); IR

spectrumv 11, NMR number 13, Mass spectrum 14.

y/
BZEW
1.7

A Carius tube was charged with norbornane (7.2g, 75 mmol), HFP (15.7g, 0.1

6.33 Norbornane

i y-ray initiation

moi) and dry acetone (8ml) and then irradiated with v-rays at room temperature for five
- days (’Z.5’Mrads). ‘The tube was opened and HFP (5.5g) was recovered and a colourless

' liquid (17.1g) obtained. Fractional distillation of the liquid gave-two fractions, boiling at
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80°C/20 mmHg and 120°C/20 mmHg. The first fraction was identified as two

diastereomers of exo-2-(1.1.2.3.3.3-hexafluoropropyl)norbornane (37) (13.9g, 80%),
(Found: C, 48.8; H, 4.8. C;oH|2Fs requires: C, 48.8; H, 4.9%); IR spectrum 12, Mass
spectrum 15, NMR number 14; and the second fraction was identified as a mixture of
isomers of 2.x-bis( 1.1.2.3.3.3-hexafluoropropylnorbornane (x=5.6) (38) (1.0g, 6%),
(Found: C, 39.4; H, 3.0. C;3H 2F 7 requires: C, 39.4; H, 3.1%); IR spectrum 13, Mass

spectrum 16, NMR number 15.

ii. DT. BP initiation _ _

An .autbclaye (150ml) was charged with norbornane (6.05g, 60 mmol), HFP
(14.3g, 90 mmol) and DTBP (0.6g, 4 mmol) and then rocked for 24 hours at 140°C. The
autoclave was opened, no HFP was recovered and a pale yellow liquid (19.5g) was
obtained. Fractional distillation of the liquid gave two fractions, boiling at 80°C/20
mmHg and 120°C/20 mmHg, the first consisted of exo-2-(1,1 ,2,3,3,3- |
hexafluoropropyl)norbornane (37) (7.1g, 33%) and the éecond consisted of 2,x-

bis(l,1,2,3,3,3-hexaﬂuoropropyl)norbornane (x=5,6) (38) (9.5g, 27%).

6.5 Free-Radical Additions of Polvcyclic Hydrocarbons to Hexafluoropropene

6.51 Adamantane

i. DTBP initiation

'An autoclave (150ml) was charged with adamantane (2.7g, 40 mmol), HFP (4.5g,
60 mmol) and DTBP (0.5g, 4 mmol) and then rocked for 24 hours at 140°C. No HFP
was recovered and adamantane (0.14g) crystallised of the liquid product. Fractional
distillation gave three fractions, boiling at 99-101°C/ 9 mmHg, 124-126°C/ 9 mmHg and
143-145°C/ 9 mmHg. The first fraction was identified as 1-(1,1,2,3,3,3;
hexafluoropropyl)adamantane (22) (0.7g, 15%), (Found: C, 54.4; H, 5.5. Ci3Hi6F6
‘calculated: C, 54.5; H, 5.6%); MS and NMR data agreed with literature data®?, IR
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spectrum 14, Mass spectrum 17, NMR nﬁmber 16; the second fraction was identified
as 1,3-bis(1,1,2,3,3,3-hexaﬂuoropropyl)adamantane (23) (4.2g, 63%), (Found: C, 43.7;
H, 3.8. C1¢H16F12 calculated: C, 44.0; H, 3.7%); MS and NMR data agreed with
literature data 98, IR spectrum 15, Mass spectrum 18, NMR number 17; and the third
fraction was identified as 1,3,5-tris(1,1,2,3,3,3-hexafluoropropyl)adamantane (39) (1.2g,
13%), (Found: C, 39.1; H, 2.5. C9H;¢F ;3 calculated: C, 38.9; H, 2.7%); MS and NMR
data agreed with literature data®®, IR specfrum 16, Mass spectrum 19, NMR number

18. .

ii. DTBP initiation

An aut‘ocla{fe (250ml) was charged with adamantane (13.8g, 0.1 mol), HFP
(17.6g, 0.12 mol) and DTBP (0.7g, 5 mmol) and then rocked for 24 hours at 140°C. No
HFP was recovered and adamantane (1.1g) crystallised of the liquid product (28.0g).
Fractional distillation gave two fractions, boiling at 99-101°C/9 mmHg and 124-126°C/9
mmHg,‘which consisted of 1-(1,1,2,3,3,3-hexafluoropropyl)adamantane (22) (16.3g,
60%) and 1,3-bis(1,1,2,3,3,3-hexaﬂuoropropyl)adamantane (23) (7.9g, 19%)

respectively.

iii. DTBP initiation

An autoclave (250ml) was charged with adamantane (12.0g, 0.09 mol), HFP
(23.1g, 0.15 mol) and DTBP (0.7g, 5 mmol) and then rocked for 24 hours at 140°C. No
HFP or adamantane wefe recovéred and distillation of the liquid product (34.2g) gave:
two fractions, boiling at 99-101°C/ 9 mmHg and 124-126°C/ 9 mmHg, which consisted
of 1-( 1,1,2,3,3,3-hexaﬂuoropropyl)adamantane (22) (6.3g,25%) and 1,3-bis(1,1,2,3,3,3-
hexafluoropropyl)adamantane (23) (24.2g, 63%) respectively.

iv. DTBP initiation |
An autoclave (250ml) was charged with adamantane (6.8g, 0.05 mol), HFP.
(23.5g, 0.15 mol) and DTBP (0.7g, 5 mmol) and then rocked for 24 hours at 140°C. No

HFP or adamantane were recovered and distillation of the liquid product (28.3g), and
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distillation g'ave two fractions, boiling at 124-126°C/ 9 mmHg and 143-145°C/ 9 mmHg,
which consisted of 1,3-bis(1,1,2,3,3,3-hexafluoropropyl)adamantane (23) (1.7g, 8%)
and 1,3,5-tris(1,1,2,3,3,3-hexafluoropropyl)adamantane (39) (24.0g, 82%) respectively.

v. DTBP initiation

An autoclave (250ml) was charged with adamantane (2.7g, 20 mmol), HFP.
(20.8g, 140 mmol) and DTBP (O.Sg, 4 mmol) and then rocked for 24 hours at 140°C.
The autoclave was opened and HFP (8.9g) was recovered and a waxy liquid (12.7g)
obtained. Kugelrohr distillation (175°C, 1mmHg) removed any involatile impurities and
then the waxy mixture was then dissolved in chloroform at which point a white solid
precipitated out. Removal of fhe solvent from the liquid layer gave 1,3,5-
tris(l,1,2,3,3,3-hexaﬂuoropropy1)adamantane (39) (6.9g, 59%) and the white solid was
identified as 1.3.5.7-tetrakis(1.1.2.3.3.3-hexafluoropropyl)adamantane (40) (5.3g, 36%)
m.p. 110-112°C, (Found: C, 36.0; H, 22 Ca2H6F24 requires: C, 35.9; H, 2.2%); IR

spectrum 17, Mass spectrum 20, NMR number 19.

6.6 Competition Reactions

Competition reactions were performed using either DTBP or y-ray initiation
using the usual experimental procedure described previously. A 0.15 molar deficiency of
HFP to hydrocarbon was used. The reactions were followed by the disappearance of
hydrocarbons from capillary GLC traces (Flame ionisation detector) before and after the

reaction, therefore eliminating any differences in detector responses.

6.61 Competition between cis- and frans-decalin

An autoclave (150ml) was charged with cis-decalin (6.9g, 50 mmol), trans-
decalin (6.9g, 50 mmol), HFP (2.3g, 15 mmol) and DTBP (0.3g, 2 mmol) and then
rocked at 140°C for 24 hrs. The autocla.\/e was opened and HFP (0.1g) was recovered.
‘The GLC traces from before and after the reaction showed the peak integration of cis-
decalin decreased from 52.18% to 43.12% and the peak integration of trans-decalin

decrcased from 47.82% to 43.69%.
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6.62 Competition between cyclohexane and cyclopentane
" An autoclave (150ml) was charged with cyclohexane (4.2g, 50 mmol),

cyclopentane (3.5g, 50 mmol), HFP (2.4g, 16 mmol) and DTBP (0.3g, 2 mmol) and then
rocked at 140°C for 24 hrs. No HFP was recovered. The Glc. traces showed the peak
integration of cyclohexane decreased from 54.76% to 44.54% and the peak integration

of cyclopentane decreased from 45.13% to 36.94%.

6.63 Competition between cyclohexane and trans-decalin

An autoclave (150ml) was charged with cyclohexane (4.2g, 50 mmol), frans-
decalin (6.9g, 50 mmol), HFP (2.4g, 16 mmol) and DTBP (0.3g, 2 mmol) and then
‘rocked at 140°C for 24 hrs. No HFP was recovered and thé GLC traces showed the
peak integration of cyclohexane decreased from 53.41% to 49.75% and the peak

integration of trans-decalin decreased from 46.58% to 34.46%.

6.64 Competition between cyclohexane and cyclopentane
A Carius tube was charged with cyclohexane (8.4g, 0.1 mol) and cyclopentane .

(7.0g, 0.1 mol) and HFP (4.5g, 0.03 mol) and then irradiated with y—rays at room
temperature fqr_four days (6 Mrads). No HFP was recovered and the GLC traces
showed the peak integration of cyclohexane decreased from 55.58% to 44.76% and the

peak integration of cyclopentane decreased from 44.29% to 38.83%.

6.65 Competition between cyclohexane and trans-decalin

A Cé.rius tube was charged with cyclohexane (2.5g, 30 mmol) and frans-decalin
(4.0g, 30 mmol) ‘and HFP (1.4g, 9 mmol) was irradiated with y-rays at room
temperature for four days (6 Mrads). The tube was opened and HFP (0.35g) was
recovered. The GLC traces showed the peak integration of cyclohexane decreased from

46.72% to 41.74% and the peak integration of trans-decalin decreased from 52.82% to

 48.46%.
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6.66 Competition between cyclohexane and cis-decalin

A Carius tube was charged with cyclohexane (2.5g, 30 mmol) and cis-decalin
(4.0g, 30 mmol) and HFP (1.3g, 9 mmol) and then irradiated with y-rays at room
temperature for eight days (12 Mrads). The tube was opened and HFP (0.94g) was
recovered. The GLC traces showed the peak integration of cyclohexane decreased from

42.99% to 41.14% and the peak integration of cis-decalin decreased from 57.01% to
55.45%.

6.7 Crude competition reactions

Crude competition reactions were performed using DTBP at 140°C and
"equimolar ratio of each hydrocarbon and HFP, using the same experimental technique as
previously outlined. Unfortunately, due to the nature of the reactants, GLC's of the
starting materials could not be run and so the GLC ratios of the pfoducts included

differences in response factors.

6.71 Competition between adamantane and 2-methylpropane

An autoclave (150ml) was charged with adamantane (6.8g, 50 mmol), 2-
methylpropane (2.9g, 50 mmol), HFP (7.5g, 50 mmol) and DTBP (0.5g, 3 mmol) and
then rocked at 140°C for 24 hrs. Analyéis of the product GLC trace showed the peak
integration of l-(l,1,_2,3,3,3-hexaﬂuoropropyl)adamantane (22) 32%, 1,3-
bis(1,1,2,3,3,3-hexafluoropropyl)adamantane (23) 12% and 1,1,2,3,3,3-hexafluoro-4,4-
dimethylpentane (30) 9%.

6.72 Competition between propane and 2-r_nethylpropane
An autoclave (150ml) was charged with propane (4.4g, 0.1 mol), 2-

meth_ylpropane (5.8g, 0.1 mol), HFP (15.0g, 0.1 mol) and DTBP (0.6g, 4.1 mmol) and
then rorcked at 140°C for 24 hrs. Analysis of the product GLC trace showed the peak
integration of 1,1,1,2,3,3-hexafluoro-4-methylpentane (28) 28% and 1,1,1,2,3,3-

hexafluoro-4,4-dimethylpentane (30) 62%.
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Chapter Seven
Experimental to Chapter Three
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7.1 General Procedure

7.11 Potassium hydroxide eliminations

Potassium hydroxide powder was dried under vacuum and then dry ethanol, was
added under nitrogen, with stirring. The solution was then heated to the required
temperature, with stirring, and the hexafluoropropene adduct added dropwise. The
reaction mixture was then heated, with stirring, for the required time span. On
termination, the reaction mixture was poured into water and neutralised with 10%
hydrochloric acid. The orgénic layer was extracted with dichloromethane, dried over

MgSOy, and then fractionally distilled to give a purified sample of the alkene.

7.12 Sodium fert-Butoxide eliminations

Sodium fert-Butoxide was dried under vacuum and then dry solvent wés added
under nitrogen, with stirring. The resulting mixture was c.:ooled to the required
temperature and then the hexafluoropropene adduct was added dropwise. The reaction
mixture was then stirred, for the required time span at the same temperature. On
termination, the reaction mixture was poured into water and neutralised with 10%
hydrochloric acid. The organic layer was extracted with dichloromethane, dried over

MgSOy, and then fractionally distilled to give a purified sample of the alkene.

7.2 Deuterium exchange reactions
7.21 1.1.2.3.3.3-hexafluoropropvicyclohexane (24

" A sealable NMR tube was charged with Sodium t-butoxide (0.1g, 0.7 mmol), t-
butanol(D) (ca. 1 ml) and compound (24) (0.3g, 1.3 mmol). The tube was sealed under
vacuum and- then allowed to warm to room temperature and left for a further 15

minutes. A 19F NMR number was then run on the contents, which detected 2D-

hexafluoropropylcylohexane (24a) (4% by NMR).

722 1-(1.1.2.3.3 ,3-heXaﬂuoropropyl )Jadamantane (22)

A sealable NMR tube was charged with Sodium t-butoxide (0.1g, 0.6 mmol), t-
butanol(D) (ca. 1 ml) and compound (22) (0.3g, 1 mmol). The tube was allowed to
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warm to room temperature and left for a further 15 minutes. A 19F NMR number was
then run on the contents, which detected which detected 2D-

hexafluoropropyladamantane (22a) (9% by NMR).

7.3 Dehydrofluorination of Hexafluoropropene Adducts
7.31 1.1.2.3.3.3-hexafluoropropvicvclohexane (24

i. KOH, ‘50 °C

. Dry ethanol (15 ml) was added to potassium hydroxide (1.9g, 33 mmol) and the
solution was heated to 50°C. Compound (24) (3.5g, 15 mmol) was added, and the
mixture was refluxed for two and a half hours. Dichloromethane and ethanol were
removed by distillation and further distillation gave a fraction, boiling at 140-143°C,
containing two products identified as pentafluoroprop-2-enylcyclohexane (43) (2.9g,
90%), MS and NMR data agreed with literature®®; Mass spectra 21 and 22, NMR
number 20 and 21; and 1-ethoxy-2,3,3,3-tetrafluoroprop-2-enylcyclohexane (44) (1%
by NMR).

ii. Na O*Bu, 25°C

Dry t-butanol (15 ml) was added to sodium t-butoxide (9.0g, 80 mmol) and the
suspension was warmed to 25°C. Compound (24) (9.4g, 40 mmol) was added, and the
mixture was stirred. for 15 minutes. Dichloromethane and t-butanol were removed by
distillation and further distillation of the organic layer gave the major fraction, boiling at

140-143°C, identified as pentafluoroprop-2-enylcyclohexane (43) (5.0g, 60%).

iii. Na O'Bu, 0°C |

Dry isopropyl efher (100 ml) was added to sodium t-butoxide (50.5g, 0.45 mol)
and the suspension was cooléd to 0°C. Compound (24) (70.2g, 0.3 mol) was added, and
the mixture was stirred for 30 minutes. »Dichloromethane, isopropyl ether and t-butanol

were removed by distillation and further distillation of the organic layer gave the major

fraction, boiling at 142-144°C, identified as Z-pentafluoroprop-2-enylcyclohexane
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(43a) (59.1g, 92%) (Found: C, 50.6; H, 5.2. C9H11F5 calculated: C, 50.5; H, 5.2%),
NMR nu'mber 20, Mass spectrum 21, IR spectrum 18.

iv. Na O'Bu, 0°C |

Dry hexane (80 ml) was added to sodium t-butoxide (16.6g,'0.15 mol) and the
suspension was cobled to 0°C. Compound (24) (23.9g, 0.1 mol) was added, and the
mixture was stirred for 10 minutes. Dichloromethane, hexane and t-butanol were
removed by distillation and further distillation of the organic layer gave the major
fraction, boiling at 143°C, identiﬁéd as Z-pentafluoroprop-2-enylcyclohexane (43a)

(18.6¢, 85%).

7.32 1-(1.1.2.3.3.3-hexafluoropropyl)adamantane (22)
i. KOH, 81°C .

Dry ethanol (12 ml) was added to potassium hydroxide (1.7g, 31 mmol) and the
solution was heated to 81°C. Compound (22) (4.0g, 14 mmol) was added, and the
mixture was refluxed for 15 hrs. Dichloromethane and ethanol were removed be
distillation and further distillation gave a fraction, boiling at 220-222°C, identified as E-
-pentafluoroprop_-2-eny1adarnantane (45a) (3.2g, 87%) (Found: C, 58.6; H, 5.9.
C13HsFs requires: C, 58.6; H, 5.7%), NMR number 22, Mass spectrum 23,. IR

spectrum 19.

ii. Na O'Bu, RT

Dry isopropyl ether (50 ml) was added to sodium t-butoxide (7.9g, 70 mmol)
Aand compound (22) (11.4g, 40 mmol) was added to the suspension, at room
temperature, and stirred for 30 minutes. Dichloromethane, isopropyl ether and t-
butanol were removed by disﬁllation and further distillation gave a fraction, boiling at
219_-‘22.1°C, which consisted of 1-(E-pentafluoroprop-2-enyl)adamantane (45a) (9.6g,
90%).
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iti. Na O'Bu, -10°C

Dry isopropyl ether (20 ml) was added to sodium t-butoxide (3.2g, 28 mmol)
and cooled to -10°C, using a salt-ice bath.‘Compound (22) (3.75g, 13 mmol) was added
dropwise and the mixture was stirred for 30 minutes at -10°C. Dichloromethane,
isopropyl ether and t-bu‘tanbl were removed by distillation and further distiliation gave
a fraction, boiling at 219-221°C, which consisted 1-(Z-pentafluoroprop-2-
enyl)adamantane (45b) (3.1g, 85%) (Found: C, 58.7; H, 5.4. C;3H5F s requires: C,
58.6; H, 5.7%), NMR number 23, Mass spectrum 24, IR spectrum 20.

7.33 trans-1.4-bis(1.1.2.3.3.3-hexafluoropropyl)cyclohexane (27a)

Dry isopropyl ether (25 ml) was added to sodium t-butoxide (2.1g, 18 mmol)
and cooled to -10°C, using a salt-ice bath. Compound (27a) (3.5g, 9 mmol) was added
and the mixture was stirred for 30 minutes at -10°C. Dichloromethane, isopropyl ether
and t-butanol were removed by distillation and methanol was added to the organic layer
which was then cooled in an acetone slush bath (-78°C). A white solid precipitated out
which was identified as trans-1.4-bis(Z-pentafluoroprop-2-enylcyclohexane (46) (2.1g,
- 72%) mp. 101-102°C, (Found: C, 41.8; H, 2.9. C;2H¢F o requires: C, 41.9; H, 2.9%),
NMR number 24, Mass spectrum 25, IR spectrum 21.

7.34 1.x-bis(1.1.2.3.3.3-hexafluoropropyl)cyclohexane (x=2-4) (27

Dry ethyl ether (50 ml) was added to sodium t-butoxide (15.9g, 142 mmol) and
cooled to -10°C, using a salt-ice bath. Compounds (27) (16.0g, 40 mmol) in ethyl ether
(30 ml) was added and the mixture was stirred for 30 minutes at -10°C.
Dichloromethane, ethyl ether and t-butanol were removed by distillation and further
distillation of the organic layer gave a fraction, boiling at 100-102°C/21mmHg, which
was identified as a mixture of ¢is-1.3-bis(Z-pentafluoroprop-2-enyl)cyclohexane 47)
(8.2g, 57%) (Found: C, 41.7; H, 2.9. C1,H¢F ¢ requires: C, 41.9; H, 2.9%), NMR
number 25, Mass sbectrum 26, IR spectrum 22; and trans-l,4-bis(Z-peﬂtaﬂuoroprop-
2-enyl)cyclohexane (46) (4.3g, 30%) which precipitated out on cooling in an acetone

slush bath (-78°C).
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7.35 1.1.2.3.3.3-hexafluoropropylcyclopentane (25)
Dry ethyl ether (40 ml) was added to sodium t-butoxide (5.0g, 40 mmol) and

cooled to -78°C, using an acetone slush bath. Compound (25) (4.4g, 20 mmol) was
addéd dropwise and the mixture was stirred for 35 minutes at -78°C. On completion the
reaction was allowed to slowly warm to room temperature. Dichloromethane, ethyl
ether and t-butanol were removed from the organic layer by- distillation and furfher
distillation gave a fraction, boiling at 119-121°C, identified Z-pentafluoroprop-2-
enylcyclopentane (49) (3.0g, 68%), (Found: C, 47.9; H, 4.5. CgHoF 5 requires: C, 48.0;
H, 4.5%), NMR number 26, Mass spectrum 27, IR spectrum 23.

7.36 1.x-(1.1.2.3.3.3-hexafluoropropyl)cyclopentane (x=2.3) (26)

Dry ethyl ether (50 ml) was added to sodium t-butoxide (9.0g, 80 mmol) and
cooled to -78°C, using an acetone slush bath. Compound (26) (7.4g, 20 mol) was added
and the mixture was stirred for 35 minutes at -78°C. Dichloromethane, ethyl ether and
t-butanol were removed from the organic layer by distillation and further distillation
gave a fraction, boiling at 76-77°C/21mm Hg, identified as a mixture of three isomers of
1.x-(Z-pentafluoroprop-2-enyl)cyclopentane (x=2.3) (50) (4.0g, 60%) (Found: C, 43.9;
H, 2.6. C11HgF ¢ requires: C, 43.7; H, 2.4%), IR spectrum 24; Mass spectra 28, 29 and
30; NMR number 27, 28 and 29.

7.37 x-(1.1.2.3.3.3-hexafluoropropyl )trans-decalin x=1.2) (35)

Dry ethyl ether (20 ml) was added to sodium t-butoxide (4.5g, 40 mmol) and
cooled to -10°C, using a salt-ice bath. Compoun& (35) (5.8g, 20 mmol) was added and
the mixture was stirred for 30 minutes at -10°C. Dichloromethane, ethyl ether and t-
butanol were removed from the organic layer by distillation and further distillation gave
a ﬁactioh, boili'ng' at 75-77°C/ 6mmHg, identified as a mixture of two isomers of x-(Z-
pentafluoroprop-2-enyl )trahs-decalin (x=1.2) (51) (8.8g, 82%) (Found: C, 58.1; H, 6.6.
Ci10H17F5 requires: C, 58.2; H, 6.4%), IR spectrum 25; Mass spectra 31 and 32; NMR

' numbér 30 and 31.
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7.38 x-(1,1.2.3.3.3-hexafluoropropyl )cis-decélin (x=1.2.9)(33)
Di'y ethyl ether (40 ml) was added to sodium t-butoxide (4.5g, 40 mmol) and

cooled to -10°C, using a salt-ice bath. Compound (34) (5.8g, 20 mmol) was added and
the mixture was stirred for 30 minutes at -10°C. Dichloromethane, ethyl ether and t-
butanol were removed from the organic layer by distillation and further distillation gave
a fraction, boiling at 138-140°C/ 20mmHg, identified as a mixture of isomers of x-(Z-
pentafluoroprop-2-enyl)cis-decalin (x=1.2.9) (52) (4.6g, 85%) (Found: C, 58.1; H, 6.3.
Cy0H17Fs requires: C, 58.2; H, 6.4%), IR spectrum 26; Mass spectra 33 and 34; NMR
number 32 and 33.

7.39 exo-2-(1.1.2.3.3.3-hexafluoropropyl)norbornane (3

Dry isopropyl ether (20 ml) was added to sodium t-butoxide (6.8g, 60 mmol)
and cooled to -10°C, using a salt-ice bath. .Compound (37) (7.5g, 30 mmol) was added
and the mixture was stirred for 1 hour at -10°C. Dichloromethane, isopropyl ether and
t-butanol were removed from the organic layer by distillation and further distillation
gave a fraction, boiling at 65-67°C/ 20mmHg, whicﬁ consisted of exo0-2-(Z-

pentafluoroprop-2-enyl)norbornane (53) (6.2g, 90%) (Found: C, 53.1; H, 4.9. CoH1Fs
requires: C, 53.1; H, 4.9%), IR spectrum 27, Mass spectrum 35, NMR number 34.

7.40 exo-2.x-(1 .1.2.3.3.3-hexafluoropropyl)norbornane (x=5.6) (35)

Dry isopropyl ether (15 ml) was added to sodium t-butoxide (4.5g, 40 mmol)
-and the suspension was cooled to -10°C, in a salt-ice bath. Compound (35) (4.6g, 12
mmol) was added and the mixture was. stirred for 30 minutes at -10°C.
Dichloromethane, isopropy! ether and t-butanol were removed from the organic layer
by distillation and further distillation gave a fraction, boiling at 101103°C/ 20mmHg,
identified as a mixture of two isomers of ex0-2.x-(Z-pentafluoroprop-2-enyl)norbornane
- (x=5.6) (54) (3.8¢, 93%) (Found: C, 43.6; H, 2.8. CoHFs requirés: C,43.8; H, 2.8%),
IR spectrum 28; Mass spectra 36 and '37;.NMR number 35 and 36.
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7.41 1.3.5.7-tetrakis( 1,1,2,3,3,3_-i1exaﬂuoropropy1 )adamantane (40)
Dry ethyl ether (30ml) was added to sodium t-butoxide (4.5g, 40 mmol), and

stirred at room temperature. Compound (40) (3.7g, 5 mmol) in ethyl ether (20ml) was
added and the mixture was stirred for 30 minutes at room temperature.
Dichloromethane, 'ethyl ether and t-butanol were removéd from the organic layer by
distillation and further Kugelrohr gave a ﬁaction, boiling at ca. 175°C/ 1mmHg,
identified as a mixture of two isomers of 1.3.5.7-tetrakis(pentafluoroprop-2-
enyl)adamantane (55a) (2.6g, 78%) (Found: C, 40.2; H, 1.8. C;oHi2F2 requires: C,
40.3; H, 1.8%) Mass'spectrum 39, NMR number 38; from which 1.3.5.7-tetrakis(E-
pentafluoroprop-2-enyl)adamantane (55), IR Spectrum 29; Mass spectrum 38, NMR
number 37; ~precipitatéd out when the mixture was dissolved in chloroform and cooled

in an acetone slush bath.

7.5 Caesium Fluoride Isomerisations

7.51 1-(Z-pentafluoroprop-2-enyl)adamantane ( 45b)

A Carius tube was charged with caesium fluoride (7.6g, 50 mmol), dry

tetraglyme (10ml) and compound (45b) (2.7g, 10 mmol). The tube was cooled (liquid
air) and sealed under vacuum. It was allowed to warm to room temperature and then it
was heated in a rotating oil bath at 200°C for 50 hrs. On completion the tube was
opened and a sample of the product mixture was transferred into an NMR tube and a
19F NMR number was run on if, which showed almost complete conversipn to 1-(Z-

pentafluoroprop-2-enyl)adamantane (45a) (ca. 97%).

7.52 Z-pentaﬂuorop_rop—2-enylcyclohexane (43a)

A Carius tube was charged with caesium fluoride (7.1g, 50 mmol), dry
t_etraglyme (10ml) and compound (43a) (2.1g, 10 mmol). The tube was cooled (liquid
air) and sealed under vacuum. It was allowed to warm to room temperature and then it
was heated in a rotating oil bath at 200°C for 50 hrs. On completion the tube was
opened and a sample of the product mixture was transferred into an NMR tube and a
19F NMR number was run on it, which showed a 37% conversion to E-

pentafluoroprop-2-enylcyclohexane (43b).
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Chapter Eight

Experimental to Chapter Four
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8.1 General Procedure

"l'“he-,.apparatus for fluorination with cobalt trifluoride consisted of a nickel tube
with inlet and outlet pipes and nickel paddles attached to a rod situated along the centre
of the fube and rotated by an electric. motor. Cobalt trifluoride ('440g) was contained in
the tube and heated to the required temperattire,'using an electric heating tape wrapped
around the tube, with conﬁnual stirring. ny nitrogen (30m1/min) was passed through
the reactor for 10 mins, prior to use. Starting materials were dropped into the reactor at
‘a rate of 1ml/10mins. ina nitrogen flow (30ml/min.). After all the compound for
.ﬂuorination was added, the reactor was flushed with ﬂiuogen for 30 mins. Products
were collected in a trap cooled with liqﬁid air, which was detached from the reactor and
left to warm up in an:efﬁci_ent fumehood. A condenser containing anhydrous soda-lime
was attached so as to remove any hydrogen fluoride and the producf pippetted out.
Any polyﬂuorinafed products were removed by continuous extraction with acetone and '
pure samples of the perﬂﬁqrihated producf were isolated preparative scale GLC.

After ﬂud_rination the cobalt fluoride system was regenerated by passing 50%
ﬂuqrine gas‘(95m‘l/inin) -,fromr a cylinder,.via FEP tubing through the heated reactor

(280°C) until the soda-lime trap, attached to the exit, became detectably warm.

8.2 Cobalt trifluoride fluorinations

821 2.5-Bis(1.1.2.3.3.3-hexafluoropropyl)tetrahydrofuran (58)

Compouﬂd (58) (7l4g, 20 mmol) was passed over a fully regenerated cobalt
trifluoride bed at 400°C, according to the general procedure outlined above. Continuous
extraction, with acetone, of the liquid product (8.9g) removed the polyfluorinated
products and pr‘eparat_'ive scale_ GLC (Fomblin column, 160°C) of the resulting
perﬂuorocafbbn layer, isolatéd perﬂuoro-2,5-dipropyltetrahydrofuran (59) (7.1g, 80%)
NMR and MS in agreement with earlier work in carried oﬁf in this laboratory”>%, MS

spectrum 40 and NMR number 39.
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8221, 1 =2,3,3,3-hexaﬂuoroproip_ylcyclohexane (24)
Compound (24) (3.5g, 15 mmol) was passed over the fully regenerated cobalt

trifluoride, at 375°C. Continuous extraction, with acetone, followed by preparative
scale GLC (Fomblin column, l2v0°C) of the liquid product (6.0g) gave
perfluoropropylcyclohexane (60) (63%) bp 132-134°C (Siwoloboff); (Accurate mass,
'M+-19 found 430.97; CoF17T; calculated 431.06). NMR and MS in agreement with

literature!3!, IR spectrum 30, MS spectrum 41 and NMR number 40.

8231.1 ,2,3,3,3-hexéﬂuoropropylcyclopentane (25)
Compound (25) (3.9g, 18 mmol), was passed over the fully regenerated cobalt

trifluoride, at 375°C. Continuous extraction followed by preparative scale GLC
(Fomblin, 110°C) of the liquid product (6.12g) gavé perfluoropropylcyclopentane (51)
(60%) bp 103-105°C (Siwoloboff); (Accurate mass, M*-19 too weak; CoF17t;
required 381.06). IR spectrum 31, MS spectrum 42 and NMR number 41.

8.24 trans-1.4-bis(1.1.2.3.3.3-hexafluoropropyl)cyclohexane (27a
i. 400°C ‘

Compound (27a) (2.4g, 6 mmol) was passed over the fully regeneratéd cobalt
trifluoride, at 400°C. Continuous extraction followed by preparative scale GLC
(Fomblin, 165°C) of the liquid product (2.9g) gave a mixture éf cis- and trans-isomers

of perfluoro-1.4-dipropylcyclohexane (62) (60%) (Accurate mass; M*-19 found
580.96; C12F23; calculated 581.07); IR spectrum 32, MS spectrum 43 and 44, NMR

number 42 and 43. Several recrystallisations from chlorotrifluoromethane cooled to

-15°C gave only frans-perfluoro-1.4-dipropylcyclohexane (62a); m.p. 80-81°C.

i 350°C
Compound (27a) (3.5g, 9.1 mmol) was passed over the cobalt trifluoride bed at
350°C. Continuous extraction followed by preparative scale GLC (Fomblin, 165°C) of

the liquid producf (3.7g)‘ gave a mixture of cis- and frans-isomers of perfluoro-1,4-

_dipropylcyclohexane (62) (70%).
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8.25 l,x-bis( 1.1.2.3.3.3-hexafluoropropyl)cyclohexane (x=2-4) (27)
i. 400°C |

Compound (27) (3.5g, 9 mmol) was passed over cobalt trifluoride, at 400°C.
Continuous extraction followed by preparative scale GLC (Fomblin, 165°C) of the
liquid product (4.1g) gave a mixture of isomers of perfluoro-1.x-dipropylcyclohexane
_ (x=2-4) (62) and (63) (44%) b.p. 167-169°C (Siwoloboff); (Accurate mass, M*-19
found 580.96; C;,F237; calculated 581.07); IR spectrum 33, MS spectrum 45 and 46,
NMR number 44 and 45.

ii. 375°C

Compound (27) (5.0g, 13 mmot), was passed over cobalt trifluoride, at 375°C.
Continuous extractionrfollowed by preparative scale GLC (Fomblin, 165°C) of the
liquid‘produ.ct (6.5g) gave a mixture of isomers of perfluoro-1,x-dipropylcyclohexane

(x=2-4) (62) and (63) (58%)

8.26 1.x-bis(1.1,2.3.3.3-hexafluoropropyl )cyclopentaﬁe (x=2.3) (25)
i. 400°C

Compound (25) (1.9g, 5 rrimol) was.passed over the CoF3bed at 400°C.
Continuous éxtraction of the liquid produét (1.3g) with acetone overnight, followed by

preparative scale GLC. (Fomblin, 160°C) gave a mixture of isomers of perfluoro-1.x-

dipropyleyclopentane (x=2.3) (64) (71%), b.p. 159-161°C (Siwoloboff); (Accurate
mass, M*-19 found 530.97); Cy;F2; calculated 530.86): IR spectrum 34, MS

spectrum 47, NMR number 46.

ii. 375°C
Compound (25) (5.0g, 14 mmol), was passed over the CoF; bed at 375°C.
Continuous extraction of the liquid product (5.7g) with acetone overnight, followed by

preparative scale GLC. (Fomblin, 160°C) gave a mixture of isomers of perfluoro-1,x-

dipropylcyclopentane (x=2,3) (64) (71%)
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8.27 x-(1.1.2.3.3.3-hexafluoropropyl)cis-decalin (x=1.2.9) (33)
Compound (33) (1.8g, 6 mmol) was passed over the CoF3 bed at 400°C.

Continuous extraction of the liquid product (3.0g) gave a perfluorocarbon mixture
containing perfluoro-x-propyldecalin (x=1.2.9) (66) (68% by GLC)(Accurate mass,
MT-19 found 592.96; C13F»3™ calculated 593.08); IR spectrum 35, MS spectr'um 48,
NMR number 47.

8.28 1-(1.1.2.3.3.3-hexafluoropropyl)adamantane (22
Compouhd (22) (2.0g, 7 mmol) was passed over the fully regenerated CoF; bed
at 400°C. The resulting liquid product (2.28g) was very complex, as in table 4.7, and

although perﬂuorb—l-propyladamantane (67) (32% by GLC.; M*, 574; MS spectrum
49) was identified by GLC/MS, it could not be isolated by preparative scale GLC

8.29 Z-pentaﬂuoro-Z-propenylcy' clohexane (43a)

Compound (43a) (4.0g, 19 mmol) was passed over the fully regenerated Cok3
bed at 375°C. Continuous extraction, with acetone, of the liquid product (7.1g) gave

perfluoropropylcyclohexane (60) (6.4g, 90%).

8.3 Methanol/TFE Telomers
8311.1 .2.2.3.3.4.4.5.5.6.6.7.7.8.8-'tetradecaﬂuorononanol (68)

Compound (68) (3.9g, 9 mmol) was passed over the CoF3 bed at 400°C.
Continuous extraction, with acetone, of the liquid product (3.4g) gave perfluorooctane

(68a) (92%); MS spectrum 50, NMR number 48.

8.32 1.1.2.2.3.3.4.4.5.5.6.6-dodecafluoroheptanol (69)
i. 400°C '
Compound (69) (3.0g, 9 mmol) was passed over the CoF3bed at 400°C.

Continuous extraction, with acetone, of the liquid product (1.97g) gave perfluorohexane

(692) (93%); MS spectrum 51, NMR number 49.
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ii. 300°C

. Compound (69) (2. 2g, 7 mmol) was passed over the fully regenerated CoF; bed
. at 300°C. Continuous extraction, with acetone, of the liquid product (1.2g), gave
.perflluo;rohexane (69a) (24%).' Addition of water to the acetone layer gave 1H-

| perﬂuorohexane (70) (76% ); NMR number 50, MS »spectrum 52.

8 4 Fluorinations in Anhydrous Hydrogen Fluoride
- 841 General apparatu '

A metal vacuum hne w1th Whitey valves, a soda-lime tower and Pyrex glass trap
(cooled with liquid N2) was connected to a Teflon FEP sub-hne to which a Teflon FEP
T-piece reaCtor containing fhe reactants in separate tubes was then attached. The
subline was equlpped w1th Teﬂon valves each having a Kel-F stem with a Teflon tip so
as to-isolate the sub-line from the metal vacuum line, because anhydrous HF in contact
with the metal line is a powerful oxidising system in the presence of fluoroacid.

| All the starting materials were weighed and transferred into the dry Teflon FEP
T-piece reactOr on an aluminium tray inside a dry atmosphere bag, as spillage of the
highly oxidising reagents could ignite .the polyethylene bag. All the reactions were

carried out under vacuum in the Teflon FEP subline

8.42 AgNiFg Fluorination of frans-1.4-bis( z-pentaﬂuoro-2-propenyl)cyclohexane (62)

One leg of the FEP T-piece reactor was charged with compound (62) (0.1g, 0.4
mmol) and anhydrous HF (lml) was distilled on to it. The other leg was charged with
AgN1F6 (1.0g, 3. 6 mmol) and anhydrous HF (2m1) was distilled onto it to form a slurry.
Thls leg was then poured slowly, at ~ 0°C, onto the substrate. A fast exothermic
_ interaction occurred, but' no non-condensable gas (e.g. CF4) was produced. The
. -supernatant anhydrous HF was decanted back so as to ensure all of the solid oxidiser
intj:eracted with the substrate. The Ag(II)Ni(IV)Fg was reduced to an olive green solid
(Ag(I)Ni(II)Fg,).Thé anhydrous HF and any volatiles were distilled under vacuum in the
closed T-apparatus to give a clear disﬁll'a,te. The anhydrous HF was allowed to distil

slowly into the soda-lime tower without bumping. When all anhydrous HF had been
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visibly consumed a very small colourless liquid remained, which was extracted using
Arklone, but its 19F NMR number contained only solvent signals. The other reactor
" limb (which contained the AgNiF3) was washed with Arklone and its 19F NMR number

showed a definite set of CFyx signals indicating the product was 1H,4H-

perﬂuorodipropylcyclohexane (71).

8.43 NiF; Fluorination of 2.5-bis(Z-pentafluoro-2-propenyl)tetrahydrofuran (72)
Tubes A and B of the T-piece reactor were charged with NiF3 (1.8g, 15 mmol)

and compound (72) (0.4g, 1.3 mmol) respectively. The reactor was attached to the FEP
sub-line and evacuated. Anhydrous HF was distilled onto both the nickel salt (~2 ml),
to give a black slurry, and the organic substrate (~2 ml), which was slightly soluble. The
black slurry was poured slowly, at ~ 0°C, onto the organic substrate. A fast exothermic
interaction occurred with the nickel salt reduced to brown nickel difluoride. The
supernatant anhydrous HF was decanted back so as to ensure all of the solid oxidiser
interacted w1th the substrate and when the reaction was complete the anhydrous HF
was slowly distilled, without bumping, into the soda-lime trap. The remaining products
were extracted with chlorotrifluoromethane and a 1°F NMR of. the extract identified a

set of weak CFy signals corresponding to perfluoro-2,5-dipropyltetrahydrofuran (59).
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Chapter Nine

Experiniental to Chapter Five
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9.1 Attempted additions of cyclohexyl chloride to hexafluoropropene (HEP)
i. #ray initiation '

A Carius tube was charged with cyclohexyl chloride (8.9g, 75 mmol) and HFP
(15.4¢, 100 mmol) and then irradiated for 4 days with y-rays (6 Mrads) at room
temperature. The tube was opened and gaseous components (14.7g) were recovered.
Analysis of the colourless liquid (9.2g), by GLC/MS and 1°F NMR identified traces of
x-(1,1,2,3,3,3-hexafluoropropyl)cyclohexyl chloride (x=2-4) (74), but no further

workup was performed.

ii. DTBP initiation

An autoclave (150ml) was charged with cyclohexyl chloride (8.0g, 67 mmol), '
HFP (15.4g, 100 mmol) and DTBP (0.6g, 4 mmol) and then rocked at 140°C for 24 hrs.
The autoclave was openéd and gaseous products (14.9g) were recovered. A pale yellow
liquid (8.8g) was removed and analysis of the mixture, by GLC/MS and 1°F NMR, .
identified traces of 'x-(l,1,2,3,3,3-hexaﬂuoropro_pyl)cyclohexyl chloride (x=2-4) (74) and
cycldhexene (6% by GLC). | |

9.2 Chlorination of 1.1.2.3.3.3-hexafluoropropylcyclohexane (24)
A mixture of compound (24) (27.7g, 0.12 mol) and sulphuryl chloride (8.4g,

0.06 moi) was irradiated with UV light (1000W, medium pressure, mercury lamp, at a
| distance of ca. 100mm), whilst being cooled with an electric fan to ca. 60°C) until no
fuﬁhér gases Were evolved from the mixture (1.5 hours). Distillation of the remaining
liquid (29.3g) gave a fraction, boiling at 163-165°C, identified as x-(1,1,2,3,3,3-
hexafluoropropyl)cyclohexyl chloride (x=2-4) (74) (8.60g, 27%) (Found: C,40.2; H,
4.1. CoH;oClFg requires: C, 40.2; H, 4.1%), NMR number 51, MS spectrum 53.

9.3 Chlorination of 1.1.2.3.3.3-hexafluoropropylcyclopentane (25)

A mixture of compound‘ (25) (10.6g, 50 mmol) and sulphuryl chloride (6.5g, 50
mmol) was irradiated was irradiated with UV light, using the procedure outlined above,

for 2 hours. Distillation of the remaining liquid gave a fraction, boiling at 153-155°C,
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identifi:e._d as x-(1.1.2.3.3.3-hexafluoropropyl)cyclopentyl chloride (x=2-4) (75) (9.5g,
83%) (Found: C, 37.5; H, 3.5. CgHgClF¢ requires: C, 37.7; H, 3.6%), NMR number 52,

| ~MS spectrum 54.

9.5 Deh drv(’)ch.l.orination of x-(1,1.2.3.3.3-hexafluoropropyl)cyclohexyl chloride (x=2-4)
i NaOH (aq)

~ Compound (74) (5.5g, 20 mmol) was added to aqueous 33% Sodium hydroxide
(1 4g, 35 mmol) and reﬂuxed at 90°C for 20 hours. The reaction mixture was then
'cooled and the orgamc layer was separated and dried with MgSO4. GLC/MS analysis of

the reaction mixture identified starting material only.

ii. EtsN

Compound (74_) ‘(7.6g,. 28 mmol) was added to a mixture of triethylamine (3.6g,
35 mmol) and diethyl ether (10ml) and stirred at room temperature for 20 hours. The
reaction mixture was neutralised with 10% HCl and the ergaxlic layer was separated and

dried with MgSOsg. GLCMS analysis' of the reaction mixture identified starting material

only.

iii. LiCl, DMF . .

'Lithi‘um'ehloride (1.3g, 30 mmol) was dried under vacuum and dry dimethyl
formamide (20ml) was added. To this mixture was then added eompound (74) (5.3g, 20
mmol). The resulfing miscible mixture was refluxed at 150°C for 20 hours. The reaction
mixture was then cooled, neutralised with 10% HC, washed with water and the organic
layer was separated and dried with MgSOa4. Distillation of the organic layer gave a
fraction, boiling at 146°C, 1dent1ﬁed as X (1,1,2,3,3,3-hexaﬂuoropropyl )cyclohex-1-ene
* (x=2-4) (76) (4.1g, 89%) (Found C, 47.0; H 4.3. CoHgFg requires: C, 46.7; H, 4.3%),
NMR number 53, MS spectrum 55, IR spectrum 36.
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iv. DMF _
| Compound (74) (4.3g, 16 mmol) was added to dry dhnéthyl formamide (15ml)
. and the mixture was refluxed at 150°C for 20 hours. in a round bottomed flask fitted
with a water condenser and a ‘drvying tube. The reaction rﬁixture was then cooled,
neutralised with 10% HCl, Washéd with water and the organic layer was sepérated and
| dried with Mg-SO.4_.' Distillation of _thé organic layer gave a ﬁaction, boiling at 146°C,

identified as x-(1,1,2,3,3,3-hexafluoropropyl)cyclohex-1-ene (x=2-4) (76) (1.7g, 46%)

9.6 Dehydrochlorination of x-‘g l,i',2,3,3,3-hexaﬂuoropropyl)cyclopengl chloride
G235 -
Lithi'um chloride (2,7g_, 60 mmbl) was dried under vacuum- and dfy
- dimethyl formamide (20ml) Wgs added and to this mixture compound (75) (10.8g, 40
mmol) was then added. The resulting miscible mixture was refluxed at 150°C for 20
hours. Th¢ fe’action mixtur¢ was then cooled, neutralised with 10% HCI, washed with
water and the organic layer was separated and dried with MgSO4. Distillation of the
organic 1ayer géve' al Jfraction,‘boiling at 130-132°C, identified as x-(1.1.2.3.3.3-
hexaﬂuoropropyiv)cycl’opent-1-en'c;: (x=2.3) (78) (6.6g, 72%) (Found: C, 43.8; H, 3.7.
CgHgF¢ requi‘res:“C, 44.0; H, 3.7%),‘NMR number 54, MS spectrum 56.

9.7 Reactions of the pentafluoropropenyl derivatives of cyclohexane
_ 9.91 Z-pentafluoro-2-propenylcyclohexane (43a) ‘

Sodium metal (0.9g, 40 mmol) was added to ethanol (18.4g, 0.4 mol) under
nitrogen until it had reacted completely. Compound (43a) (4.3g, 20 mmol) was added
~ dropwise to the alkoxide solution and the mixture was warmed to §O°C and refluxed for
138 hours. On termihation of the reéction, the product mixture was diluted with water,
neutralised With.‘lO% hydrochloric acid Aand the organic layer was extracted with
dichloromethane and driéd with magnesium sulphate. Distillation removed any solvents
and further distillation of the liquid product gave a fraction, boiling at 178°C, identified
| as ‘an inseparable rﬁixturc of the Z- and E- isomers of 1-ethoxy-2.3.3.3-tetrafluoroprop-
2-enylcyclohexane (44) (82%, 3.67g) (Found: C, 55.0; H, 6.7. C11H6F 40 requires: C,
55.1; H, 6.7%); NMR number 55 and 56, MS spectra 57 and 58 IR spectrum 37.
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9.82 trans-1.4-di(z-pentafluoro-2-propenyl)cyclohexane (46)

Compound (46) (1.9g, 5 mmol) in ethanol (5ml) was added dropwise to a stirred
solution of sodium ethoxide (1.4g, 20 mmol) in ethanol (20ml), and then warmed to
80°C and refluxed for 72 hours, using the same procedure as above. The organic
productfs-" were dissolved in methanol and cooled to -78°C, in an acetone slush bath,

from which a white solid érystallised out and was identified as frans-1.4(z-1-ethoxy-

2,3,3,3;tetraﬂuoroprop-2-enyl)cyclohexane (80) (1.0g, 52%) m.p. 45-46°C (Found: C,
48.4; H, 5.0. C16H2oF 3O, requires: C, 48.5; H, 5.1%); NMR number 57, MS spectrum

59, IR spectrum 38.
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. Appendix One
NMR Data

O 0 1 O L B W N =

[ S S T T
whn K LW N = O

16.

17

18.
19.
20.
21.
22.
23.
24.
25.
26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

. 4-Methyl-1,1,1,2,3,3-hexafluoropentane (28)

. 1,1,1,2,3,3-Hexafluorohexane (29)

. 1,1,1,2,3,3-Hexafluoro-4,4-dimethylpentane (30)

. 1,1,1,2,3,3-Hexafluoro-5-methylhexane (31)

. 1,1,2,3,3,3-Hexafluoropropylcyclopentane (25)

. 1,x-Bis(l,1,2,3,-3,3-hexaﬂuoropropyl)cyclopentane (x=2,3) (26)
. 1,1,2,3,3,3-Hexafluoropropylcyclohexane (24)

. 1,x-Bis(1,1,2,3,3,3-hexafluoropropyl)cyclohexane (x=2-4) (27)
. trans-1,4-Bis(1,1,2,3,3,3-hexafluoropropyl)cyclohexane (27a)

. x-(1,1,2,3,3,3-Hexafluoropropyl)cis-decalin (x=1,2,9) (33)

. x,y-Bis(1,1,2,3,3,3-hexafluoropropyl)cis-decalin (x=1,y=2-10, x=2,y=3-10) (34)

. x~(1,1,2,3,3,3-Hexafluoropropyl)trans-decalin (x=1,2) (35)

. x,y-Bis(1,1,2,3,3,3-hexafluoropropyl)trans-decalin (x=1,y=2-10, x=2,y=3-10) (36)

. 2-ex0-(1,1,2,3,3,3-Hexafluoropropyl)norbornane (37)

. 2,x-Bis(1,1,2,3,3,3-hexafluoropropyl)norbornane (x=5,6) (38)
1-(1,1,2,3,3,3-Hexafluoropropyl)adamantane (22)
.1,3-Bis(1,1,2,3,3,3-hexafluoropropyl)adamantane (23)
1,3,5,-Tris(1,1,2,3,3,3-hexafluoropropyl)adamantane (39)
1,3,5,7-Tetrakis(1,1,2,3,3,3-hexafluoropropyl)adamantane (40)
Z-Pentafluoroprop-2-enylcyclohexane (43a)
E-Pentafluoroprop-2-enylcyclohexane (43b)
1-(E-Pentafluoroprop-2-enyl)adamantane (45a)
1-(Z-Pentafluoroprop-2-enyl)adamantane (45b)
trans-1,4-Bis(Z-pentafluoroprop-2-enyl)cyclohexane (46)
cis-1,3-Bis(Z-pentafluoroprop-2-enyl)cyclohexane (47)
Z-Pentafluoroprop-2-enylcyclopentane (49)
trans-1,3-Bis(Z-pentafluoroprop-2-enyl)cyclopentane (S0a)
cis-1,3-Bis(Z-pentafluoroprop-2-enyl)cyclopentane (S0b)
trans-1,2-Bis(Z-pentafluoroprop-2-enyl)cyclopentane (50c)
2-(Z-Pentafluoroprop-2-enyl)trans-decalin (51b)
1-(Z-Pentafluoroprop-2-enyl)trans-decalin (S1a)
1-(Z-Pentafluoroprop-2-enyl)cis-decalin (52a)
2-(Z-Pentafluoroprop-2-enyl)cis-decalin (§2b)
exo-2-(Z-Pentafluoroprop-2-enyl)norbornane (53)
exo-2,5-Bis(Z-pentafluoroprop-2-enyl)norbornane (54a)
exo-2,6-Bis(Z-pentafluoroprop-2-enyl)norbornane (54b)
1,3,5,7-Tetrakis(E-pehtaﬂuoroprop-2-enyl)adamantane (55)
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. 38. 1-(Z-Pentafluoroprop-2-enyl)-3,5,7-tris(E-pentafluoroprop-2-enyl)adamantane
(55a) _

39. Perfluoro-2,5-dipropyltetrahydrofuran (59)

40. Perfluoropropylcyclohexane (.60)'

41. Perfluoropropylcyclopentane (61)

42. trans-Perfluoro-1 ,4-dipr0pylc§1clohexane (62a)

43 cis-Perfluoro-1,4-dipropylcyclohexane (62b)

44. trans-Perfluoro-1,3-dipropylcyclohexane (63a)

45. cis-Perfluoro-1,3-dipropylcyclohexane (63b)

46. Perfluoro-1,x-dipropylcyclopentane (x=2,3) (64)

47. Perfluoro-x-propyldecalin (x=1,2,9) (66)

48. Perfluorooctane (68a)

49, Perfluorohexane (69a)

50. 1H-Perfluorohexane (70)

51.x-(1,1,2,3,3,3-Hexafluoropropyl)cyclohexyl chloride (x=2-4) (74)

52.x-(1,1,2,3,3,3-Hexafluoropropyl)cyclopentyl chloride (x=2,3) (75)

53. x-(1,1,2,3,3,3-Hexafluoropropyl)cyclohex-1-ene (x=2-4) (76)

54. x-(1,1,2,3,3,3-Hexafluoropropyl)cyclopent-1-ene (x=2,3) (78)

55. Z-1-Ethoxy-2,3,3,3-tetrafluoroprop-2-enylcyclohexane (44a)

56. E-1-Ethoxy-2,3,3,3-tetrafluoroprop-2-enylcyclohexane (44b)

57. trans-1 ,4-Bis(Z-1-ethoxy-2,3,3,3-tétraﬂuoroprop—2-enyl)cyclohexane (80)
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1. 4-Methyl-1.1.1.2.3 3-hexéﬂu0ro entane (28

_ F, d
jﬂ/%\é CFs
FH
e
Chemical shift ~ Multiplicity =~ Coupling constant ~ Relative Assignment
Hz intensity
IH
1.12 m 6 e
2.34 m 1 a
4.82 . d of m 2Jy.p =44 1 c
19F
-74.5 brs 3 d
-117.7 A of AB 2Jpp =265
-121.8 B of AB 2Jp.p = 265 2 b
-212.0 d 2JeH =127 c
2. 1.1.1.2.3.3-Hexafluorohexane (29)
F, d
A _C.5.CFy
f 2 b C
FH
Chemical shift ~Multiplicity ~ Coupling constant ~ Relative Assignment
Hz intensity
g
1.00 m 3 e
1.58 m. 2
1.90 m 2 a
4.82 dofm 2p=44 1 c
19F
-74.5 brs 3 d
-108.0 A of AB 2Jpp =269
-111.1 B of AB 2Jpp =270 2 b
-211.0.0 brs c
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3. 1.1.1.2 3.3-Hexafluoro-4.4-dimethylpentane (30

F, d

G-gCF:
FH.

e
Chemical shift Multiplicity =~ Coupling constant ~ Relative Assignment
’ Hz intensity
H
1.14 s 9 €
491 d 2Jyp =44 1 c
d 3Jp.p =20
q Jpp=59
19F
-74.6 S _ 3 d
-117.6 A of AB 2Jpp =270
-126.1 B of AB 2Jer =270 2 b
$-206.9 d 2jp.g =40 1 c
4. 1.1.1.2.3 3-Hexafluoro-5-methylhexane (31)
' /I\/Fz d
A §-&-CFs
_ : FH
Chemical shift ~ Multiplicity — Coupling constant  Relative Assignment
Hz intensity
H
. 0.88 d g =45 f
1.39 brs e
1.61 a
491 dofm 2Jy.p=44 c
19F
-75.5 s 3 d
-105.9 A of AB 2Jpp =265
-109.5 B of AB 2Jpp =265 2 b
-210.3 brs 1
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5. 1.1.2.3.3.3-Hexafluoropropylcyclopentane (25

BN
2 3
9¢ 74 CFH
. (o]
f e

Chemical shift ~ Multiplicity =~ Coupling constant ~ Relative Assignment

Hz intensity
IH
1.63 m 8 e,f
2.52 m 1 a
4.74 d ey =443 1 c
d 3Jp.n = 20.7
q BJF-H =6.18
19F
-74.8 s 3 d
-114.4 A of AB 2Jpp =266
-116.6 B of AB 2Jpp =266 2 b
-211.5 d 2Jp.p =38 1 c
13C
25.1 brs e
25.6 s f
25.8 S g
26.1 brs h
42.5 t C 2ep=22 a
86.0 d Jep=195 b
d 2Jcrp=37
q 2Jc.p=34
d 2JC-F =30
120.2 d Jep =251 , c
d 1Jep =249 '
d 2Jcp=24
120.2 q e p =282 d
d 2Jcr=26
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CFzCFs
@a CFH

CFZCFHCF3

Chemical shift ~ Multiplicity =~ Coupling-constant  Relative Assignment

_ Hz intensity’
14 _
1.97 m 4 ef.gh

2.64 ' - .m 1 a

4.78 m 1 c
19F

7467 brs . 3 d
-74.92 ~ brs d
-116.64 overlapping m | 2 b
-211.10 d 2Jpy =39.5 1 c
c

-211.20 brs
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7. 1.1.2.3.3.3-Hexafluoropropyleyclohexane (24

. b d
__CF, CF,4
Oﬁ CFH
(o}
g e

f

Chemical  Multiplicity Coupling constant Relative ~ Assignment
shift _ Hz intensity
IH
1.24 m 5 €axsTaxsGaxsNaxolax
1.84 m 6 ax-CeqrTeqsBeqNegsleq
4.65 d 2Jy.p =41
‘d 3JF-H =14
q 3JF-H =7.0
d 3JF-H =6.6 1 C
19F
-74.8 brs 3 d
-114.4 A of AB 2Jpp =266
-118.8 B of AB 2Jgp =266 2 . b
-212.3 d 2T =39 1 c
13C
24.0 t 3Jcp=4.5 €
25.3 s f
25.5 ] g
25.5 m i
25.8 S h
41.6 t 2Jcp =21 a
84.8 d Jegp=195 c
d 2JC-F =137
q 2Jc.p=34
d 2Jcp=31
119.9 - d Je.p=252 b
d 2Jc.p =248
d 2JC-F =24
121.2 q 1Jop =282 d
d 2Jc-1: =26
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8. 1.x-Bis(1.1.2.3.3 3-hexaﬂuoro ro 1 cvclohexane (x=2-4) (27

OCF& CF3

Chemical shift ~ Multiplicity =~ Coupling constant Relative Assignment
Hz intensity
H
1.33 m aefgh,i
1.69 .m aefghi
2.09 m ‘ aefghi
. 4.84 dofm 2Jyr =41 c
19F
-76.96 brs 4 3 d
-120.94 m b
-213.79 brs 1
-214.57 br s
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. 9, tfans-l 4-Bis(1.1.2.3.3.3-hexafluoropropyl)cvclohexane (27a)

FH o
/C\ a b d
F3C cm"" ‘C":Q/CFs

C
f FH
C

Chemical shift ~Multiplicity ~ Coupling constant ~ Relative Assignment

Hz intensity
IH
1.36 m €ax-fax
2.07 m a,€eqsfeq
4.83 d 2Jgr=44 c
3JF-H =21
3JF-H =6.0
19%

-74.2 ] d
-117.1 A of AB 2Jpp =269 b
-118.4 B of AB 2Jpp =267
-211.2 d 2Jpg=44 Cc

' 13C .
22.8 t 3Jcp=4.4 e
24.1 t 3Jcp=29 f
40.6 t 2Jcp=22 a
85.0 d 1Jep=196 b
‘d 2Jc_p =38
q 2JcF=34
d 2Jcr =31

119.3 d Je.p=253 c
d Jep =249
d 2Jcp=24

120.9 q e p=282 d
d 2Jcp=26
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10. x-(1.1.2.3.3.3-Hexafluoropropyl)cis-decalin (x=1.2.9) (33

k H a
i eb d
. m LCFZCFS
! f C%FH

. h 4 9
Chemical shift ~Multiplicity =~ Coupling constant ~ Relative Assignment
Hz intensity.
H
1.31 m
1.56 .m 16 aefghijklm
1.70 m
2.08 m 0.5 n
2.20 m 0.5
4.80 m 1 c
19F
-74.6 brs . 3 d
-111.4 * overlapping :
-118.5 m 2 b
-206.4 m 1 c
2121, m c
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11. x.v-Bis(1.1.2.3.3.3-hexafluoropropyl)cis-decalin (x=1,y=2-10. x=2.y=3-10) (34)

e b c d
f (CF,CFHCF3),

Chemical shift ~ Multiplicity Coupling constant  Relative Assignment

Hz intensity
14 _
1.39 to 2.05 overlapping m _ 32 a,e,ftom
2.23 m 1 n
2.65 m 1 n
4.80,4.98 overlapping m 2 c
19F
-74.2,-74.5 br s 3 d
-111.4 m
-118.3,t0 -119.4 overlapping m : : 2 b
-204.1, brs 1 c
-206.2 br s
-211.9 brs
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12. x-(1.1.2.3.3.3-Hexafluoropropyltrans-decalin (x=1.2) (35)

k H a
i eb d
] @1}‘0*?2 CFy
! : f CFH
h g ¢ c
Chemical shift ~Multiplicity =~ Coupling constant  Relative Assignment
Hz intensity
14 .
1.00to 1.75  overlapping m 16 a,e,ftom
2.10 .m 1 n
4.83 m ' 1 c
19F A
-74.4 brs 3 d
-74.8 ' br s
-118.9 overlapping m 2 b
-211.9, brs .
-212.6 d 2Jg.y =40

13. x.y-Bis(1.1.2.3.3.3-hexafluoropropyl)trans-decalin (x=1.y=2-10. x=2.y=3-10) (36)

k H a :
j b_ € d
'%f (CF,CFHCF3),
i - |f| -
Chemical shift Multiplicity ~ Coupling constant ~ Relative Assignment
| Hz intensity
1H
1.19t02.20  overlapping m o 30 a,e tom,
2.62 m n
4.90 . overlapping m , 2 c
19F
-73.5 " brs 3 d
-74.1 br s
-111.5 m
-118.1 to -119.4 overlapping m 2 b
22042 to -211.9 overlapping m ' c
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14. exo-2-(1.1.2.3.3.3-Hexafluoropropylnorbornane (37)

h k b d
g /CFZ-CF3
a CFH
P C

f e

Chemical shift —Multiplicity ~ Coupling constant ~ Relative Assignment

Hz intensity
IH
1.26 m 3 h,gaxfax
1.61 m 4 €ax>N,Leq>Teq
1.75 m 1 €eq
2.14 m 1 a
2.37 br s 1 i
2.45 br s 1 k
481 m 1 c
19F
-74.7 brs 3 d
113.0 A of AB 2Jp.p =265
-118.8 ' B of AB 2Jp.p =265 2 b
-211.2 d 2Jpg =44 1 c
13C
28.0 S g
304 T ] f
314 e
35.8 s i
36.9 br s h
37.6 d Jcp=5 k
44.9 t 2Jcp=22 a
86.2 d Jerp=196 c
d ZJC-F =37
q 2Jcp=34
d 2Jer =31
120.0 d Uep=251 b
d Ucr=249
d 2Jcp=22
121.3 q cp=282 d
d 2Jc-1:_ =29
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15. 2.x-Bis(1.1.2.3.3.3-hexafluoropropyl)norbornane (x=5.6) (38

h
| .
o |DE__CF,CF,
CF3CFHCF,—~ a CFH
i C
. f b e ‘

Chemical shift ~ Multiplicity — Coupling constant  Relative Assignment

Hz intensity
IH
1.00 m 3 h,gafax
1.50 . .m 5 e,h,8eq.feq
215 - m 1 a
2.32,2.39 brs 1 1
2.54,2.80 brs 1 k
4.75 m 1 c
19F
-74.7 brs - 3 d
-114.1 m 2 b

-210.8 m 1 c
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16.1-(1.1.2.3.3 3-Hexaﬂuoro ropvlladamantane (22 |

b ¢ d
CF,CFHCF3
e
f
g
Chemical shift ~Multiplicity  Coupling constant ~ Relative Assignment
Hz intensity
H
1.76 m 12 eg
2.07 s 3 f
4.93 d 2Jy.p =44 1 c
d 3JH-F =20
q 4pr =64
19F
-74.3 s ‘ 3 d
-122.6 A of AB 2Jpp=274 :
-130.0 B of AB 2Jpp =274 2 b
-206.9 d 2Jpy =41 1 c
13C
27.5 ] f
34.6 q 6Jcp=34 e
36.4 s g
40.0 ¢ 2oy =21 a
83.6 d e p=197 b
q Hep=41
d 2JC-F =33
d 2JC-F =26
119.5 d ep =261 c
d e =247
d 2Jcp=22
121.3 q Jer=283 d
' d 2Jcp =26
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Dadamantane (23

17.1.3-Bis(1.1.2.3.3.3-hexafluoropro

b ¢ d
CF,CFHCF;
e
CF,CFHCF4
f
Chemical shift  Multiplicity = Coupling constant Relative Assignment
~ Hz intensity
H
1.80 ~m 6
2.28 S 1
4.93 d 2Jyr =440 1 c
d 3Tur =202
q 4JH-F =6.4
19F
-74.3 ] 3 d
-121.7 A of AB 2Jpp =275 _
-129.4 B of AB 2Jpp=275 2 b
-207.1 d 2Jpp =37 1 c
13C
27.0 S g
31.8 m e
33.8 s f
353 S h
40.6 t 2Jep=21 a
83.8 d Jep=197 c
d 2Jcp=42
q 2cF =34
d 2Jcp=26
119.1 d lJe g =261 b
d Jer=247
d 2Jcp =23
121.1 q 1Jc.p =283 c
d 2Jcp =26
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18. 1.3.5.-Tris(1.1.2.3.3.3-hexafluoropropylladamantane (39

b ¢C d
CF,CFHCF,
a
e

CF3CFHCF, . CF,CFHCF;
f

Chemical shift ~Multiplicity  Coupling constant  Relative Assignment

Hz intensity
H
1.83 ~m 12 ef
2.15 s 1 g
495 d 2Jy.r =41 3 c
d 3JH-F =19
q Gpp=53
I9F
-74.2 brs : 3 d
-120.7 A of AB 2Jpp =273 2 b
-128.7 B of AB 2Jpp =275
-207.3 d 2Jpp=129 1 c
13C
26.7 s g
31.5 S f
33.2 s e
41.3 t 2Jep=22 a
84.1 d Jep=197 c
q 2Jcp=42
2JC-F =34
t 2Je.p =26
119.1 d e p =262 b
d 1Jop =248
d 2Jc.p =26
121.0 q Jer =283 c
' d 2Jcp=26
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- 19, 1.3.5.7-Tetrakis(1.1.2.3.3.3-hexafluoropro

Dadamantane (40

b ¢ d
CF,CFHCF;,
€. e
CF3CFHCF; "CF,CFHCF;,
CF3;CFHCF,
Chemical shift - Multiplicity ~ Coupling constant ~ Relative Assignment
| ' Hz intensity
14 _
2.07 m , 3
5.99 d 2Jgp =42 1 c
d 3JH-F =20
q 4JH-F =64
- 19F
-74.1 S . -3 d
-121.1 A of AB 2Jpp =276
-127.6 B of AB 2Jpp =276 2 b
-207.1 d 2Jpy =36
3¢
30.1 s €
41.6 t 2Jcp=22 a
83.1 d Uep=19%4 c
d 2Jcr =139
q 2ep =34
119.0 d 1Je.p =261 b
d er =249
d 2Jcp=22
121.4 q Je.p =282 c
d 2Jcp =26
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20. Z-Pentafluoroprop-2-enylcyclohexane (43a)

F
a b\C F
GFa

g e
f

Chemical ~ Multiplicity ~ Coupling constant Hz Relative Assignment

shift intensity
H
©1.20 q Np =12 1 O
“ t 3y =32
1.31 q gy =12 2 fa
1.55 q 3y = 12 2 €ax
d 3JH-H =3.2
1.72 d 3gn =12 3 Ceqpeq
1.83 d yp =14 2 B
2.52 d 3 =32 1 W
t 3y = 12
19F
-66.2 S 3 d
-131.4 d e =31 1. b
-161.7 q 3Jpp =11 1 ¢
d Jeg=>5
13C
25.6 g
25.9 f
28.9 d 3ep=22 e
36.7 d 2Jcp =21 a
120.4 q Uep =270 d
' d 2Jop =35
d 3Jcp=9.6
134.9 d ep=250 c
q 3crp=40
d 3](3_1: =24
156.6 d ep =264 b
d 3cp=9.6
q 4Jc_1: =34
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21. E-Pentafluoroprop-2-enylcyclohexane (43b)

.Chemical ~ Multiplicity =~ Coupling constant Hz Relative Assignment

shift intensity
19F ‘
682 d 4Jpp =19 3 c
-148.3 d 3Jpp=132 1 a
_ quintet AJp.pu =24
-176.5 d 3Jpp=132 1 b
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22. 1-(E-Pentafluoroprop-2-enyl)adamantane (45a)

CdF3
F<b O
a _
e
f
g
Chemical Multiplicity ~ Coupling constant Hz Relative Assignment
shift intensity
1H ’
1.76 ] ' 2 e
1.96 S 2 g
206 s f
19F
-67.6 d 3Jparp = 21 3 d
-149.3 d 3Jgp-pe = 131 1 b
q 4Jpb.Fd = 22
-175.6 d 3Jperp = 130 ' 1 C
13C
27.8 S
36.3 s
36.8 S
119.5 q Uerp=273 d
d 2Jep =36
d 3Jcp=3.5
138.2 d e.p =242 c
q 3cF =54
d 3Jc.p =39
160.2 d e =260 b
d 3Jc.p =36
q 4Jop =23
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23. 1-(Z-Pentafluoroprop-2-enyladamantane (4Sb)

F
F b CdF3
a
e
f
g
Chemical ~ Multiplicity =~ Coupling constant Hz Relative . Assignment
shift intensity
H
1.77 s 2 e
1.95 S 2 g
2.07 S 1 f
19F
-59.9 S 3 d
-125.2 brs 1 b
-154.7 q Jpp=11 1 c
13C
27.9 s
36.2 ]
37.1 d 2Jcp=21
38.0 q 3Jcp=23
120.1 q Uerp=270 d
d ZJC-F =36
d 3JC-F =84
137.8 d 1Jc.p =249 c
q 3cp =43
d 3Jcr=130
160.7 d e g =264 b
d 3Jep=13
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24. trans-1.4-Bis(Z-pentafluoroprop-2-enyl)cyclohexane (46

F/lﬁ“"' e

F

Chemical Multiplicity ~ Coupling constant Hz Assignment
shift |
1H
1.69 . m Cax
1.89 d 2Jgp=172 €eq
2.56 d =32 a
19F
-65.9 ] d
-132.2 d 3Jpp =31 b
-159.2 q 3Jprp=12 c
d 4JF-H =38
13C
27.8 s e
35.5 d 3Jcp=21 a
120.2 q 1Jep =270 d
d 2Jcr=35
d 3Jc-]: =906
135.3 d Uep=252 c
3Jcp =40
3JC-F =24
155.3 d g =266 b
d 3Jcp=10
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25. cis-1,3-Bis(Z-pentafluoroprop-2-enyl)cyclohexane (47)

Chemical ~ Multiplicity =~ Coupling constant Hz Assignment
shift
IH
1.42 q fax
1.57 q 3yp =13 €ax
d 3J-H-H =3.6
1.77 m €eqrleq
1.88 q 3JH-H =12 Sax
2.10 d 3JH-H =13 Zeq
2.64 d 4Jgr =31 Ak
t 2Jgg=12
19F
-66.3 s d
-132.2 -d 3JF-H =31 b
-159.1 brs ' c
13C
24.6 s f
27.4 d 3Jcp=23 e
30.0 S g
35.6 t 3Jcp=21 a
119.8 q 1Je g =270 d
d 2JC-F =35
d 3JC-F =9.6
135.1 d 1Jep =253 c
q 3erp=41
d 3Jcp=24
154.5 d e g =266 b
d 3](:-1: =11
q 4Jcr=3.5
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26. 7-Pentafluoroprop-2-enylcyclopentane (49)

F
b
a e "
f e CdFS
Chemical  Multiplicity ~ Coupling constant Hz Relative Assignment
shift . intensity
H
1.63 overlapping m
2.52 d 3Jgp =32
19F
-65.6 s . : 3 d
-1334 d SJF-H:?’I 1 : b
-162.2 brs ' S
13C
26.2 s f
29.5 : s e
36.8 d Jcrp=22 a
t 3Jcp=23
120.4 q Jep =270 ' d
d 2Jep=35
d 3Jcp=9.6
134.7 d Jep =250 c
q 3Jcr=40
d 3JC-F =24
155.3 d ep =264 : b
d 3JC-F =10
q 4JC-F =3.5
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27. trans-1.3-Bis(Z-pentafluoroprop-2-envl)cvclopentane (50a

F F
f
F\')/I"'Qa)b\c/':
CFs CFs

e

Chemical ~ Multiplicity ~ Coupling constant Hz Relative Assignment

shift intensity
1H
1.65 overlapping m , 3 e,f
2.50 © overlapping m . ' 1 a
19F
-66.9 s | 3 d
-135.0 d 3JF-H: 31 1 b
-159.3 brs 1 c
13C
29.9 S e
31.4 S f
36.6 d 3Jcp =22 a
120.0 q 1Jep =270 d
d 2Jcrp=35
d 3JcF=9.6
135.2 d Uep=252 c
q 3crp=40
d 3Jcp=24
153.6 d ep = 264 b
d 3Jcp=11
q AJecp=3.4
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28. cis-1 ,3-Bis(' Z—pentaﬂuoropropA -2-enyl)cyclopentane (S0b)

F F
F Z AN F
CF3 e %F3
Chemical  Multiplicity =~ Coupling constant Hz Relative Assignment
shift intensity
'H
1.65 overlapping m 3 e,f
2.50 overlappingm - 1 a
19F
-66.9 S 3 d
-134.9 d 3Jpn = 31 ' b
-159.0 brs . 1 c
13C
28.4 S e
32.2 S f
37.0 d 3Jerp=22 a
120.0 q er=270 d
135.4 d 1Jep=252 c
153.4 d 1Je.p =266 b
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29. trans-1.2-Bis(Z-pentafluoroprop-2-enyl)cyclopentane (S0c¢)

Chemical Multiplicity Coupling constant Hz Relative Assignment
shift intensity
g
165 overlapping m 3 e,f
2.50 overlapping m 1 a
19F
-66.9 S 3 d
-135.9 d 3pp =31 1 b
-156.5 brs 1 c
13C
25.1 S f
28.9 S e
40.3 d : 3JC-F = 23 a
119.8 q' lJc-p =270 d
136.5 d e p =250 c
151.4 d IJe.p =268 b
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30. 2-(Z-Pentafluoroprop-2-enyl)trans-decalin (51b)

GE) CF3

h H

Chemical ~ Multiplicity Coupling constant Hz Relative Assignment
shift intensity
1H
1.02,1.25, overlapping m 16 e,f,g.hij.klm,
1.61,1.72 n

2.58 d 3Jgrp =32 1 a

19F )

-66.3 S 3 d
-131.7 d 3Jp.p =30 1 b
-161.5 br s 1 c

13C
26.4 S i
26.5 s ]
28.5 d 3Jcp=2.6 f
32.8 S g
335 s h
33.6 s k
35.6 d ep=27 e
36.4 d 2Jcr =21 a
42.2 S n
423 ] m
120.1 q Uecr=271 d
d 2Jcp =35
d 3JC-F =96

135.5 d 1Jer =250 c
q 3cr =40
d 3Jcp=24

156.0 d 1Jop =266 b
d 3JC-F =94
q Jer=34

186



31. 1-(Z-Pentafluoroprop-2-enyl)trans-decalin (S1a)

Chemical Multiplicity Coupling constant Hz Relative Assignment

shift intensity
g '
1.02,1.25, overlapping m 16 efghijkLm,
1.61,1.72 ‘ n
2.24 d 3Jup =32 1 a
19F
-65.7 S 3 d
-133.6 . d 3Jpg =30 1 _ b
-160.0 br s : . 1 c
13C
25.4 S . f
26.3 s ~ i
29.5 d 2Jcr=21 e
30.1 s ‘ g
333 S h
42.4 S n
42.5 br s m
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32. 1-(Z-Pentafluoroprop-2-enyl)cis-decalin (52a)

F
c
Fb :/ CF
k i3, d 3
| m e
i thf
h H ¢
Chemical  Multiplicity =~ Coupling constant Hz Relative Assignment
shift intensity
1H
1.29,1.56 overlapping m e,f,g,h,i,j,k,lm,
1.75,1.84 n
2.58 d 3Jup =32 1 a
19F
-66.2 S 3 d
-132.2 d 3Jpg =30 1 b
-161.5 brs 1 c
13C
- 209 S i
23.1 d 3Jcp=26 e
24.9 S k
26.1 S g
27.0 d 2Jep=21 jf
32.1 h
35.7 S n
359 S m
37.3 S a
120.4 q 1Je.p =270 d
d 2Jcr=35.
d 3JC-F =9.6
134.8 d 1Jo.p =248 c
q 3Jcp=40
d 3Jcrp=124
156.5 d IJC_F =265 b
d 3Jcr=9.6
q 4JC_1: =34
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33. 2-(Z-Pentafluoroprop-2-enyl)cis-decalin (S2b)

Chemical ~ Multiplicity ~ Coupling constant Hz ~ Relative Assignment
shift | intensity .
IH
1.29,1.56 .overlapping m e,f,ghij.klm,
1.75,1.84 n
2.65 d 3Jup=32 1 a
19F
-66.2 S 3 d
-131.3 d 3Jp.p =30 1 b
-161.3 br s 1 c
13C
20.8 S j
25.6 S h
28.0 d 3cp=2.6 f
289 g
313 2Jep=21 a
31.6 s 1
322 s k
349 d 3Jcp=23 e
35.2 S n
353 s : m
120.4 q e p=270 d
d ZJC-F =35
d 3JC—F =96
134.9 d 1Jop =248 c
q 3cp=40.
d 3JC-F =24
156.7 d 1Jc.p =266 b
d 3Jcp=9.6
q 4Jcp=3.4
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34. exo-2-(Z-Pentafluoroprop-2-enyl)norbornane (53)

ki
Chemical Multiplicity Coupling constant Hz Relative Assignment
shift | intensity
IH
1.25 m 3 £
1.57 m 4 fe.i
1.71 m 1 i
2.35 S 2 eh
2.54 d 3J.r =36 1 a
_19F
-67.1 S 3 d
-130.7 d 3Jpp =31 1 b
-162.2 brs 1 c
13C
20.9 S i
23.1 d 3JC-F=3~1 €
26.1 .S g
27.0 ] f
32.1 S h
35.7 S n
35.9 s m
37.3 d 2Jcrp=21 a
120.4 q Jep=270 d
d ZJC_F =35
d 3Jcr=9.6
134.5 d Jep =250 c
q Jcr=40
d 3JC-F =25
156.5 d e g =265 b
d 3Jcp=9.6
q 4JC-F =34
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35. exo-2.5-Bis(Z-pentafluoroprop-2-enyl)norbornane (54a)

Chemical Multiplicity ~ Coupling constant Hz Relative Assignment
shift intensity
1H
1.65 ‘m fax,h
1.86 m feq
2.46 s e
2.53 m g
2.63 m a
19F
-66.0 S 3 d
-130.5 d 3Jpp=32 1 b
-159.3 brs 1
13C
35.2 s f
37.0 s h
38.0 d 2JC-F =21
d 3Jcp=23"
41.9 d 3Jc-1: =2.6 <]
120.5 q 1Jep =270 d
d ZJC_F =35
d 3JC-F =9.6
135.3 d Jep =251 c
q 3c.p=40
d 3Jcp=25
155.2 d 1Jc.p =266 b
d 3Jc-p =11
q 4Jc-p =34
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36. exo-2.6-Bis(Z-pentafluoroprop-2-enyl)norbornane (54b

CF3

Chemical Multiplicity Coupling constant Hz Relative Assignment

shift _ intensity
H
1.65 m 4 o
1.86 m 2 feq
2.46 m 1 g
2.53 m 1 e
2.63 d 3Jup =36 2 a
19F
66.0 ] 3 d
128.7 d 3Jpp =30 1 b
158.6 brs 1 c
13C
33.1 ] f
36.2 s g
36.5 ] h
41.9 o d 2Jc.p =20 a
48.2 s e
120.4 q - Jep=269 d
d 2Jecr=35
d 3Jc-1: =94
135.7 d Je.p =252 _ c
q 3cF=40
d 3Jcp=25
154.7 d 1Jep =267 b
d 3Jc-p =11
q cr=34
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'37. 1.3.5.7-Tetrakis(E-pentafluoroprop-2-enyl)adamantane (S5)

.Coupling constant Hz

Chemical ~ Multiplicity Relative - Assignment
shift intensity
IH
2.21 S 2 e
19F
-67.6 d 3Jrdpy = 23 3 d
149.7 d 2Jpppe = 134 1 b
q 3Jpp-pa= 23
170.3 d 2Jpepp =135 1 c
q 4Jpcpa = 9.4
13C
36.4 S . e
38.4 d 3Jc-1: =21 a
118.8 q Hep =273 d
d 2JC-F =36
d og = 3.4
139.7 d Jep =248 c
q 3cp=52
d 3Jc.p=40
156.1 d 1Jep =261 b
d 3JC-F =39
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38. 1-(Z-Pentafluoroprop-2-enyl)-3.5.7-tris( E-pentafluoroprop-2-enyl)adamantane

(55a)
Chemical Multiplicity Coupling constant Hz Relative Assignment
shift ' intensity
14 ‘
2.18 S 1 a
2.19 s 1 e
19F
-60.4 S 3 d
-68.5 s 9 h
-126.7 ] 1 b
-148.6 S 1 c
-150.6 m 3 f
-171.6 d 2Jp-pe = 135 3 g
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Itetrahydrofuran (59

39. Perfluoro-2.5-dipro

Fo I?2 d
F,C._..C._.0O.a C. ..CF;
ARG
2 2
e c
Chemical shift ~Multiplicity =~ Coupling constant ~ Relative Assignment
_ | - Hz intensity
19F
-81.6 s d
-120.4 A of AB(1) 2Je5=306 b
- -121.0 A of AB(2) 2Jer=306 b
-121.2 A of AB(3) 2Jp 5=297 e
-121.7 S a
123.0 s a
124.3 B of AB(1) 2J.5=306 b
124.4 B of AB(2) 2JpF=306 b
125.0 A of AB(4) 2] =261 c
125.5 S c
-126.7 B of AB(4) 2Jpp =261 c
-127.6 A of AB(5) 2Jp =258 e
-131.4 B of AB(3) 2Jpp =297 e
-132.9 B of AB(5) 2Jpp=258 e
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40. Perfluoropro

Icyclohexane (60

F>

C
a %\C,CdFs
Fa
g e

f

Chemical shift ~Multiplicity ~ Coupling constant ~ Relative

Assignment
Hz intensity
19F
-80.6 ] 3 d
-112.3 S 2 b
1182 A of AB(1) 2p.p =298 2 e
-121.9 A of AB(2) 2Jpp =284 2 f
-123.9 A of AB(3) 2Jp.p =288 1 g
-128.4 ] , 2 c
-128.9 B of AB(1) 2Jpp =302 2 e
-139.9 B of AB(2) 2Jpp =287 2 f
-142.2 B of AB(3) 2Jg.p =289 1 g
-185.6 s 1 a
41. Perfluoropropyleyclopentane (61)
b
Fs d
@a/C\C ,CF3
e ¢
Chemical shift ~Multiplicity ~ Coupling constant  Relative Assignment
Hz intensity
19F
-81.2 s 3 d
-116.1 S 2 b
-123.0 "A of AB(1) 2Jp =266 2 e
-125.1 - ] 2 c
-128.3 B of AB(1) 2Jpg =270 2 e
-129.0 A of AB(2) 2Jpp =259 2 f
-132.5 B of AB(2) 2Jp.F =259 2 f
-185.2 ] 1 a
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42. Trans-perfluoro-1.4-dipropylcyclohexane (62a

- R e
$10s
F,C Cu C.c CF
F2
Chemical shift ~Multiplicity  Coupling constant  Relative Assignment
' Hz intensity
19F

-81.2 S 3 d
-117.7 A of AB 2Jp.p =297 4 e
-119.4 S 2 b
-126.1 S 2 c
-126.7 B of AB 2Jpg =297 4 e
-186.7 : s 1 a

43.Cis-perfluoro-1.4-dipropylcyclohexane (62b)

Fo e , .
/C\ F2
F,C Cu~ G c CFj
Fs a pg’d
Fa
Chemical shift ~Multiplicity =~ Coupling constant ~ Relative Assignment
Hz intensity

19F )

-81.0 s 3 d
-113.4 S 2 b
-119.4 s 2 c
-124.8 s 4 e

-1 a

-183.0 S
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lcyclohexane (63a

44. trans-Perfluoro-1.3-dipro

b ¢ d

CF3CF,CF,,, A _CF,CF,CF4
a
O

9
Chemical shift ~ Multiplicity Coupling constant ~ Relative Assignment
Hz ~intensity

19F
-80.8 S 6 d
-113.9 S 4 b
-120.0 A of AB(1) 2Jpp= 288 1 €ax
-121.3 A of AB(2) 2Jpg= 300 2 fax
-122.8 A of AB(3) 2Jpr=286 1 Zax
-125.0 B of AB(1) 2J.p= 289 1 €eq
-127.5 S 4 c
-131.3 B of AB(2) 2Jp =300 2 feq
-140.8 B of AB(3) 2Jp = 287 1 Eeq
-184.3 S 2 a

45. cis-Perfluoro-1,3-dipropylcyclohexane (63b

b ¢ d
CF3CF,CFp (A~ aCFzCFzCFs
g
Chemical shift ~ Multiplicity ~Coupling constant ~ Relative Assignment
Hz intensity

19F
-80.9 s 6 d
-111.4 ] b
-115.1 S f
-115.6 S e
-126.2 S g
-127.7 S c
-182.8 S a
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46. Perfluoro-1.x-dipro

lcyclopentane x=2.3 (64

. e b ¢ d
CF3CF2C Fz\@/CFQCFQCF3
a
f

Chemical shift ~ Multiplicity Coupling constant ~ Relative Assignment
Hz intensity
19F
-83.3 ] 6 d
-114.2 m e
-117.1 A of AB(1) 2Jp.p=295 b
-117.9 m b
-118.2 B of AB(1) 2Jg.p=295 b
-122.4 m e
-123.0 A of AB(2) 2Jp.p=267 f
-124.3 B of AB(2) 2Jpg=267 f
-125.6 A of AB(3) 2Jp.p=295 c
-125.8 A of AB(4) 2Jp.§=295 c
-126.1 A of AB(5) 2Jpp=278 f
-127.5 B of AB(3) 2Jp§=295 c
-127.9 B of AB(4) 2Jpp=296 c
-134.1 B of AB(5) 2Jpp=277 f
-183.9 s 2 a
-185.9 S a
47. Perfluoro-x-propyldecalin (x=1.2.9) (66)
b
w2 G GF
k oLeC™
. FJ Fe
| m f
h g
Chemical shift ~ Multiplicity =~ Coupling constant ~ Relative Assignment
| Hz intensity
19F
-80.6 S d
-108.6 to -140.2 overlapping m a-c,e-1
-182.2to -188.2 overlapping m n,m,0
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48. Perfluorooctane (68a)

R B '92

a
/C\ /C\ -~ ~ - F
F,C” C7°C C.cCFs

RoR R
Chemical shift ~Multiplicity = Coupling constant  Relative Assignment
Hz intensity
19F
-81.2 S 3 a
-121.4 s 2 d
-122.2 s 2 c
-126.0 ] 2 b
49. Perfluorohexane (69a)
F, Fo a
4 FSC,C\C/C\C, Fsy .
Fo P
b
Chemical shift ~ Multiplicity ~ Coupling constant ~ Relative Assignment
Hz intensity
19F
-80.9 S : ' 3 a
-122.5 ] c
-126.1 s 2 b
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50. 1H-Perfluorohexane (70)

T2 '92 a
HF,C~ 1O CFs
f Fo R
d b
Chemical shift Multiplicity  Coupling constant  Relative Assignment
Hz " intensity
H
8.34 t 2Jyp =52
Agr=S5 f
19F
-81.4 s 3 a
-122.7 S 2 d
-123.4 S 2 c
11262 s 2 b
-129.8 _ s 2 e
1376 d gy =52 2 £
51, x-(1,1,2.3.3.3-Hexafluoropropyl)cyclohexyl chloride (x=2-4) (74)
K
i ~8-G¢- s
h /e f FH
ClI" ¢
Chemical shift ~Multiplicity  Coupling conistant ~ Relative Assignment
Hz . intensity
H
1.35-2.28 overlapping m afghjk
2.67 m a
3.87 m e
448 m e
4.61 m e
4.81 d Jup= 44 c
19F
-74.5 s d
-117.3 m b
-118.3 - m b
-211.6 brs c
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52. x-(1.1.2.3.3.3-Hexafluoropropvl)cyclopentyl chloride (x=2.3) (75)

f ch ¢ .CF,
g b C
h<|e>j9/ FH
Cl
Chemical shift ~Multiplicity ~ Coupling constant ~ Relative Assignment
Hz intensity
TH
1.70-2.22 overlapping m f,g,h,).k

2.45 o om a
2.63 m. a
3.01 m a
4.30 m e
4.52 m e
4.76 d Jup=46 c

19F
-74.8 S d
-75.2 S d
755 s d
-114.2-118.8  overlapping m b
-210.1 d Jurp=38 c
c

-211.6 brs
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53. x-(1.1.2.3.3.3-Hexafluoropro

Devcelohex-1-ene (x=2-4) (76

Fob  d
.CF3

j
n>Sc
| FH
g €.
f

Chemical shift ~ Multiplicity  Coupling constant  Relative Assignment
Hz intensity
H
1.62,2.15 m a.e.f]
4.84 m c
5.71 m h,g
- 6.00 ‘m h
6.24 m
19F
-74.7 , d
-109.3 A of AB(1) Jrp=260 b
-103.9 B of AB(1) Je.p=261 b
-118.0 A of AB(2) JeF=269 b
-118.9 m b
-120.5 B of AB(2) Jpp=267 b
-212.1 m c
-211.0 m c
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54. x-(1.1.2.3.3.3-Hexafluoropropyl)cyclopent-1-ene (x=2.3) (78)

b
. " Fy d
n GO
()
g f
Chemical shift ~Multiplicity ~ Coupling constant ~ Relative Assignment
Hz intensity
IH _
1.58,1.97, 2.47 m a,e.f
3.32 m
4.71 m c
5.60 m h,g
5.98 m h
6.46 m
19F
-74.8 d
-105.7 A of AB(1) - Jpr=260 b
-109.7 B of AB(1) Jrp=261 b
-114.5 A of AB(2) Jep=266 b
-117.0 B of AB(2) JrF=266 b
-210.2 m c
-211.3 m c
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55. Z-1-Ethoxy-2.3.3.3-tetrafluoroprop-2-enylcyclohexane (44a)

Chemical shift ~ Multiplicity ~ Coupling constant  Relative Assignment
' Hz intensity
IH
.1.29 t . Juu=170 ]
1.56-1.79 m e.f,g
232 m a
4.13 q Juu=16.9 h
d Jurp=34
19F
-62.8 brs d
-161.0 br s c
'56. E-1-Ethoxy-2.3.3.3-tetrafluoroprop-2-enylcyclohexane (44b)
h
O,C H,CH,
8 E CdF3
g e F
f
Chemical shift ~ Multiplicity  Coupling constant ~ Relative Assignment
Hz intensity
1H
1.25 t Juu=70 o
1.56-1.79 m ef.g
2.48 m a
3.82 m h
19F
-67.0 brs d
-162.2 brs
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57.-trans-1.4-Bis(Z-1-ethoxy-2.3.3.3-tetrafluoroprop-2-enyl)cyclohexane (80)

H.,C.f.O ¢
3 C NP CF,
' H2 a d
' e

Fscj;.\OEt X

F
Chemical shift ~Multiplicity =~ Coupling constant ~ Relative - Assignment
. | Hz intensity
1H .

‘1.30 Tt Juu=17.0 g
1.59,1.67 m e
232 m ) -~ a

414 q Juy=16.8 f
o d Jur=34
19F

-63.2 - s . d

-161.0 : m 7 c

13C

15.4- ] g

28.7 e

373 a

69.0 f

121.2 q Jpp=270 d

d Jep=37
133.6 d JRp=204 c
. q Jrr=39
r

150.0 brs : b
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Appendix Two =

Selected NMR Spectra

1. exo-2-(1,1 ,‘2,3,3,3-Hexaﬂuoropr,bpyl)nc;rbomane 37
2D TH13C I-[ETCOR NMR specu"umi‘(expanlsibn)

2. exo-2-(1 ,1,2,3,3,3-Hex’a_ﬂuof_opropyl)no_rboma.ne 37
2D 'H COSY NMR 'gpcc&mn (expansion)

3. Perﬂuoro-2,5-dipropyiteﬁahydfdﬁlran (39)

| 2D 19F-COSY NMR spectrum (expansion)

4. Perﬂuorodipropylcyqlohexane (62) & (63) |
2D 19F COSY NMR spectrum (expansion)

5. Perﬂuorodipropylcyclopentane (64)
2D 19F.COSY NMR specm (ekpansion)
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exo-2-(1,1.2.3.3 3-Hexafluoropropyl)norbornane (3
2D 1H!3C HETCOR NMR 'spectrum (expansion)

_CF,CFj
CFH

€52 3AHISE0
€1209 1N3A0S
P6 § 320 NO NnH

: T i ’ ~
T T I o ol S - A
a w N - =3 w0 @ ~ o o s W
-.T....Tq”.l...ml....:....1..,.1L...h...11...1“..;.A..'l...,l,...l....r-rL

3

] S

3 )

3

3

1

1

3

3

3

p L~

b @)

-3 Lo N~/ » )
1 & - . S8
- -’ = —
p N

3 | =2

3 =

3

=

E e

- @
]

3

3

3

3 @ 0
] &)

208

JYJON 6Y




2. ex0-2-(1.1.2.3.3.3-Hexa uoropropylnorbornane (37
2D 'H COSY NMR spectrum (expansion)

_ - _CF, CF,
| | CFH

- T
n n n n [d C . - - _‘Sm
A n. =) T @ ‘o a n 3
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Perfluoro-2.5-dipro

cEb- OEl~ 02f- - 9gy- vei- 221- wod
1 1 - ! ] 1 1 A .

L R

Yeb~

ltetrahydrofuran (59
2D 19F COSY NMR spectrum (expansion)

F2

F.

¢ o,

F,
C. _CF,

C
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(-4 o o
oB? F & _
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ol ©
oD v
) °
é®Q (-]
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. Perfluorodipro lc;/clohexane 62) & (63

4 _
2D 19F COSY NMR spectrum (expansion)
CF5;CF,CF,
| \(F}CFaCFQCFs
S L . L g
S TUUE T JUUOE: DI DU TR 1
| k-4
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E =% ol o
QI lee ° ole
2 d . [ B eSS R 8 e o
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. Perfluorodipropylcyclopentane (64)
2D 19F COSY NMR spectrum (expansion)

'CF4CF,CFy~y
Cfach 2\@—CF20F20F3

] I 1 1 ! i 1 I | 1 L -7 !
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Appendix Three
- IR Spectra
. 4-methyl-1,1,1,2,3,3- hexaﬂuoropenta.ne (28)
. 1,1,1,2,3,3-hexafluoro-4,4-dimethylpentane (30)
. 1,1,2,3,3,3-hexafluoropropylcyclopentane (25)
. 1,x-bis(1,1,2,3,3,3-hexafluoropropyl)cyclopentane (x=2,3) (26)
. 1,1,2,3,3,3-hexafluoropropylcyclohexane (24) '
. 1,x-bis(1,1,2,3,3,3-hexafluoropropyl)cyclohexane x=2-4) 27)
. 2R 2'S-trans-1,4-bis(1,1,2,3,3,3-hexafluoropropyl)cyclohexane (27a)
. x-(1,1,2,3,3,3-hexafluoropropyl)cis-decalin (x=1,2,9) (33)
. X,y-bis(1,1,2,3,3,3-hexafluoropropyl)cis-decalin (x=1,y=2-10, x=2,y=3-10) (34)
10. X-(l,i,2,3,3,3-hexaﬂuoropropyl)trans-decalin (x=1,2) (35)
11. x,y-bis(1,1,2,3,3,3-hexafluoropropyl)trans-decalin (x=1,y=2-10, x=2,y=3-10) (36)
12. 2-ex0-(1,1,2,3,3,3-hexafluoropropyl)norbornane (37)
13. 2,x-bis(1,1,2,3,3,3-hexafluoropropyl)norbornane (x=5,6) (38)
14. 1-(1,1,2,3,3,3-hexafluoropropyl)adamantane (22)
15.1,3-bis(1,1,2,3,3,3-hexafluoropropyl)adamantane (23)
16. 1,3,5,-tris(1,1,2,3,3,3-hexafluoropropyl)adamantane 39
17.1,3,5,7-tetrakis(1 ,1 .2.3,3,3-hexafluoropropyl)adamantane (40)
18. Z-Pentafluoroprop-2-enylcyclohexane (43a)
19. 1-(E-pentafluoroprop-2-enyl)adamantane (45a)
20. 1-(Z-pentafluoroprop-2-enyl)adamantane (45b)'
21. trans-1,4-bis(Z-pentafluoroprop-2-enyl)cyclohexane (46)
22. cis-l,3-bis(Z-pentaﬂuoroprop-Z-enyl)cyclohéxane (47)
23. Z-Pentafluoroprop-2-enylcyclopentane (49)
24. 1,x-bis(Z-pentafluoroprop-2-enyl)cyclopentane (x=2,3) (50)
25. x-(Z-pentafluoroprop-2-enyl)trans-decalin (x=1,2) (51)
26. x-(Z-Pentafluoroprop-2-enyl)cis-decalin (x=1,2,9) (52)
27. exo-2-(Z-Pentaﬂuoroprop-2-enyl)norbornane (53)
28. ‘exo-2,x-Bis(Z-pentaﬂubroprop-2-enyl)n0rbornane (x=5,6) (54)
29. 1,3,5,7-Tetrakis(E-pentafluoroprop-2-enyl)adamantane (55)
30. Perfluoropropylcyclohexane (60)
31. Perfluoropropylcyclopentane (61)
32. Perfluoro-1,4-dipropylcyclohexane (62)
33. Perfluoro-1,3-dipropylcyclohexane (63)
34. Perfluoro-1,x-dipropylcyclopentane (x=2,3) (64)
35. Perfluoro-x-propyldecalin (x=1,2,9) (66)
36.x-(1,1,2,3,3,3 Hexaﬂuoropropyl)cyclohex-l;ene’ (x=2-4) (76)
37. 1-Ethoxy-2,3,3,3-tetrafluoroprop-2- enylcyclohexane (44)
38. trans-1,4-Bis(Z-1-ethoxy-2,3,3,3- tetraﬂuoroprop-2-enyl)cyclohexane (80)

O 00 3 N L b~ LN =
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Appendix Four

- EI'* Mass Spectra -

1. 4-methyl-1,1,1 ,2,3,3-hexafluoropentane (28)

2. 1,1 ,‘1 ,2,3,3-hexafluorohexane (29)

3.1,1,1,2,3 ,3-hexaﬂuo;o-4,4-dimethylpentane (30)

4. 1,1,1,2,3,3-hexafluoro-5-methylhexane (31) -

5. 1,1,2,3,3,3-hexafluoropropylcyclopropane (32)

6. 1,1,2,3,3,3-hexafluoropropylcyclopentane (25)

7. 1,x-b_is(l,1,2;3,3,3-hexaﬂuoropropyl)cyclopenta.ne (x=2,3) (26)

8. 1,1,2,3,3,3-hexafluoropropylcyclohexane (24)

9. 1,x-bis(1,1,2,3,3,3-hexafluoropropyl)cyclohexane (x=2-4) (27)

10. 2R, 2'S-trans-1,4-bis(1,1 ,2,3,3,3-hexéﬂuoropropyl)cyclohexane (27a)
11. x-(1,1,2,3,3,3-hexafluoropropyl)cis-decalin (x=1,2,9) (33)

12. x,y-bis(1,1 ,2,3,3,3-hexaﬂuoropropyl)cis-deéalin (x=1,y=2-10, x=2,y=3-

©10) (34) i

13. x-(1,1,2,3,3,3-hexafluoropropyl)trans-decalin (x=1,2) (35)

14. x,y-bis(1,1,2,3,3 ',3-hexaﬂuoropropyl)trans-deéalin (x=1,y=2-10,
x=2,y=3-10) (36) . ‘

15. 2-exo-(1,1,2,3,3,3-hexafluoropropyl)norbornane (37)

16. 2,x-bis(1,bl ,2,3,3,3-hexafluoropropyl)norbornane (x=5,6) (38)
17. 1-(1,1,2,3,3,3-hexafluoropropyl)adamantane (22)
18.1,3-bis(1,1,2,3,3,3-hexafluoropropyl)adamantane (23)

19. 1,3,5,—tris(1,1,2,3,3;3-héXaﬂu0ropropyl)adamantane 39)

20. 1,3,5,7-tetrakis(1,1,2,3,3,3-hexafluoropropyl)adamantane (40)
21. Z-Pentafluoroprop-2-enylcyclohexane (43a)

22. E-Pehtaﬂuoroprop—2;enylcyclohexane (43b)

23. 1-(E-pentaﬂuoropfop-2-enyl)adamantane (45a)

24. 1-(Z-pentafluoroprop-2-enyl)adamantane (45b)

- 25. trans-l,4-bis(Z-pentaﬂuoroprop-2-eny1)cyclohexane (46)

26. cis-1 ,3,-bi‘s(Z-_pentaﬂuor.oprop-Z-enyl)cyclohexane 47)

27. Z-Pentafluoroprop-2-enylcyclopentane (49)

28. trans-1,3 -bis(Z-pentafluoroprop-2-enyl)cyclopentane (50a)
29. cis-1 ,3-bis(Z-pentafluoroprop-2-enyl)cyclopentane (50b)
30. trans-1,2-bis(Z-pentafluoroprop-2-enyl)cyclopentane (S0c¢)

- 31. 24(Z-p¢ntaﬂuorqprop-2-enyl)trans—decalin (51b)

32. 1-(Z-pentafluoroprop-2-enyl)trans-decalin (Sia) ,

33.1 -(Z—Péntaﬂuoroprop—2;enyl)cis_-decalin_ (52a)

34. 2-(Z-Pentafluoroprop-2-enyl)cis-decalin (52b)

35. -exo42-(Z-Pentaﬂlioropropa2—enyl)norbornane (53)
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- 36. exo-2,5-Bis(Z-penté1ﬂuoroprop~2-enyl)norbornane (54a)

37. exo-'2,6—Bis(Z#pentaﬂu()roprop-Z-enyl)horbomane' (54b)
38.13,5 ,7-Tetrakis(E-pentafluoroprop-2-enyl)adamantane (55)
39. 1-(Z-Pentafluoroprop-2-enyl)-3,5,7-tris(E-pentafluoroprop-2-
enyl)adamantane (55a)

~ 40. Perfluoro-2,3-dipropyltetrahydrofuran (59)

41. Perfluoropropylcyclohexane (60) '

42. Perﬂuofoprppylcyciopentane (61)

43. trarzs-perﬂuorbl 1,4-dipropylcyclohexane (6231)

" . 44, cis-perfluoro-1,4-dipropylcyclohexane (62b)

45. trans-Perfluoro-1,3-dipropylcyclohexane (63a)

46. cis-Perﬂuoro-l,3‘;dip:opylcyclohexane (63b)

47. Perfluoro-1,x-dipropylcyclopentane (x=2,3) (64)

48. Perfluoro-x-propyldecalin (x=1,2,9) (66)

49. Perfluoro-1-propyladamantane (67)

50. Perfluorooctane (68a) |

51. Perfluorohexane (692a)

52. 1H-Perfluorohexane (70)

- 53.%~(1,1,2,3,3,3-hexafluoropropyl)cyclohexyl chloride (x=2-4) (74)
54. x-(1,1,2,3,3,3-hexafluoropropyl)cyclopentyl chloride (x=2,3) (75)
55. x-(l,l,2,3,3,3-hexaﬂuoropropyl)cyclohex-1-ene (x=2-4) (76)
56.x-(1,1,2,3,3 ,3-heXaﬂudropropyl)cyclopént-l-ene (x=2,3) (78)

~ 57. Z-1-ethoxy-2,3,3,3-tetrafluoroprop-2-enylcyclohexane (44a)

58. E-1-ethoxy-2,3,3,3-tetrafluoroprop-2-enylcyclohexane (44b)

59. trans-1,4-Bis(Z-1 -éthdxy-2,3 ,3,3-tetrafluoroprop-2-enyl)cyclohexane (80)
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1. 4-methyl-1.1.1.2.3 ,3-hexaﬂuorop¢ntane (28)

CF,CFHCF,
ROB28 62 (1.834)
1901 2.3 o 3465787
33
ZFSH , 27 33 47 69
~ 29 | ls: 77 -
o i 73| st
Bl L, .II;“||<‘1A'!'<|«|‘411._?_| -"’ . Pl . .

n/z 29 49 c0 88 103 126 499 169 | 160

EPAS 62 11830 : : TR

Mass el Int 1 Mass Rel Int | %ass Rel Iat | Pass- fiel Int 1 Mass Rel Int | Mass Rel Int | Mass Rel Int § Mass Rel Iot | Mass Rel Iot

oM R ML IO W B AW LRI AW 11BN LS
%A oM LT al M 2% 8 A%l 1R A1 19 A 11 A® 10 .l
S e M &M% Al ®ooaRd 87 &1 118 R 1 .l 1¥ LR el
% LA R LG T LTI T RN e BRI A3 1M Ll e
I o=@l o m®» S R aRio8 LRIS B2 4@ M AN 1IN 6
MoLi5 1 oM LB ! T OSEB TS AAS I W LR1N 9B GRS K61 IE MR
3 a1 o5 2B e ew 1 ® R A AN 07 R 11 8 AR 1T AR
P AL OB LB LTI T 21 W KA aRI1IS a8t w LN AR
H0OLT IO WA R A3 1MW 213 W el 571 2RI W em | In &%
T o2 ¥ et LB T AN B/ OSBIue s s entn 2Bt
T S I B B - L0 1 B 2080 % A2 1 I RII11® AR WE
B0 1 0 AW PO 231 OB AN T M3 AT B A6 IS AN
X a1 S &A1 $ LB OB TAML B AR I LSRN IIS .|
7oAyl oL ATS U o LMo LIS W/ a5 LB IR AN 1% AW |
¥ 2B 108 B 1O RO 31 MBS A TN Le ) 1T aE| |
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2: 1.1.2.3.3-hexafluorohexane (29)

/\/CFzCFHCF3
ROBPRO1 S8 (9.957) :
1081 3 . 3538944
41
69 93
EFS 51 77
39 cs ln a1
"3 ﬁ7ll I‘l| " I ll’. MEREAE I I N - dot ., deaproncdonciy " ' ’ . .
in/Z 28 49 68 80 108 120 148 168 188
ROBPRO1 58 (0.967) 3538944
S o oo e ia—mm——— oo m
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
------------------- R e T e T L
20 0.01 60 0.70 100 0.88 133 0.73
26 0.74 61 2.98 101 2.98 135 2.60
27 11.92 62 0.48 102 0.30 136 0.18
28 1.35 63 2.08 103 0.63 137 0.14
29 5.87 65 100.00 104 0.27 139 2.23
31 1.49 66 2.60 105 0.88 140 0.16
32 0.33 69 58.33 106 0.26 141 0.06
33 1.15 ' 70 1.84 107 0.25 142 0.01
34 0.01 71 4.75 108 1.17 143 0.01
36 0.01 73 26.27 109 . 7.06 144 0.02
37 0.70 74 1.83 110 0.36 145 0.28
38 2.20 75 7.03 111 0.18 - 146 0.72
39 15.39 77 44 .44 112 0.60 147 1.61
40 2.11 78 4.05 113 5.03 148 0.08
41 56.48 79 0.57 114 0.64 151 3.36
42 4.51 80 0.15 115 5.06 152 0.12
43 94.44 82 13.08 116 0.29 153 0.15
44 7.75 83 1.79 117 0.04 155 1.12
45 2.34 84 0.38 118 0.11 156 0.08
46 1.46 8s 0.56 119 0.88 157 0.0S
47 39.35 86 0.09 120 0.09 158 2.05
48 1.03 87 0.26 121 0.34 160 0.14
49 0.35 88 1.10 122 0.08 163 0.08
50 3.13 89 3.76 123 0.06 165 0.01
51 37.04 920 1.32 124 0.02 173 0.31
52 1.16 91 11.34 125 0.05 175 2.08
S3 7.52 93 53.70 126 0.37 176 0.13
54 0.50 94 2.58 127 3.07 177 0.03
55 0.38 95 6.02 128 0.26 179 0.02
56 0.95 96 0.26 129 0.71 193 0.08
s7 6.22 97 0.87 130 0.07
58 0.78 98 0.04 131 0.69
59 9.95 99 0.30 132 0.57
------------------- D ittt e L e ST P L L P L L L Rttt it
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v

3. 1.1.1.2.3.3-hexafluoro-4.4-dimethylpentane (30

1~ CF,CFHCF,

ROB4 83 (1.384)

1001 57 3375104
1>
41
%FS 47
69 91
29 3% 51 ‘
']. 61 77 87
e" l' His ‘.ll”XL“ sl l,l I.I;. _'l.ll"Il : - 5 [} L
n/z 28 40 60 a9 100 129 148 188 160
O34 83 {1,358 kerail
Nass Rel Tot | Mass Fel It ! Mass Rel Int | duss Red st )dass Rel Imt 1 %ass Rellst |fass Rellet |Mass Rel It i lasy fel It
- ] L X} I 4 3919 MRIH® [ % I 6 ) 189 L1 18 w3117 | S IR ] (X 4
F-1 [ XS Y] A IR | W 1 T RA Y .9‘ [ S U ] 29 | 10 .2 1189 L7 1 1m 53
-3 LR I M Ayt B 1B IN [ I -] a9 ¢ 11 [ % BEANt ] [N B ] LR 1IN [ & ]
Z 6Bl 85 LTI R GB1 T KB % GISII3 S IB KIS 2B 1M e
38 !.ZB | % &% 1 8 it 1 o L8t 7 [ % BNl L1 IR a7 IR [ JER Y e
® AR N K21 6 221 8 31 W &GS LD 2918 281w LB
» LB o8 LI W1 R S IH K21 ME KB IIAC LIS I% KB ad
I OeE | & oAl &6 LI 8 LN Ie R 11T WIS RIS RIS
2 g2 1 % 221 8 LA B e8I 2T 1N AR I K31 &I e
I oenm ! S LW 6 BN S LI IR &2 113 &K1 LBI19 TR AR
BNl R AWM AT E RB IS 25112 61 MBI eI ID 2%
7 eM 1l D AR T LU 8 LB N &3 12 AE1M LTS MBI MR
BOLE ] R BRI R KM 8 ML AB 13 LW &1 el
D OWB IS 21 7 281 W %116 6711 48118 T I 4|
W Tl S @I T eI ON AB I LRI IB KBNS W1 )
4 L1 B LR 2 ] 2N 2 258 | 188 .57 1 1@ 1.8t 1% .6 1 1588 AR 1
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4. 1.1.1.2.3.3-hexafluoro-4.4-dimethylhexane (30

CF,CFHCF,
ROB4 77 (1.284)
1001 a3 516096
XFS{
a1 | a7

2 Lol I.Yu Il 2l : '[ ! . 'I . e - | . . . ; ] . . ' .
n/z 49 34 80 - 1900 120 148 168 188 208

. RORA T7 (LB Si60%

 Mass Rellot 1 Mass Rel Tot | Mass fel fot |Mass Rel ot ) Rass Rel Int 1 Mass Ral Ist 1 Mass Rel [nt | Mass Rel Int | Kuss Rel it

% K21 & AR IS LI a8l 8 &8I % &I0 110 87 I3 LW IR SE
7 A2 A R % 881 M .AXt o8 k1T RI3.L.13 0 L8 11 RIP I AT
B Ayl M WIS 22mtnm LB &S AN B I AP IN B 1 A
.9 B3 1 & &% ! B AL R K61 & 61N RIS GBI A IR B
® @B | % &1 H 381 B &4 7 L8t Ll 19 W71 A 118 LY
OABION BB A KB M AW B K31 R LK 21 W1 .31 .8
2R3 M B OBR MY T AR EB WHIIG W12 MBI W L3N LA
O ! &8 A & &131 T &AW1 W LN LIE1 A L3119 a8
oA 1M W5 8 &1 T .sml % LB/ Al 17 S 151 Al
B &l Sl SE I OB LI T B IR OKMTIE LTI 13 3118 L
N OABI R B! S WMWI W &S T 7L W 23 1183 131 1% s
8 1461 S3 B8l ) 6 6@ | Bl %1 % oM |18 Al [FTR ¥ SN I Y-
M A® % &y & a8l B LRI S L2118 LB 12 Bl AN
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5. 1.1.2.3.3.3-hexafluoropropvicvclopropane (25

RuBS 195 (3.258)

[>—CF,CFHCF,

27,
1801 91 270336
EFSH
41
3951 51 a7t
1
i l]_l. N1 v 1‘1r ILT 1]_'- sl ’ Y.l‘ r - .

a/z 28 40 8@ . X% 120 148 160 188

MRy 15 (3.250 auH

Nass Rel Int ) Mass Rel Int 1 Mass ‘Aol Tnt ) Mass Rel Int ! Mass Rel st 1Xass Rellob |Mass Rel Int 1 Rass Rel Tob | Rass Rel Int

A el N AM | R 01 G Mt TT 1651 9 1ee % o117 6& 1 LU

S5 am | M 2181 S AW I &5 &A1 B &3l ® ABI W A58 ¥ IR LU

Ll oM BB R B! K. LA M &1 B KIS BN ANIIE LS

Jon@to R L8 1 T M2 o6 e 8l A % U 118 L8 1 IR K21 IR B

8 L1 43 RIS B &1 69 IS B L1 B 2B e 48 1m 2B |

g a1 oM R 1T LMW1 M ABI B 2K % A3 L3R LA

A2 LI B BT A8 KRI P LRI W IIE LK

P oOLR)OK 3108 LB LB IS A3 exs11s MBI I

T ORB I OM &M ) 6 5 ) W KIS T T LR AR M 03I

% e8! O KA1 Bl KB W KT S &B IR LB 1B3 L@) 5 B

¥owr10® LBIOR ARIT[ M) B aulie LRI AR 1IN e

B O3} 10SH R 8 LT B MR W LRI 3113 &ILIIE LA
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6. 1.1.2.3.3.3-hexafluoropropvicvclopentane (25

CFZCFHCF3
RSCPRF2 128 (2.134)
-
10801 . 69 4177920
41
39
%FS \
27 67| 77
51 .
R R
0l 1 ”[u il ! I} IJ‘ L. l'_ﬂ[ ’ll i J‘ N ;_IH Ll (l.u i . v . . . . 1 i . .

n/z 29 49 68 80 108 120 149 160 18@ 280 220

ASPRFZ 128 (2.154) Liby 7}

Rass Rel Int | Mass Rel Int | Mass Rel Int ) Mass fel Int ; foss Rel Int | lteas fel ot | Mass Fel Int | fMess fel Int | Mass el Int

. 020 ! 44 &M F 03 T NI 7 OLX ! is 0.3 ! I 000§ 1% 004 181 &0

r] 0.1 42 B R .4 1 T8 1.4 9N .3 w7 038 ;| 1B 2.9 | I 0.0 | IR M

5 W 8 L/ 0 oML ™ ST W OB LIV 0% 19 0318 4B

Y/ L X S 112 ¢ 61 048 B0 092 7 100 206 L9 1.9% : 10 o0 ;1N [ SR S X ]

7 888 1086 &2 O @ 5.4 10 20 12 [ X U} LY % oI @

B L% & L2 8 284! 8 LTSI LYl o082 12 ol 1M 0.% 1 17 0B

® uw % 45 0 M 346 B4 0B 13 LW LI 006 1 18 002 ) 12 006 ;I LS

» 0.18 ) ¥ 043 | 45 804 ; 6 106 0 104 023 ! 125 008 ; 6 007 ! 188 003 : X0 Ol

u 3.9 T 8 0.2 ; &% 304 8 009 ! 108 005} (7 100 ¢ 1439 0.3 !4 001 M 0.2

R 09 I % L7 0 &7 2.3 8 L3107 0N ;1B 043 : 1 0.0 ! IS5 0 : N7 008

ko L9 0St 1843 & 10000 ! @ LW ! 108 LOA L I® 007 ) 17 003 ;) 17 002 ! A8 0.2

5 009 %2 .67 0 B85 ! %N 980 ! 19 LM )1 oMl ! o0 (N 0.0 ¢ 2A? 0.8

» 0% ! 7.5 0 M 4B 91 U710 02 ;I - 1 L IR 0.2 !

hj 2, 12! 7 o9 M 08 i1 02 IR 63 IR 07T IN 0]

k] AL DOSS S TS 304l T 0SSl Lz 080 I 045 1 IS 007 1 I 00

N oS % L 03! 9 TS L UMY L2 LI 08 P IM 009 L I8 008 )

0 nn . w 3460 5 LB o% 02 ! US 208 ) 1% 005 ) iS5 0.3 ) I® 01,
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7. 1.x-bis(1.1.2.3.3.3-hexafluoropropvl)cyclopentane x=2.3 (26) .

CF,CFHCF,

I

CF,CFHCF,
RSCPRF2 198 (3.167)
108- 77 199 1212416

69
%FS
: 218
9¢ 9|71T9 127 iTS 198 249 3T1
0_ ‘” ].ld IYT T 'Iu ‘ll I ' Lol i L r " '

n/z 109 159 208 250 390 ' 358

RSCPRFZ 190 (3.167) rivi i)
Mass fel int [ Mass Rel Int ! Mass fel Int .| fass Rel Int | Mass Fel Int | fass Rel Int | fMuss Rellnt | fass Rel Int | Mass Fel int
V0N St %A !OT O O&3 W7 LM IS 42 0 LS LR BT 0% A7 B8 W AN
X 0! R LB R 0B I18 2% 03 0NN 02D LT IBW LB
S 04 ! S 9% ) 8 245 109 1.9 .1 R WS LW N o AW 0B W L
% 20T % S ®R-1047 M0 22018 0810 e 03 1 IW ol 087t M
7 O&F OB WS LR LA L3S W 08I 0BT AT 08
B 49 % LR M LML U2 0% .0 LM 18 03 1% oMW L0 T 08
OB LS T4 65 44 ! U3 Bl D 14 308 0 19 08 [ 1M LB 1 2@ L8 B A
N0 ! B LM % 085 L UE 2E M 0 L0 02 W uM I M A WY
HOSe 0 F [ OF 08 ) LS LLIS D M3 02 0 UL L2 VMW 10000 W AV W AN
ROLE W 209 8 240 U6 24 U4 R 08 X AN TS 0B B &
TOL® O LI P B LU WM SE B LN 00D 0B F 08
W00 162 209 0 % 16 ) U8B 081 ) I 0.8 1 IM 03I 2 03 B 0 = 04
I o & BN BN LW W LTS 0082 LW 0% N 07
%08 ) & 0.2 W LM IN 0T I8 043 I 024 0D W 0N A W
SOt 85 4570 W LS ¢ 1 55 M 03 I AL X LD [ A 016 NS 06
PO 6 1080 % 0% IZ 088 {190 07 I LMW Oy W 0B 0
JoMes ! &7 QR OB S ID LR 1 AT I TR M 0N I M o0& L LS
0 Seb ) 68 LLE L% A3 I 049 5 12 068 [ 10 0% [ 28 080 1 W9 29 [ W W06
[N F O HS T MR 1S 63 IS 248 8 082 48 .32 o
€ 2200 33 0 S5 L3 L1 oM 1@ 03 ) A 045 X LR R0
8 Lz T W W LB 17 1T 1S 58501 L00 Al o7 i3 00 B9
M LM LA I0 L9 IR 22 1% OB Bl w X 02X LB
S 24 TS OAT ) 101 B 19 28 ;I 085 ) I8 348 1 AT 09 02 021 W 04
% LS M L0102 L% )10 08 1B 22118 03 A 007 0 B 0 0
70 TS M LIS B Il L0 ;19 A3 119 018 1 A5 o4 A 0L ¢ W 00
@ 0880 T P L IM L4 IR LH W0 L8818 a8 A 0T 1B 0T

008 ! .TT WSS 108 082 ! IS 4100 K 040 1 LRI AW @B 0T

% 7% T LT I106 03 ! I3 0.3 12 01310 0.0 ) U AL AT 043
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8.1.1233 3-he’xaﬂuqro ropvicyclohexane (24

CF,CFHCF,
ROBCYRFH 244 (4.867) :
1087 83 2998272
IFS
11
39 56
7 89 1
P | N Y. J L7I7A.l 1 ?5 .
n/z o8 . ap | 68 88 4168 128 __ 148 168 188 280 228
ROBCYRFH 244 (4.067) 2998272
--------------- L E T PR Y T LR SRR Ll Rl d el Sadaidad it it
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
TS — .- ---—--oee L R D R ek il pmmrc e s e s e e --- Ll Rl el il i
20 0.01 71 1.03 115 1.01 161 0.01
27 0.93 72 0.25 116 0.16 163 0.07
27 3.65 73 2.70 117 0.25 164 0.01
28 2.46 74 0.19 118 0.03 165 0.17
29 3.21 75 0.96 119 0.33 167 0.90
30 0.08 77 9.43 20 0.09 168 0.06
31 0.23 78 0.64 121 0.73 169 0.11
32 0.08 79 2.15 122 0.12 171 0.10
33 0.26 80 0.46 123 0.45 172 1.02
37 0.10 81 3.07 124 0.08 173 1.77
38. 0.51 82 2.87 125 0.13 174 0.10
39 10.52 .83 ° 100.00 © 127 . 2.3% 175 0.52
40 1.94 84 8.88 - 128 0.17 176 0.05
41 30.74 -85 1.28 129 0.30 177 0.16
42 4.34 86 0.12 130 0.03 179 0.05
43 3.21 87 0.41 131 0.37 181 0.01
44 0.23 88 0.35 132 0.13 183 0.01
45 0.20 89 0.98 133 1.61 185 0.14
46 0.26 90 1.16 134 0.12 186 0.03
47 2.18 91, 2.60 135 0.56 187 0.10
48 '0.06 92 0.18 136 0.04 189 0.01
49 0.05 . 93 1.82 137 0.07 191 0.1S
S0 0.91 94 0.45 138 0.02 193 0.30
51 6.86 95 1.45 139 0.37 195 10.66
52 1.05 96 0.38 140 0.17 196 0.77
53 4.99 97 0.84 141 0.34 197 0.05
54 3.55 98 0.14 142 0.04 199 0.09
55 75.96 99 0.20 143 0.04 - 204 0.02
56 11.34 100 0.17 145 1.27 205 0.02
57 1.77 101 - 1.42 146 0.07 207 0.01
58 0.22 102 0.36 147 0.54 211 0.01
59 3.72 103 2.07 148 0.04 213 0.79
60 0.24 104 0.53 149 0.30 214 0.18
61 0.92 105 0.54 151 3.01 215 0.02
62 ] 0.16 106 0.08 152 0.09 217 0.02
63 0.67 107 0.13 153 0.50 231 0.00
64 1.12 108 0.17 154 0.02 232 0.06
o 65 3.01 109 2.04 155 1.53 233 0.13
' " 66 0.62 110 0.20 156 0.10 234 1.20
67 4.17 111 0.33 157 0.08 235 0.09
68 0.54 112 0.18 158 0.05
69 13.11 113 7.14 159 0.92
70 0.42 114 0.73 160 0.06
------------------- T e R T e LT T L L LRt et Dl it
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‘9. 1.x-bis(1,1.2.3.3.3-hexafluoropropylicyclohexane x=2.3.4 (2

CF,CFHCF,
N
CF,CFHCF,
RSCPRF2 225 (3.758)
188- . 233 1654784
2}3
FFSH 77 .
81
g1 189 137 173 1T3 ' 2T3 345
a_ " ll all |llT (TR sl n 1 . - l

n/z S@ 100 158 200 i 258 300 358
RSCPF2 225 (3.7%0) ] 15474
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5106 T KBTI MR M 27 I3 109X L2 ;B oUW 03 W 0T
% (M B R0 LS 12 043 I L0 ) M 006 1 M 007 I B 008 ;W 04
g 138 7 UM 306 ¢ I8 02 : IS 02 ) 27T O ! M 0% | B 02 ;¥ 006
4 08 % L& I2 I3 M 0T I 0.3 ;28 007 022 oUW W
# o6 8 BT W .07 18 4,08 ;17 P . 0.3 ) 243 106 0 B 0.4 ) A 0.13
0 408 ! & 8.8 ; 114 1.8 | 14 o2 ;I 0.8 | 20 0.2 24 024 ! B 04l ) M8 0.13
1 1980 ) B 52U L B3N 1.2 A1 0.7, U5 017 ¢ B 007 ) 3| 0.05
N ¥ B 0 W 07 18 0.% | 1N 0.1 | A2 3.9 ) W 0.02 ' & 008 ;B 0.04
S 167 B 489 | 17 1.9 19 J.58 & 18t 03 A3 NI W 0.41 | B 0.04 )
4 68 ) 8 0.8 . U8 025 ) 1% 082 ) 1R 0.20 ¢ A4 581 W 012 1 /S 000
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10. trans-1.4-Bis(1.1 2.3.3.3-hexafluoropropyl)cyclohexane (27a)

CF4CFHCF, CF,CFHCF,4
~ ROBTCYRF 421 (7.817)
233 548864
100 213
XFS
! e 77 ‘ 1 193
85~| | 199 127 159 Ta T | 234 263 345
") - ll’ ) h | d"'l"ll'.'l ?...- YL P ||'l| ! SRR Lovasy Y t y + I‘,
n/z se - 108 150 2008 250 308 350
ROBTCYRF 421 (7.017) 5488
------------------- R et Stttk e e R R
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
------------------- D e e D i L R
26 0.11 84 0.99 138 0.07 195 0.62
27 1.81 85 2.47 139 1.24 196 0.10
28 1.10 86 0.33 140 0.58 197 1.81
29 2.80 87 4.71 141 3.92 198 0.15
30 0.08 88 0.76 142 0.59 199 3.03
31 0.26 89 2.52 143 0.30 200 0.28
32 0.31 90 3.13 145 6.30 201 0.17
33 0.39 91 8.68 146 0.47 202 0.05
37 0.07 92 0.78 147 7.60 203 1.01
38 0.28 93 0.49 148 0.63 204 0.1S
39 8.35 94 0.22 149 1.66 205 2.38
40 1.29 95 4.38 150 0.18 206 0.11
41 29.85 96 0.84 151 4.66 207 0.12
42 1.48 97 2.64 152 0.39 209 0.35
43 1.5% 98 0.45 153 5.55 210 0.04
44 0.78 99 0.57 154 0.49 211 0.30
45 0.34 100 0.34 155 1.11 213 87.31
46 0.48 101 3.17 156 0.11 214 7.98
47 13.25 102 0.78 157 0.25 215 0.58
48 0.31 103 4.85 158 0.25 217 3.40
s 0.58 104 0.82 159 10.87 218 0.17
51 12,31 105 2.41 160 0.67 219 0.31
52 1.05 106 0.12 161 0.36 220 0.03
53 4.57 107 - 0.28 162 0.12 221 ‘0.17
S4 3.17 108 0.42 163 0.57 223 1.88
S5 9.24 109 9.14 164 0.13 224 0.32
S6 0.57 110 0.97 165 0.84 225 0.04
57 1.70 111 1.84 166 0.11 227 0.16
58 0.29 112 1.89 167 8.02 229 0.06
s9 11.75 113 2.72 168 0.59 231 0.06
60 0.57 114 0.75 169 1.54 231 1.40
61 7.51 115 2.51 170 0.10 233 100.00
62 0.33 116 0.45 171 1.55 234 9.19
63 0.70 117 2.60. 172 0.85 235 0.76
64 2.24 118 0.12 173 19.59 236 0.03
65 13.62 119 0.64 174 1.48 237 0.28
66 . 1.28 120 0.15 175 0.15 239 0.07
67 11.15 121 2.97 176 0.07 241 0.70
68 0.90 122 0.57 177 2.83 242 0.09
69 17.72 123 3.92 178 0.21 243 1.85
70 0.70 124 0.57 179 1.41 244 0.25
71 2.51 125 0.33 180 0.16 245 0.15
72 0.85 126 0.11 181 0.12 247 0.05
73 7.60 127 11.89 182 0.10 249 0.10
74 0.46 128 0.85 183 0.67 253 0.12
7S 1.38 129 2.60 184 0.09 255 0.13
76 0.18 130 0.43 185 3.40 259 0.28
77 22.76 131 1.76 186 0.29 261 0.30
78 1.45 132 0.60 187 0.58 263 10.35
79 4.66 133 3.13 189 0.28 264 1.04
80 . 1.89 134 0.42 191 4.34 265 0.23
81 8.30 135 1.13 192 0.35 267 0.03
a2 2.69 136 0.07 193 18:.10 273 0.09
83 2.82 137 0.30. 194 1.77 275 0.03
------------------- ittt R R Rt DL L L A inhda bl l DA E X 2 X L R L R
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
------------------- B ek it
277 0.10 285 0.41 306 0.07 346 1.26
279 0.46 286 0.03 317 0.07 347 0.08
280 0.0S 295 0.08 323 0.11 363 0.43
281 0.23 -297 0.16 32s 1.48 364 0.07
282 0.03 299 0.23 326 0.17
283 0.73 303 0.09 343 0.10
284 0.04 308 0.60 345 11.94



11. x-(1.1.2.3.3.3-hexafluoropropvl)cis-decalin x=1.2.9 (33

H
H
ROBCDEC1 ©18.(18.188) 712704
180
: 246 8
XZFS 1 ) N 217 L
96 212
7 1
e || L Ts TNPUPY TPI TP T o b oL 'l " v zf .
n/z 50 100 i 150 28@ 250
ROBCDEC1 610 (10.168) 7127t
------------------- P L T N S e e P LR T L]
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Iat
------------------- R L L T it L E L L S L LR R L LD LD S bttt
20 0.03 80 8.12 134 0.25 194 0.25
25 0.03 8l 67.82 135 2.77 195 0.51
26 0.37 82 16.67 136 0.38 197 3.23
27 6.68 83 3.84 . 137 47.13 198 0.62
28 3.02 84 0.50 138 .21 199 5.85
29 10.78 85 2.18 139 1.06 200 0.54
30 0.27 86 0.28 140 0.34 201 0.16
31 0.21 87 0.61 141 2.62 203 0.48
32 0.34 88 0.35 142 0.43 204 0.45
33 0.39 89 1.28 143 0.54 205 1.80
36 0.04 90 1.64 144 - 0.23 206 0.26
37 0.16 91" 9.48 145 4.49 207 1.60
38 0.62 .92 1.67 146 0.55 208 0.18
39 25.72 93 8.55 147 1.83 209 0.23
40 4.81 94 6.21 118 0.25 211 2.95
41 77.01 95 100.00 149 0.32 212 0.46
42 7.61 96 22.41 151 3.38 213 7.11
43 9.91 97 4.49 152 0.24 214 0.66
44 0.75 98 0.79 153 1.02 216 0.04
45 0.26 99 2.01 154 0.12 217 37.93
46 0.31 100 0.32 155 1.00 218 4.56
47 4.27 101 1.90 156 0.15 219 1.39
48 0.14 102 0.62 157 Q.37 220 0.17
49 0.07 103 3.70 159 4.89 221 0.23
50 1.03 104 0.70 160 0.41 223 0.15
51 10.34 105 1.51 161 0.65 225 2.33
52 2.87 106 0.41 162 0.09 226 0.75
53 17.96 107 3.34 163 0.39 227 6.39
54 16.81 108 1.46. 164 0.24 228 '0.68
S5 41.38 109 20.83 165 1.54 229 0.29
56 8.08 110 2.73 166 0.16 230 1.33
57 5.71 - 111 1.55 187 3.95 231 17.39
58 0.76 112 0.26 168 0.41 232 30.75
59 5.32 113 1.77 169 0.23 233 5.93
60 0.46 114 0.62 171 0.91 234 0.43
61 1.17 115 3.16 172 0.19 235 0.04
62 . 0.27 116 0.84 173 1.86 217 0.04
63 1.13 117 1.76 174 0.16 239 0.13
64 1.66 118 0.27 175 0.10 238 2.69
65 11.06 119 0.75 177 2.51 240 0.34
66 7.51 120 0.12 178 0.20 241 0.07
67 66.67 121 1.37 179 2.17 243 0.13
68 23.28 122 0.40 180 0.19 245 1.87
69 38.51 123 1.30 181 2.24 245 25.43
70 3.45 124 1.03 182 0.24 246 64.94
71 1.83 125 0.59 183 0.37 247 9.34
72 - 0.60 126 0.16 185 . 2.06 248 0.78
73 2.27 127 4.81 186 0.21 249 1.82
74 0.26 128 0.76 187 ©1.57 250 0.26
75 0.86 129 1.14 188 0.18 251 0.03
‘76 1.34 130 0.57 189 0.11 253 .10
77 20.55 131 3.05 191 2.77 257 0.17
7 4.02 132 0.67 192 0.28 258 1.98
79 19.97 133 1.25 193 2.26 259 17.82
------------------- B S L R LT T R
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
------------------- B e L L R L it
260 8.23 268 2,81 273 0.09 286 0.30
261 0.88 269 0.51 273 1.10 288 64.37
262 0.05 271 0.06 274 0.16 289 7.87
267 0.12 271 0.17 286 0.04 290 Q.55
------------------- P e R



12. x.y-bis(1.1 .2.3.3.3-hexaﬂuoropronvl)cis-decalin x=1.v=2-10. x=1.v=3-10 (34)

H
(:IQ (CF,CFHCF3),
| H

ROBCDEC2 774 (12.981) ‘ _
100 245 5201382
1
7
xFS
217 | 246 2gg (288
e [T L v [P 1 l 1 v ’ .
n/z 18@ 158 288 2 258 388 358 4@

ROBCDEC2 774 (12.901)

P

Mags Rel Int | Mass Rel Int | Mass Rel Inc | Mass Rel Int
fmcceemmcomcecaca—aecaccacecemesemme#eeeessimasmeaececocbsesemmmmmmman P
20 1.53 78 3.64 133 0.83 187 0.54
24 0.34 79 9.60 134 0.26 188 0.12
25 1.07 80 3.13 13§ 1.45 189 0.47
26 4.63 81 8.27 136 0.28 190 0.28
27 12.28 82 3.79 137 0.43 191 2.10
28 8.42 a3 2.33 138 0.08 192 0.45
29 17.72 84 '0.68 139 0.32 193 0.89
30 0.46 85 1.45 140 0.22 194 0.11
31 3.94 86 0.26 141 1.05 195 0.74
32 0.64 87 0.67 142 0.22 196 0.33
13 1.35 88 0:52 143 0.37 197 1.88
35 0.0S 89 1.22 144 0.13 198 0.56
36 0.29 90 1.11 145 1.17 199 6.20
37 1.33 91 6.74 146 0.31 200 0.69
38 3.54 92 1.30 147 0.47 201 0.49
39 17.52 93 5.46 148 0.10 202 0.19
40 6.89 94 1.62 149 0.12 203 0.79
a1 37.40 9s 7.82 150 0.14 204 0.79
.2 §.10 56 1.45 151 2.25 205 2.58
43 6.10 97 1.€9 152 0.24 206 0.50
44 1.51 98 0.49 153 0.54 207 0.84
4s 0.70 99, 1.33 154 0.15 208 0.20
46 0.82 100 6.34 155 0.52 209 1.25
47 4.43 101 . 1.78 156 0.15 210 0.49 .
48 0.14 . 102 0.55 157 0.37 211 5.76
49 0.62 103 2.74 158 0.29 212 0.82
S0 3.54 104 0.62 159 2.50 213 2.83
s1 11.42 108 1.56 160 0.31 214 0.47
52 2.63 106 0.52 161 0.33 215 0.50
53 7.92 107 2.62 162 0.07 216 1.59
54 9.84 108 0.72 163 0.46 217 22.24
EH 37.99 109 3.69 164 0.28 218 2.74
56 5.56 110 0.65 165 0.86 219 1.65
57 4.92 111 0.53 166 0.19 220 0.37
s8 1.25 112 0.24 167 0.91 221 0.55
s9 €.45 113" 1.55 168 0.14 222 0.22
60 0.87 114 0.53 169 0.35 223 1.02
61 1.67 115 1.86 170 0.07 224 0.80
62 1.03 116 0.42 171 0.74 225 6.30
€3 3.35 117 0.73 172 0.26 226 1.01
64 3.11 118 0.14 173 0.84 227 1.92
65 10.58 119 0.49 174 0.12 228 0.51
‘66 4.68 120 ° 0.16 175 0.10 229 2.15
§7 16.54 121 0.65 176 0.14 230 7.33
63 " 8.17 122 0.22 177 1.50 231 88.19
69 19.37 123 0.51 178 0.28 232 10.09
70 1.94 124 0.20 179 1.11 233 1.46
n 1.97 125 0.15 180 - 0.22 23¢ 0.30
72 1.38 127 2.04 181 1.33 235 6.69
.73 2.74 128 0.41 182 0.26 236 0.16
.74 0.70 129 0.65 183 0.54 237 0.48
75 1.81 130 0.18 184 0.17 238 0.21
76 2.36 131 0.38 188 1.46 239 0.82
77 13.98 132 0.52 186 0.24
e acif3EEaiansas PR -
Mags Rel Int | Mass Rel Int | Mass . Rel Inot
emecermacecsssessemeesmees—coascoceen
241 0.9 | 268 0.46 296 0.20
243 0.26 270 0.20 296 0.13
243 2.36 270 0.18 297 0.77
244 10.24 272 0.69 298 0.16
245 100.06 ‘272 0.21 300 0.08
246 - 12.60 273 0.14 301 0.04
247 3.10 274 0.07 303 0.04
248 0.53 275 0.23 308 Q.04
249 0.68 276 0.04 309 0.10
250 0.13 a7 0.26 312 0.05
282 0.22 278 0.04 316 Q.05
252 0.13 280 0.10 316 0.12
253 0.37 280 0.06 . 318 1.12
254 0.18 281 0.38 319 0.17
255 0.52 202 0.09 324 0.05
256 0.26 283 9.34 330 0.07
257 1.29 284 ¢.32 332 0.15
258 Q.75 - 285 2.40 33§ 0.05
259 1.67 286 9.79 338 0.14
260 0.38 287 72.44 340 0.04
S 262 0.38 288 11.32 342 0.04
. 262 0.10 290 0.78 344 0.16 420 0.08
263 Q.15 290 0.09 346 0.04 438 0.19
- 264 0.08 292 0.06 348 0.06 439 0.09
265 0.34 292 0.0¢ 350 0.22
266 0.72 293 0.08 351 0.04
. 267 5.7 294 0.07 3856 0.05




13. x-(1.1.2.3.3.3-hexafluoropropvl)trans-decalin x=1.2 (35)

H

2 CF,CFHCF,

In-

‘ROBTLECH 658 (18.834) 1114112
246
ZI7
A
288 ) 258

1114112

------------------- e el Sttt T L SRR
Rel Int | Mass Rel Int

""""""""""" bttt Bl L e Y D Dl kb L R T P R T
0.57 188 0.19
6.07 189 0.13
1.68 190 0.08
39.34 191 1.75
4.62 192 0.32
1.29 193 1.34
0.64 194 0.17
2.62 198 0.33
0.67 196 0.18
0.86 197 1.98
0.36 198 0.25
4.14 199 3.47
. 0.78 200 0.34
* 37 2.53 93 15.90 147 1.61 201 0.05
38 5.63 94 11.03 148 0.28 203 0.33
39 37.13 95 100.00 149 0.26 204 0.38
40 12.22 96 22.61 150 0.31 205 1.24
41 79.78 97 5.12 151 3.29 206 0.23
42 10.48 98 1.22 152 0.32 207 1.06
43 8.55 99 2.32 183 0.95 208 0.16
44 1.65 100 0.67 154 0.23 209 0.25
45 0.80 101 2.99 155 g.82 210 0.12
46 0.91 102 1.15 156 0.26 211 1.91
47 4.04 103 5.19 157 0.51 212 0.33
438 0.28 104 . 1.26 158 0.34 213 3.91
49 0.99 105 2.69 159 3.70 214 0.41
so 5.45 106 0.91 160 0.52 215 0.05
s1 14.98 107 5.63 161 0.48 216 0.31
s2 5.58 108 3.29 162 0.07 217 20.31
s3 21.32 109 21.14 163 0.37 218 2.53
54 21.05 110 3.19 164 0.31 219 0.85
55 41.91 111 1.37 165 1.17 220 0.13
S6 8.73 112 0.86 166 g.21 221 0.15
57 6.80 113 3.33 167 2.85 223 0.17
59 2.71 114 1.31 168 0.31 224 0.08
59 : 4.20 115 4.46 169 0.23 225 1.86
61 0.87 116 1.28 170 0.09 226 0.44
61 1.32 117 T 2.11 171 0.78 227 3.93.
63 1.98 118 0.31 172 0.35 228 0.51
63 3.63 119 1.17 173 1.14 229 0.29
65 . 6.16 120 0.35 174 Q.16 230 0.46
65 12.78 121 1.95 17s 0.10 231 10.85
87 75.37 122 0.74 176 0.05 232 17.10
68 22.24 123 1.65 177 1.75 233 3.40
69 40.07 124 0.91 178 0.28 234 0.25
70 3.22 1258 1.39 179 1.42 237 © 0.04
71 . 1.59 126 0.39 180 0.21 239 1.95
73 1.40 127 6.07 181 1.35 240 0.30
73 : 2.16 128 0.98 182 0.19 241 0.08
7s 1.21 129 1.72 183 0.31 243 0.24
75 1.68 130 0.88 184 0.08 244 0.99
77 33.09 . 131 3.0 185 1.41 245 16.18
78 7.44 132 1.36 186 0.30 246 43.38
79 35.29 133 2.00 187 1.31 247 6.53

B LT P PPyl N Amdscaces R L TR R L T T T TP,
Mass Rel Int | Mass Rel Int | Mass Rel Iat | Mass Rel Inc

------------------- LT e Sl T I I P,
248 0.56 260 5.54 271 0.51 286 2.09
249 2.16 261 0.59 272 0.07 287 2.76
250 0.32 262 0.04 273 0.79 288 58.09
253 0.13 287 0.19 274 0.07 289 7.72
257 0.28 268 0.80 282 0.03 290 0.47

258 1.03 269 0.63 284 0.06
259 12.78 270 0.09 285 0.1S
------------------- #emmmtercccc e e cccadect e m e rr e e eecande - sevemmamemmea=a-



14, x.y-bis(1.1.2.3 .373-hexaﬂuorobroovl)trans-decalin x=1y=2-10. x=1.v=3-10(36)

ROBTDEC2 699 (11.051)
81 :

(CF,GFHCF3),

100 143360
231 248
247
287
%FS
2 fudloidl, | E— L
n/z 258 308 35@ 489
143:
........... eccmebmee—mceememmemees
| Mass Rel Int | Mass Rel Int
................... | St S A GRS S SEPS TR SR EE
138 0.81 192 0.49
139 3.26 193 2.85
140 1.44 194 0.33
141 8.88 195 1.26
142 1.57 196 0.24
143 2.56 197 4.33
144 0.66 198 1.63
145 7.50 199 25.00
146 1.26 200 2.27
147 3.44 201 1.18
148 0.57 202 6.18
149 3.13 203 1.27
150 0.34 204 1.15
151 7.72 205 4.29
152 0.87 206 0.59
153 3.30 207 1.44
154 0.54 208 0.16
155 3.97 209 1.27
156 0.64 210 0.32
157 1.23 211 7.46
158 0.94 212 1.15
159 16.79 213 7.01
180 1.53 214 0.76
161 1.69 215 0.36
162 0.21 216 3.62
163 2.27 217 68.57
164 0.81 218 12.14
165 3.39 219 4.73
166 .0.57 220 2.37
167 11.03 221 1.41
168 0.87 222 0.17
169 1.12 223 1.00
170 0.12 224 0.27
171 2.31 225 6.56
172 1.94 226 1.04
173 6.34 227 3.35
174 0.56 228 0.54
67 76.43 121 5.04 175 0.43 228 2.37
68 10.94 122 1.33 177 0.14 230 0.87
69 34.82 123 3.75 177 5.18 232 83.57
70 1.77 124 2.17 178 0.69 232 67.86
71 2.47 125 1.47 179 s.00 233 8.62
72 1.27 126 0.43 180 0.67 234 0.65
73 6.70 127 18.39 181 8.71 235 0.53
74 0.52 128 3.13 182 1.00 237 0.54
75 1.89 129 4.64 183 1.34 239 5.04
76 0.56 130 2.11 184 0.34 240 0.45
77 37.86 132 6.21 185 $.04 241 2.20
78 4.96 132 1.72 186 0.73 242 0.42
79 28.57 133 4.87 . 187 3.44 243 2.65
80 7.72 134 1.35 188 0.39 244 2.04
81 100.00 135 6.92 189 0.74 245 72.86
82 10.32 136 1.09 190 0.23 246 88.57
83 ©4.96 137 1.37 191 5.7 247 9.69
cemeecusmmevonaaa eepmcmaraem—e P = i aahiebdatdd commame-
Mass Rel In: | Mass Rel Int | Mass Rel Int | Mass Rel Inc
------------------- 4rcvacana=s --------0------------—-----0-----------------
248 0.15 272 0.31 297 0.54 363 0.61
249 0.52 273 0.42 309 0.13 375 0.17
251 0.12 275 0.8 311 0.10 377 0.63
253 0.20 277 0.21 315 0.20 379 0.24
255 0.40 279 0.16 317 3.53 395 0.12
257 1.83 281 1.86 318 0.5 396 0.12
258 0.56 282 0.32 329 0.16 199 2.09
259 34.64 283 0.16 331 0.08 400 0.36
260 4.91 285 7.46 335 0.15 417 0.13
261 0.71- 286 1.03 337 0.25 418 0.14
263 287 60.00 343 0.34 419 0.15
265 288 7.81 349 0.24 432 0.12
267 289 0.63 355 0.09 436 0.68
268 291 0.13 357 0.79 437 0.11
269 293 0.19 358 0.08 438 6.56
271 295 0.56 359 0.12 439 1.13
eempacmeccemean—n OSSP PR,




15.. exo-2-(1.1.2.33 '3-hexaﬂuoro ropvl)norbornane 37

CF,CFHCF,
ROB22DB 363 (6.851)
108- 67 2678592
-68
95
%FS ag
3
.29 ?3
. @ - ;l.]l L i SRR YRR | T SRSV T X S S s . roliy T
M7z 26 40 66 88 108 120 1498 160 _ 188 208 229 248
ROB22DB 363 (6.0S1) 2670592
Mass Rel Int i Mass Rel Int 1 Mass Rel Int | Mass Rel Int
20 Q. 05 | 73 9.63 I 122 2.19 1 171 2. 24
‘24 2. 02 ] 74 Q.17 I 123 Q.80 1 172 .13
2s .07 t 7S 1.39 | ‘124 e.31 1 173 2.71
26 1.63 ) 76 .29 1 125 S5.83 I 174 .23
27 17.79 | 77 14,57 i 126 .57 V177 1.24
28 4,64 | 78 1.50 1 127 4,41 I 178 2. 11
29 9. 32 [ 79 S.60 1 128 2.68 I 179 1. 16
32 .23 ! 80 1.48 I 129 2.65 1 188 2. 09
31 2. 92 | 81 4,56 i 130 e. 16 I 181 Q. 43
32 .27 ! a2 2.04 I 131 2. 26 I 182 2.3
33 Q.96 1 83 1.96 1 132 .22 1 183 Q.09
34 2. 22 I 84 .71 I 133 .76 I 185 4,83
36 2.03 I as 1.42 I 134 Q.13 1 186 Q. 42
37 Q.50 I 86 Q.23 I 135 Q.72 I 187 . Q. 41
38 2. 45 | a7 Q.72 it 136 2. 10 1 188 2.83
39 38. 80 | 88 Q. 64 I 137 .26 I 189 2. 03
4Q 7.48 ! 839 1.29 [ 138 Q.08 I 190 Q.02
41 36. 50 i 9e 1. 42 I 139 Q. 49 I 191 .26
42 S. 44 I S1 3.22 1 140 2.21 I 192 2.3
43 3. 76 i 92 Q. 42 1 141 2.91 1 195 Q.23
44 .23 1 93 2.53 I 142 .13 1 197 2.95
45 Q.41 i 94 .81 I 143 2.18 I 198 2.10
46 Q.41 1 9s S57.06 | 144 .06 199 2. 40
47 . 1.71 ! 96 S.25 1 145 5.56 t 200 2. 04
48 .23 I 97 S. 14 | 146 Q. 47 i 23 2.03
49 Q.29 4 98 .52 1 147 2. 51 I 204 1.88
S0 1.98 | 99 2. 64 I 148 Q.07 I 205 Q.42
S 12.88 ! 100 2. 45 I 149 2.08 I 206 Q.03
S2 2.853 1 101 2.36 1 15@ .06 1 207 1.32
53 10.89 I 1@2 Q. 42 [ §-3 1 2.53 I 208 Q.14
54 12.27 I 103 13.34 1 1s2 Q.11 I 211 .27
S5 26, 38 I 104 1.31 1 153 2. 46 I 212 Q.83
S6 1.34 I 185 1. 12 ! 154 2. 05 1 213 Q.02
S7 1.84 1 106 .21 I 1SS 2.12 I 216 2.18
58 Q.20 1 107 %.29° t 156 2. 92 1 217 S.98
59 3. 49 I 108 2.21 i 157 2.29 ! 218 3. 34
60 o.21 i 103 2.76 I 158 2.09 1 218 2. 24
61 2. 66 I 11@ 2. 31 I 159 2.49 1 223 Q.21
62 Q.56 P11 Q.22 | 160 Q.12 I 225 .11
63 1.7 1 112 2.10 1 161 0. 20 I zee @. 37
64 1.52 I 113 1.37 i 162 Q.21 o227 1.93
€S 7.94 1 114 Q.82 1 163 .23 1 228 .13
66 S.98 I 115 4,79 1 1€4 9. 06 i 231 3.72
- 67 100, @2 I 116 1. 16 I 165 2.64 1 232 2. 33
68 87.12 1 117 1.98 I 166 Q.26 I 245 . 2.65
69 16. 41 I 118 Q.14 I 167 2.91 I 246 4.52
79 2.70 1 113 .43 1 168 .07 | 247 0L 44
71 Q.66 !t 120 Q.11 | 169 Q.03 I
72 .25 1121 2.96 ! 170 2.82 i

240



16. 2 x-bis(1,1.2.3.3.3-hexafluoropropvl)norbornane x=5.6 (38

CF3CFHCF, CF,CFHCF,
ROB22D 527 (8.784)
1089- 67 688128
ZFSH
) 77
' 1 l 245
o4 ¢ a rl PR gl v v i L: ’ v v
n/z 52 189 150 200 258 308 358
ROB2zD S27 (8.784) 688128
Mass Rel Int | Mass Rel Int ! Mass Rel Int | Mass Rel Int
2Q 2. 07 i 81 Q.36 I 135 2.5S 1 198 2.8
23 2.03 1 az 1.41 I 136 Q.10 I 199 Q.15
26 .26 i 83 1.70 1 137 Q.16 1 201 0. 02
27 6. 13 i 84 Q.62 I 138 Q.07 I 203 Q.11
28 et ] 1 as Q.77 i 139 2. 60 1 204 0.19
29 3. 35 | a6 0. 12 | 140 2. 24 1 205 Q.60
30 Q.11 ! a7 Q.17 1 141 1.05 I 205 0. 26
31 2.53 i a8 3. 43 | 142 Q.17 I 207 Q.94
32 - Q0.38 1 a3 1,31 I 143 2. 36 { 29 2. 14
33 2.65 ! 9 1.54 1 144 Q.12 1 211 2.16
36 @. Q4 ! 31 2.64 1 145 1.79 I 213 .07
37 Q.11 I 2 Q. 47 I 146 Q.21 I 21S 2.05
38 2.51° | 93 1.85 1 147 .29 1 216 2. 07
33 10.27 I 94 - 2.93 | 148 9. 0S 1 217 3.42
40 1.87 I 93 2.38 I 149 Q.17 1 218 6.21
41 13.54 I .96 1.20 1 1S5S0 2. @6 1 219 Q.51
42 ‘3. 42 I 97 3.91 t 151 2. 16 f 221 Q. &2
43 Q.38 i 38 Q. 37 1182 @.22 I 223 Q.06
44 2. 31 | 99 1.36 I 153 Q. 43 I 285 .57
4S5 ?.23 | 100 - Q.24 | 154 Q.19 1 226 .97
46 Q.13 1 101 2.22 1 185 2.20 1 227 2.12
&7 1.96 1 102 Q. 43 | 156 2.05 I 223 2.25
L8 2. B4 1 123 S.13 [ 157 2.18 I 230 2. 34
S0 9.55 1 194 Q.58 t 158 Q.12 1 231 Q.31
S1 7.48 1 1@S 2.18 ) 1S9 3.9¢ I 233 2.0S
=14 9. 85 I 186 2. 06 1 160 3.285 I 238 Q.16
S3 2.38 1 107 Q.23 1 181 2.1S5 t 237 .03
S4 1.43 1 108 Q.25 1 163 3.29 I 241 Q.02
55 3.57 1 109 2.64 1 164 Q.11 I 243 Q. 04
56 8.23 I 110 3.32 1 163 2.56 I 245 9.15
S7 1.11 1 111 " Q.1S 1 166 2. 28 I 246 2.93
58 3.19 1 112 2.11 1 167 Q.12 1 247 e.13
S2 3.61 I 113 " 1.31 ! 163 Q.14 I 249 2.04
60 Q.20 I 114 2.73 i 179 2. %4 1 253 3.16
61 Q.24 I 115 4, @9 1 171 a.26 I ass Q.21
&2 A. 14 1 116 2. 30 i 172 .11 I 267 2.03
63 Q.74 Io117 1.79 I 173 2. 36 1 273 9.05
64 Q.96 i 118 .15 | 174 9.05 1 275 3. 808
65 5. 62 | 119 Q. 44 i 176 0. 02 I 276 Q.10
66 3.87 I 120 Q.14 | 177 1.08 1 277 2.04
67 10Qa. 02 1121 1.01 I 178 2.99 I 291 0.03
68 5 9L o122 2.235 I 179 0. 36 1 295 Q. 49
69 60 i 183 .83 | 181 Q.11 I 296 .07
7% - 0. I 124 0.57 I 182 Q.85 i 297 - 3.03
71 Q. 79 1 125 . 9.27 1 183 2.19 I 309 0.907
72 2. 42 |1 126 ' 0.08 1 184 2.03 1 311 2.083
73 3.58 1 127 4.35 | 185 2.71 I 317 .08
74 2.10 I 128 2. 65 I 186 Q.27 I 329 2. 04
75 1.06 1 123 2.59 i 187 2.5 i 331 2.05
76 Q. 24 I 130 0.05 t 189 .13 .1 335 8.06
77 22. 17 I 131 2.20 I 191 2.21 t 337 .28
78 1.50 1 132 8. 3@ 1 19S5 .14 1 357 2.3S5
73 3.61 1 133 3. 86 I 196 2.04 i 358 2.06
89 0 6._ 1 134 0.12 1 197 .66 1 376 .06
prny ol P—— e -~ .- - ——— e e
Mass fel Int I Mass Rel Int 1 Mass Rel Int 1| Mass Rel Int
377 .25 1 378 2.4 I 1
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17. 1-(1.1.2.3.3.3-hexafluoropropvl)adamantane (22
CF,CFHCF,
ROBADRF 654 .(10.981) .
108 135 958272
XFS
136
4
o BN | v . - r
'z 150 208 258
ROBADRF 654 (10.901) 950272
................... fmemcmmeeccceemmmemefomeeseem=esssceenohesomSocsssosooemoooes
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int'
------------------- femmemememe—cemmemefecesmo-ecscccessssgocmo—scsenoomsooSoSST
20 2.64 75 2.24 128 1.23 182 0.04
24 1.19 77 22.74 129 1.13 183 0.13
25 2.56 78 13.90 130 0.35 184 0.08
26 8.94 79 43.10 131 0.55 185 0.59
27 23.06 80 7.44 132 1.13 186 0.06
28 11.31 81 10.88 133 2.40 187 0.04
29 19.07 82 5.01 135 100.00 189 0.08
31 5.39 83 1.72 136 10.24 190 0.07
a2 1.51 84 0.66 137 0.80 191 0.23
33 1.14 85 0.97 138 0.17 192 0.07
34 0.04 86 0.13 139 0.28 193 0.06
s 0.13 87 0.30 140 0.45 196 0.05
36 0.91 88 0.72 141 1.78 197 0.19
37 2.80 89 1.47 142 0.46 198 0.06
38 9.81 90 3.96 143 0.36 199 0.12
39 31.90 91 16.92 144 0.14 201 0.03
40 12.72 92 8.73 145 0.58 203 0.07
41 34.91" 93 22.41 146 0.28 204 0.07
42 4.28 94 3.31 147 0.24 205 0.28
43 3.69 95 2.24 148 0.11 206 0.06
44 1.78 96 1.25 149 0.25 207 0.06
45 0.63 97 1.19 150 0.17 209 0.19
46 0.57 98 0.36 151 1.05 210 0.07
47 1.43 99 0.41 152 0.19 211 0.18
48 0.27 100 0.35 153 0.45 216 0.06
49 1.22 101 1.10 154 0.31 217 0.20
50 5.52 102 0.59 155 0.24 218 0.03
51 11.53 103 1.29 156 0.11 219 0.11
52 4.66 104 0.76 157 0.11 223 0.14
53 10.13 105 2.40 158 0.09 224 0.08
54 4.98 106 1.78 159 0.26 225 0.14
s5 13.58 107 7.97 160 0.11 226 0.05
56 2.80 108 1.02 161 0.09 228 0.09
57 2.56 109 2.51 162 0.05 229 0.21
58 0.77 110 0.59 163 0.08 230 0.06
59 2.07 111 0.40 164 0.13 231 0.10
60 0.37 112 0.38 165 0.42 237 0.03
61 0.62 113 2.16 166 0.07 241 0.04
62 1.42 114 0.78 167 0.11 242 0.07
63 4.34 115 2.29 169 0.25 243 0.15
64 2.53 116 0.66 170 0.07 244 0.04
65 8.51 117 1.06 171 0.15 245 0.0S
66 5.33 118 0.34 172 0.05 247 0.26
67 16.59 119 1.64 173 0.10 248 0.07
68 4.01 120 0.43 174 0.0S 266 0.03
69 18.75 121 0.65 176 0.03 267 0.11
70 1.02 122 0.39 177 0.19 285 0.10
71 0.62 123 0.69 178 0.07 286 0.05
72 0.37 124 0.22 179 0.15
73 0.89 125 0.35 180 0.03
74 1.14 127 5.09 181 0.06
------------------- #mmmmemmcmieccmeioigoco-cccsssessomosoodescoooessmmomesooooss
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18. 1.3-bis(1.1.2.3.3.3-hexafluoropropylladamantane (23

CF,CFHCF;4

"CF,CFHCF,

ROB24 1123 (18.718)
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19.1

ZFS

-
2

S

-tris(1,1

2.3.3.3-hexafluoropropvl)adamantane (39

CF4CFHCF,

CF,CFHCF,

CF,CFHCF,

43S

436

2457689

L3

o
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%5t ont L wss Ael int U vass Al Iad 0 Mss Aed inv D Mass Sal Int oo Mass Reo it Yass el it ! Vass el Iab t Mass e ognt
DAk un. el 1I% 0 A8 DI LIS L BT A R T T &1 AR
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20. 1.3.5.7-tetrakis(1.1 2.3.3.3-hexafluoropropyl)adamantane (40)

CF,CFHCF3
CF3CFHCF, CF,CFHCF
CF,CFHCF,
I{SADRFY 824 (13.734)
1001 585 212932
151
%FS 9 o
2
77 127 | %505 291 56057 379 586
{91 1 ZT 241 | 7 { 4T7 ses|
a. “.‘ V.hlﬁd; UhJLlLI,.IA‘ [' -ALkerVIL L,J femy ey ey i — — " -~
"/Z 100 200 308 400 5080 608 700
RADAFY 3¢ (13.734) A2
Mass Rel Imt ) Mass Rel Iot | Mass FRellst ) Mass Rel Int | Mass Rel It 1 Mass Rel Imt | Nass Rel It | Rass Rel Ist 1 Mass Rel It
- [ ST ('R B ] 3119 .2 § MR 27 | 2% [ . -] L3 1 ME LI TSI AT
a a1 & .2 1 18 29 1 1R .06 1 A3 128 1 A t.16 1 [ % ANl [ X -1 [ &4}
-] W81 1 B WM o8 118 a55 1 M . AR 1 X0 L3133 1.86 1 48 [Rx 38 -1 w3
] 31 & 29t A 1348 1 1% [ - B -] 201 W1 % 31 M9 1.5 1 518 [ §1)
ki L2 % L 2118 S5 | 2% 1.8 1 M &5 1 3 1S 1 w13 [ ¥4
2 Q47 1 1 NI I3 L3P 1 1% 1.8 1 W L% | B L6 1 B 193 1 & [ %I L8
k¢ LYl R LIS &1 1Y 131 M W71 LN 1 ¥ 281 A3 a7 1 5% [ ¥4
3 131 %8 1.5 1 1% 15119 [NV ;] 21X .37 1 B 27 | & [ N1 1.8
4. L7 % W21 I A 199 9.9 | X L% I 3% 239 1 X Ll | &S [ % .-~ [ .1
M A1 S &3 1 18 [ %, I ] 1.8 | &t .2 1 W [T <4 .9 | &7 18 | & [ %)
R 066 1 % 145 1 189 1.86 1 28 us | = %4 ) 28 [ B I ] 866 1 8 26 | 8 .0
a3 SN 9 213 1 151 ShB1 ) R 1L.A 1 2 a0 1 W 2161 3% IWB 149 [ I [ §¢)
L3 [ R N ] e IR 131 &3 4% | 3 [ L} ] [ % ) 13 1 A w! st ]
A5 w21 9 as 1 1S ABZ | B (X -] 13 13 8 1 X 04 | AJ L7 L4
(YRS S BN ] Lo 1 1% L1 X A5 1 3 W6 132 631 M 45 1 A% N5 [ §0)
L] s e I IS 2191 2% 213 1 &3 29113 L. I3 S6 1 AS S® 1 W ¥}
B L5 | IR 1.6 1 1% [ 1.9 | 238 066 | 3N [T G e} 1.18 1 A% a1 A L9
St I8 3% 1157 1.8 | 28 .81 | 28 L% ] [ ¥ B ] 1.8 t &7 19 1 M [ % ]
2 [ % TS} L3118 L an [ ST ) 1.2 | ar an 1 [ ) [N ixn
3 AR 1 IB 2831189 2@t A 1.6 | 31 .31 38 LB 1IN AW LS | S [ %/}
5 .38t 106 [ AN ] 248 ! A1 L8 1 R [ % 1L L I 1.89 1 W (ST 74 L6
S 1M &2 1 6l 1.68 | A2 [RIRR - ] 1.6 1 2 .21 3 % [ - (¥]
% 1611 1 18 e | 18R .68 1 A3 L1 % a1 2 [ W S LR 1 W W21 s [ %4
S ORI 2B 10 | 24 L9 | & 61 3 L1 W13 1| M5 [ XY L3
2 LS i 1.4 | 164 282 1 As 1.5 1 %6 0% | B [ - -] .81 | M3 W15 ne
N 13 1.4 s ! I8 ATS 1 26 &N | 267 27133 [ S 1 L9 1S [RLINE- 238
o e ! 3 763 | 166 L0 2ar 9.0 1 X8 [ - [ L7 1 & [*- (X ]
8l P2, I $ U w2 1 18 228 1 28 Lo I [ X4 .62 1 38 &8 1 %l L2 1 B9 [§L]
[+ w2 1 1S 13| 188 % 1 27 i [ e I - | W21 3 AR 1| A3 &35 1 51 [ §1]
3 %49 | 16 210 1 189 i L1 M 2N 13X a8 1R L13 1 [ ] [ ¥.]
(] &9 ! 7 AN, ] LA 12 a1 W1 I L2 1 X rel 8 [T - I N
&S 1583 i A I M iRt 2 318 an 1 I .21 1.9 | &7 W51 B 1B
66 .3 1 1% .31 MR 1.3 1 it I 2N TR [ BRI -] | Sz I 1 [N 1) Ln
67 1.5 | 19 L% I 1B A% | 26 L1 a5 [ % I ] 97 1 3% L9 | A3 (S -] [ &1}
69 SLM 1A LB 1 1 [ % LR 1T BT WS 1w L% 1 A7 023 | 613 [ X:.]
n .3 1 12 LMI1IN (% - [ N AR 1IN 165138 LiT 1 AR a3 | 66 L
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T [ &SN EN] W3t 1N N 28 1.5 1 2 w71 [ % I i [ SURI . <] (% [ 851
i AT 1 13 W LR SR 1A LE7T 1 ™, I M3 R M LR W [ %24
T W7 11X %) IR 2R 1 [ X-JER. ] L% ) W &3 1 &1 1 & [ W) LS
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21. Z-Pentafluoroprop-2-envlcvclohexane (43a)

N
| CFj
RSCYRF . 229 (3.817)
180+ 41 658552
] : 100 158
56 . 82
67
88
%XFS- 39 \ .
s N ss 69 108 214
121
ll.zs ' ' l T3 fizs 199 145| 172 179
0 ]I Lt ll I.Illlll Hllll.l Ill .||.|I|” 'I-“ ” ,n.ull llu.l.l le l lx
n/z 88 1080 120 140 168 180 2090
RSOYRE ™ 229 (3.817) 552
Mass Rel int !fMass el Int | Mass Relnt !fass Rel Int | fMass Rellnt lMuss Rellnt !Mess Relint | Muss Rel Int | Mass Rel Int
%0210 ;0 &5 095 . 65 242 M BSI ¢ 95 0.3 ¢ U1 305 ) 29 21318 123 ¢ 17 2.4
OO M 0TI b L6l ! 80 454 ) % 3B U2 LB Il 20212 28I LM
B OB ¥ 276 M3 o8 TS® L 9 69 1 U3 1547 IR 204 IS 32! IS LG
BOKA0 D 0 2T 6 210 R OTEE [ B L1 L U8 409 1IN 5% ! IN 3! I .M
P04 ) S 10710 &7 6590 ¢ B 169 ¢ W T D LS 22014 00! 15 4410 0%
B0OLT R I3 8 44000 B 242 100 €75 1 MS L4b L IS5 48 ! I 44 ! 1B 3D
N M T sl & BT OS L2100 2T T IN LT L IE S I8 1.04
T L2 % UM R LM o8 AR I2 7T LT B4 !B LIS!I1® 4318 LY
TOo088 ! %5 M T LW O AT L 105 1.8 )10 L8 ! IN TR 0% ! I 20
B8 0 % TS T 4SS 8 44 16 1450 M 933 10 1060 M3 AT 1 I 08
FOoHW T 0BV MM OB 247105 132 LS M LTS IS 59 LI 20
0089 0S8 0910 T 4180 % 26 ) 306 2485 ) I3 LI2 IS 087 ! 1 2 ! IW &5
10000 1 K A8 ! TS 848 : 91 32 Y 107 351125 I3 ! 15 1643 ! 47 W2 ! A6 TS
21060 0 0 ) T LIS! W 075! 108 B LI ! M6 LTI w8 LS AT 1%
£ R4 LS T TS OB NS 108 .06 17 %0 W 4R 18 Ol
# 1B &2 ORI WM LB W LA HO O IB L0649 LAl S
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22, E-Pentaﬂuorobron-2-envlcvclohexane (43b)

ROBCYRF 254 (4.234)
1

188 67 671744
8
XFS 1
1
. 1?‘ ZI4
1 145
ol I m ll.tﬁlyl %lsl a1 'ln,'l' todranpibinin] e
n/z 2@ 1808 129 148 168 180 208
671744
------------------- B e Y e LT LR L LR e ittt
| Mass Rel Int | Mass Rel Int
------------------- B S e L L L el Dl L DL
114 3.77 159 4.84
115 11.28 160 0.33
116 1.46 161 0.42
117 3.01 163 3.43
118 0.76 164 0.60
119 8.35 165 3.43
120 1.77 166 1.67
121 7.85 167 1.96
122 1.07 168 0.85
123 0.97 169 0.50
125 10.82 171 3.13
126 3.39 172 6.63
127 7.81 173 1.80
128 0.81 174 0.20
129 1.80 175 2.78
130 0.34 176 0.30
131 1.85 177 0.45
132 2.41 179 8.00
133 4.80 180 0.72
134 0.91 181 2.42
135 5.11 182 0.22
136 0.55 183 0.11
137 2.09 184 0.29
138 1.16 185 3.32
139 6.75 . 186 1.12
140 7.08 187 0.14
141 1.12 191 0.10
142 0.15 183 0.75
143 0.61 194 2.67
145 11.58 195 0.57
146 0.68 196 0.08
147 3.70 197 0.25
148 0.50 199 0.28
149 1.66 199 5.26
150 0.49 200 0.44
151 10.37 207 0.08
152 2.02 212 0.08
153 4.65 213 0.25
154 2.28 214 24.85
155 5.34 215 2.12
156 0.78 216 0.11
157 2.52
158 51.83
------------------- P R P L R LY TR L Rl LR R Rttt ikt i
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23. 1-(E-pentafluoroprop-2-enyl)adamantane (44a)
CF,
F T

ROBZ?7 576 (9.681)

- 93
198- 41 79 .
29
N 95
zrsi 91 )i .
87 N .
55 T 80 127 196
! 23 (51 [65 U 189 T L tes s
I O T s T S
o - by thjh]'- }J:l Ty --’l l:lll.n!h’l!l" ;Jli-l‘l:..'-ihr'i Ll 'li' I .
nSz 54 129 1580 2€
RCBI™ Z7& 13,2Q1)
Mass Q¢! Int | Mass Rel Int ! Maes Sel Int I Mass
= 2.07 ! 82 1 134 3.96 1 188
ot 2.072 [ 33 t 138 2.99 I 133
28 .82 1 2 I 138 -1 To12e
g 13, 44 ! a3 1 137 2. 35 to191
28 b, 42 ! S4 I 138 .68 t13
a2 H a3 ! 12 12.78 11233
zZe a. %8 ! 8¢ 1 14Q 7.20 I 134
21 Q.72 1 87 2 t 14t 20, 20 I 13c
o] Q. b4 ' aa < 1142 .78 1 138
forct Q. 25 i as 2 I 143 2. 4% 1197
6 .12 ' =2 Q.3 1 t1as .77 to178
27 [~ Rt 1 21 4. 66 1142 12.98 139
z8 1.93 ! g 12,82 1 146 2.17 1 200
3 $7.83 [ 53 129, 20 1147 4,42 1 201
an 12.£7 ' 2 37.98 I 148 S. 44 1 gez
41 2% 93 1 2 47,22 I €% B .46 1 2es
42 2T i € 8.5%2 1 15@ 1.3 1 204
23 8. 1% 1 a7 18.43 1 1%t 17. 42 I 20%
Ll -Q. 62 H 38 €.25 ! 132 18.52 1 208
-1 2. €8 ! 9 S.74 1 g3 5. 38 207
' 5 Q.38 o1 1.42 I .14 1.88 ! zo8
47 4. 42 1ot 3.8% Io1s= 6. 44 i 2039
48 .5 o122 3.20 1 1%8 1.74 1 210
49 Q.15 1103 3.19 1 1%? 3.11 [ B39
S 2.98 I 1es 1.29 I 188 2.48 T 212
< 15.97 1 103 12.50 .1 152 6.31 1 213
S2 S. 74 T 106 €.12 1 16@ 4. Q4 1 219
I3 25.00 i 17 17.93 r 181 . 2. 64 I 216
-1 12.26 i 1e8 11.93 t 182 1.7 1 217
S5 33.33 I 123 23.99 T 163 4,89 1 218
-1 4. 42 1 1t 11.30 1 164 2.67 I 213
7 2. 19 o111 6.9% 1 168 12.94 I 220
58 .71 o112 3.17 1 166 3.35 1221
59 4.99 I 113 4.92 1 167 2,49 222
62 Q. b4 t 114 4.36 1 -163 1.a3 1 23
61 1.20 s .77 I 169 ' 13.6% 1 22s
2 Q. 84 I 116 1.72 I 179 2.356 1 223
63 4. Q4 1 117 3.908 LI 81 11.93 i 226
64 1.23 I ti18 1.09 o172 2. 10 I 227
6% 15.66 to119 .9.85 I 173 2.87 I 228
66 12.63 1 12e 4. 42 I 174 Q.92 1 a3
&7 33. 14 I 121 11.81 t 175 ?.95% I 232
68 11.55 LI ¥cocd 2.57 t 178 .60 I 233
&9 19. 19 I 123 192.98 1177 14.52 1 236
70 2.79 1 124 3.96 1178 6.12 | 233
71 1. 14 Po12s 6. 82 1179 S.36 i 236
72 Q. 49 t 126 4,61 | 180 2.35 1237
73 2.34 I 127 32. 32 1 181 1.58 1 238
74 1.00 1 128 4.36 I 182 1.358 1 239
75 J.05 Io129 3.61 | 183 S. 18 1 245
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24. 1-(Z-pentafluoro-2-propenyl )adamantane (44b)
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25. trans-1.4-bis(Z-pentafluoroprop-2-enyl)cyclohexane (46)
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27. Z-Pentafluoroprop-2-envlevelopentane (49)
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28. trans-1.3-bis( Z-Dentaﬂuo‘ronron-Z.-envl)cvélonentane (50a)
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29 cis-1 ,3-bis(AZ-pentaﬂuorogrop-Z-enxl )cvclopentane (50b)
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30. trans-1.2-bis(Z-pentafluoroprop-2-enylicyclopentane (50¢)
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31. 1 -(Z-DentafluoroDroo-2{envl)trans-decalin (51a)
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32. 2-(Z-pentafluoroprop-2-envl)trans-decalin (51b
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XFSH 39
198 133 268
1'{4

@ ] ll,u d‘r.[;!“l |..JJ " - il R I.I A
n/z S8 108 156 280 250

RSTIELRF 567 (9.451) ST

Mass Rel Int | fass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int | Mess Fel Int

2 005 % L9 T L8 9 LTI 4030 M5 384 L 18 006 1 I LOS ) 2 AN

B 0061 51 705 TA 028 %8 076 : 12 LOA M6 ORI OB I 0TI W AW

% 05! R wR:! T LN LBl LB LW WM 0B 0% B 0D

7 WAl S O1ST P T 835100 LB LI 024 ) 168 04 1 I 205 )19 010 1 2 04

D 4B % BATE 240 ! 108 482 ;125 282 M9 TS 0B M7 206 (W LB

‘® 1500 ! S5 39T M B L 102 L2 i LM% 0213 0T 1M 0M I M R
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OO0 ! ST 4 Al %314 0B IB OLOS LI 0TI 0B I WM 02 IW LW
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33. 1-(Z-Pentafluoroprop-2-enyl)cis-decalin (52a

F
F\/kCF
= 3
H :
H
ROBCDEC 572 (9.534)
1008 81 3227648
XFS ! &7 9
39\ 79 /32
96
7.29| S‘EIS Nl 9317 101 : 2‘[73
e '11 L ‘L'I_.._ A ll_l. 'I " by . v '
n/z 50 100 158 2080 250
ROBCDEC 572 (9.534) 3227648
------------------- B b T e Rl T
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
------------------- P et e L L D e L R L L R D
20 0.42 83 6.41 141 0.87 195 0.11
24 0.50 84 0.94 142 0.25 196 0.09
25 0.73 85 0.98 143 0.46 197 0.48
26 7.14 86 0.85 144 0.37 198 0.22
27 16.37 87 2.22 145 2.60 199 0.20
28 9.01 88 1.51 146 0.58 200 0.28
29 11.68 89 2.01 147 1.30 201 0.12
30 0.35 91 6.00 148 0.32 202 0.03
31 1.38 93 10.03 149 0.47 203 0.06
32 0.28 95 41.62 150 0.36 204 0.03
33 0.50 96 15.10 151 2.47 205 0.34
3s 0.13 97 2.92 152 0.57 206 0.21
36 0.53 98 0.59 153 0.51 207 0.46
37 1.56 99 1.76 154 0.31 208 0.08
39 28.68 101 12.18 155 0.19 208 0.42
41 52.28 102 2.28 156 0.16 210 0.12
42 5.33 103 1.90 157 0.71 211 0.29
43 2.73 104 0.37 158 2.51 212 0.24
43 0.78 105 1.00 159 0.89 213 0.11
45 0.46 106 2.01 160 0.14 214 0.05
46 0.38 107 8.88 161 0.40 217 0.03
47 1.08 108 5.49 162 0.13 219 0.21
49 2.16 109 6.47 163 0.78 220 0.15
51 5.58 110 1.22 164 0.51 221 0.06
51 2.35 111 0.75 - 165 1.07 222 0.05
52 2.28 112 0.82 166 1.17 223 0.04
s3 11.29 113 1.24 167 3.36 224 0.12
54 14.85 114 2.28 168 0.53 225 0.38
55 21.45 115 4.44 169 0.57 226 0.36
56 2.98 116 0.65 170 0.19 . 227 0.47
57 2.70 117 . 0.37 171 1.06 228 0.09
58 0.14 118 0.49 172 0.44 229 0.25
59 1.31 1198 2.25 173 0.32 230 0.04
59 0.61 120 1.19 174 0.06 233 0.15
61 0.54 121 3.84 175 0.11 234 0.01
62 0.40 122 1.04 176 0.08 235 0.02
63 2.28 | 123 0.88 177 0.88 237 - 0.04
64 0.50 124 0.21 178 0.23 238 0.06
65 4.95 125 0.85 179 0.67 239 - 0.36
65 1.94 - 126 1.05 180 0.62 240 0.34
67 49.24 127 3.74 181 0.49 241 0.03
68 15.10 128 0.88 182 0.24 246 0.03
69 16.88 129 0.79 183 . 0.22 247 0.14
71 0.48 | 130 0.23 184 0.32° 248 0.51
72 0.40 131 0.52 185 0.41 249 . 0.11
73 0.69 132 0.80 186 0.13 250 0.01
74 0.57 133 1.41 187 - 0.51 251 0.02
75 2.76 134 0.54 188 0.08 253 0.64
76 1.00 135 1.32 189 0.42 254 0.07
77 9.26 136 0.31 190 0.11 264 0.06
78 - 3.49 137 0.75 191 0.35 266 0.59
79 17.77 . 138 0.64 192 0.12 268 13.58
81 100.00 139 3.33 193 0.32 269 1.71
82 26.27 140 0.67 194 0.11
------------------- D el T L



34. 2-(Z-Pentafluoroprop-2-enylicis-decalin (52b)

.

H

\ CF,
v H
ROBCDEC 599 (9.984) -
135S
XFS
133\
268
e ’lfi:ll..‘l 1 I_L'l.lll v - L' L ? v
n/z 150 289 258
4177920
------------------- Rt et b e et L T T S P
Rel Int | Mass Rel Int | Mass Rel Int
------------------- bbbt D et AL L L PR LR DRl e
1.20 151 5.96 206 2.43
1.86 152 2.01 207 1.31
3.04 153 7.06 208 0.35
4.09 154 6.57 209 0.86
2.97 155 0.99 210 0.50
11.76 157 2.06 211 1.56
6.76 158 4.83 212 0.84
17.65 159 2.38 213 0.31
. 98.04 160 0.58 214 0.10
. 5.59 161 1.19 215 0.02
. 1.46 162 0.38 216 0.03
. 2.35 163 1.31 217 0.07
36 2.06 100 2.13 164 1.14 218 0.17
37 4.83 101 6.76 165 2.38 219 0.97
39 77.25 102 3.46 166 1.17 220 0.61
41 100.00 103 3.43 167 1.81 221 0.16
42 11.37 104 1.28 168 0.47 222 0.20
43 8.14 105 1.69 169 1.04 223 0.10
44 1.99 106 3.41 170 0.70 224 0.28
45 1.59 107 12.94 171 2.16 225 1.40
47 4.24 108 18.63 172 0.70 226 2.70
50 10.29 109 12.25 173 0.72 227 2.08
51 15.29 110 8.73 174 0.23 228 0.40
52 9.31 111 3.04 175 0.26 229 0.84
53 30.59 112 3.26 176 0.47 230 0.09
54 44.71 113 5.10 177 2.13 231 0.07
55 45.49 114 3.70 178 1.13 232 0.12
56 10.29 115 7.16 179 2.21 233 1.01
57 7.06 116 1.28 180 1.21 234 0.13
58 1.37 117 1.47 181 1.07 235 0.04
59 3.41 119 6.76 182 0.42 236 0.02
60 0.55 121 9.61 183 0.67 237 0.08
61 1.26 122 1.89 184 0.72 238 0.29
62 1.86 123 2.33 185 0.94 239 2.30
63 2.43 125 3.24 186 0.42 240 1.64
64 4.09 126 2.55 187 0.69 241 0.10
65 14.12 127 7.65 188 0.28 242 0.03
67 72.16 128 2.50 189 1 0.73 244 0.04
68 49.80 129 3.38 190 0.35 245 0.05
68 18.43 130 0.77 191 1.16 246 0.21
69 29.41 131 0.97 192 0.84 247 0.92
71 0.64 133 14.71 193 0.67 248 6.76
72 0.92 135 67.45 194 0.35 249 0.87
73 1.72 137 2.18 195 0.24 250 0.05
74 1.67 139 7.16 196 0.67 251 0.12
75 4.75 140 1.37 197 2.43 252 0.30
77 20.10 141 2.18 198 1.12 253 4.31
78 9.61 142 0.82 199 0.93 254 0.48
79 25.02 143 1.81 200 0.28 260 0.01
80 21.67 145 5.96 201 0.21 262 0.02
81 62.75 146 0.85 202 0.08 264 0.07
82 51.37 147 2.57 203 0.14 266 0.80
84 0.88 148 0.53 204 0.25 267 1.08
85 2.01 149 0.78 205 1.67 268 11.96
------------------- LR L i Ll U SIS U S,



35 . ex0-2- Z-P_entaﬂuoropr‘op-2-enyl )norbornane (53)

ROBNOR 313 (5.217) : - . )
c8 .. 222288
169 .
XFS 67
N N\
39 139
el ul M AN Mill Ll ) posie] ) ?' R " . v . by
n/z 40 60 8@ ___ 108 120 140 168 180 2689 228
ROBNOR. 313 (5.217) 22220¢
------------------- el e L ittt
Mass Rel Int - | Mass Rel Int | Mass Rel Int | Mass Rel Int
--------- R D R et R e e LD R i
26 0.28 69 8.64 108 2.25 152 0.22
27 3.69 70 0.59 109 2.51 153 0.18
28 5.39 71 0.25 110 0.33 156 0.09
29 3.11 72 0.11 111 0.38 157 3.05
30 0.11 73 0.26 o112, 0.39 158 1.43
31 0.41 74 0.27 113 1.14 159 1.00
32 1.59 75 1.74 T 114 1.35 160 0.07
33 0.33 76 0.23 115 7.37 161 0.16
37 0.26 77 2.42 116 0.71 163 0.53
38 1.01 78 0.51 117 0:.17 164 0.25
39 14.17 79 4.55 118 2.10 165 1.08
40 3.80 80 3.23 120 0.41 166 0.16
41 12.67 81 5.62 121 1.06 167 0.45
42 1.84 82 0.61 122 0.10 169 0-.21
43 0.32 83 1.11 123 0.28 170 0.12
44 1.19 84 0.41 125 2.04 171 0.23
45 0.24 85 0.48 126 0.33 172 0.28
46 0.14 86 0.19 127 4.44 173 0.10
47 0.46 87 0.30 128 0.68 177 0.73
49 0.06 88 0.85 129 1.99 178 0.38
50 0.94 89 1.31 130 0.21 179 0.26
S1 3.43 90 0.22 131 0.18 180 0.19
52 0.98 91 0.74 132 0.47 183 0.31
s3 6.08 92 0.19 133 0.75 184 1.27
54 1.87 93 1.74 134 0.14 185 0.46
55 5..27 94 0.44 138 0.23 187 0.47
S6 0.52 95 4.61 137 0.99 191 0.20
s7 1.49 96 1.13 138 0.30 196 0.17
58 0.15 97 1.74 139 10.02 197 0.98
59 0.76 98 0.17 140 0.69 198 0.59
60 0.09 99 0.94 141 0.46 199 0.07
61 0.17 100 0.18 142 0.05 206 0.15
62 0.29 101 3.02 .143 0.13 207 0.20
63 0.93 102 0.99 145 2.48 211 0.57
64 0.41 103 0.70 . 146 Q.33 212 0.09
65 2.79 104 0.09 147 0.85 226 3.77
66 2.85 105 0.23 148 0.10 227 0.42
67 35.48 106 0.54 - 150 0.10
68 100.00 107 0.72 151 1.12
------------------- R R R R e et it T TP
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36. exo0-2.5-Bis( 7-pentafluoroprop-2-enyl)norbornane (54a)

CF3

ROBNUR2 473 (7.884) .
100 1114112
1
'xrs
165 197
1. f'ﬁ. R

358

.....................................

1.54

¥

0.28 292 0.12 323 0.03

0.56 - 293 0.03 325 0.10

Q.22 294 .09 327 0.09

0.37 295 0.40 328 0.13

0.08 296 . 0.3¢4 329 0.01

0.20 297 0.74 336 0.09

¢.30 298 0.11 336 0.86

253 0.38 276 0.12 301 Q.03 337 Q.43

‘285 0.23 . a7 . 0.99 302 0.02 33 0.06

255 4.30 278 0.25 3ol 0.02 341 0.14

256 0.55 279 0.06 308 0.08 342 0.01

257 0.70 281 0.03 307 0.13 347 0.05

258 0.12 282 0.03 308 0.22 356 0.43

, 259 0.36 283 0.09 309 0.31 356 3.22

260 0.07 284 0.04 310 0.13 3s7 0.44

261 0.03 285 0.03 314 0.35 3s8 0.03

263 q.14 287 4.39 315 0.16 361 0.02
264 0.1 288 0.56 316 0.12
265 0.15 289 0.38 17 1.03
267 0.13 290 0.12 318 0.13

------------ P et E L T P LT S P e L e A L L Ll e e Lt et i



37. exo-2 6-Bis Z- entaﬂﬁoro rop-2-envl)norbornane (54b
F

Vv, @

CF3 CF3

ROBNOR2 464 (7.734) '
. : 0784
188 1 63
1
XFS
4 197
T—tss
L1 1[.. Lhos 4ol — " "
a s T
n/z 15 288 250 - 308 358
 ROBNOR2 464 (7.734) 630°
................... mmmmmmmm—————— . emmmmmeem————a
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Inc
................... eeeccemmeeemecemeegeceemmeceescamaueeseesmasmeeassseass
20 0.05 79 4.91 133 3.00 189 1.33
25 0.03 80 1.32 134 1.01 190 0.49
26 0.54 81 2.64 135 0.70 191 3.61
27 5.97 82 1.22 136 0.19 192 1.18
28 1.90 83 5.52 137 2.60 193 0.37
29 3.94 84 10.06 139 48.70 194 0.23
30 0.12 85 2.76 140 3.57 195 2.22
31 1.10 86 0.76 141 4.02 196 2.1¢
32 0.48 87 0.81 142 0.92 197 19.97
33 1.38 88 3.00 143 1.00 198 79.87
34 0.03 89 5.60 144 0.66 199 8.08
36 0.04 90 0.83 145 14.29 200 0.81
37 0.36 91 1.25 146 1.78 201 0.61
33 1.72 92 0.21 147 . 6.17 202 0.31
39 24.51 93 1.54 148 0.69 203 0.61
40 4.55 94 1.18 149 0.30 204 0.23
41 19.16 9s 16.88 150 1.27 205 1.86
42 1.52 96 4.30 - 151 9.38 206 0.50
43 0.23 97 20.45 152 2.64 207 0.59
4" 0.57 98 2.17 153 1.13 208 0.41
45 - 0.90 99 11.20 154 0.14 209 4.22
46 - 0.46 100 1.52 155 0.57 210 7.14
47 4.22 101 12.34 156 1.13 211 5.07
a8 0.13 102 4.18 157 2.92 212 0.33
49 0.14 203 | 1.94 158 21.43 213 0.87
S0 2.58 104 0.16 159 5.56 214 0.35
s1 16.72 105 0.22 150 0.29 215 0.61

268 0.0 285 0.09 310 0.13

) ' 262



38. 1 3.5.7-Tetrakis(E-pentafluoro-2-propenvl)adamantane (55)

282624
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RSl &3 (171D
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2 B R 281 BN 2RI ARt E IR 25 1 @ Al & 10
3 W1 8 LTI W11 LU 1IN AT 1 AV I WA W AS
3 LI 28I W LB IR LA LRI LD I 2B 1M WY1 & LT
3 AT 1S 2Z 113 B IIB 1B 1AW LB 1M OSMIN 2R 1@ A% W Le
A A8 LB XZ IR LTI M A IR LI LS L&Y Al
R o221t 4 01N 4R 1I1F WEI M B LK1} LRI A ML w2
T AT 18 L3R LM IS IS I ZE WO LW I AN M2 AT 23
3 431 8 QI8 1B 1 KK A LEIE LB LI ST R LS
B OAB 1% LB I SBH® LBIR 231 A2 E LTINS A3 1D A3
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BoAN 1 R A% W LM @M 212 LRI LR IR LB A1 A3
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4 AR % LRI A IR OISR IS AT MM LSS LS Al
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€ L81 % &3 SRI1M LBIW B2 OLTIE LM LU le LR
4 &6 T LK TN MR RN I 28T WR IR MBI W i
4 LIBE B LS 1IR LW ST LRINE LTI 3T 2 AR @ L4
8 D1 W L1 21 W1 A WU LTI R 2818 21 LS
6 LU 22U 1 1% LRI M BAITR LI W2IM LIS R W W3
4 i A3 IS LY I KSR LB WEIM LT tsS Wl Ll
4 MBI IR LB IS AT I AY 2R 1B AR T LRI LM 1T WS 1@ 2
4 LR ID T WS 1Al AR I X 2N I KA I AR 1A @ AN
B NI LIS I8 AT 1A LTI X AN I3 2D IR R 13 A3 @ 0
S BRI LTSN WA RS I LI IR LA ORI w21 @ LR
R LN B AT I P M LI E LT IR LTI AT R IR ke
TS W AW 2T 1A IR IR LI SR A3 W
$OLR I AT IR 2N 'U AN I AS IR LI M X 1A LGS A
S LI M A8 B AW L3I A ARIE LMD LA Wl
$ SH 11 LU ItW LI A SB IR AN I LB I AT L0 W AR
T oBA M LIS LB A LRI 281 R LS W LRI LB 1 W e
BV LI AN IS LA 1D NI BB L2IR OLETS AT
9 131 BT N1 2 LR IZ3 IEID LB IM 2M AN %R
8 AS I LS AN 1R 22X 1T LY 1IN LI LS W L3I W e
4 AW BRI BRI BT NI WM I LMW LI L
2 2% 16 MBI M MDD SRIT O LRIIIR 261 AN IR 21w WS
8 &A1 291 M 2N 1 & MNIM WBIT LBIW DI A LA e
% I AB IR ORI 1813 LAIDF LRI I W AU M
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9 X5 1123 LA WRIB LB LBID RN LI @ AT e
MO LB M LSRR AR AE M L3I ™ WDi@ L3NS W3
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T &I L2118 WM 123 WIS WBIW ANl M@ ta1 > AUl
S MR LM K I W AW LRI A3 I LRI AB

W NI RTLE IS AP IS WM 31 IS am ) &

W R IW U IH LI I W LB MBI S AB |

263



ROB14 812 (13.534)

1081

145

157636

&FS;
: 9
758 637
17
0- ,‘L‘““ + —thde et L
nz 180 200 309 480 sep 660 :

ABLs A2 11350

Nass Rel-lot §fass Dol lot §Mass Rel Int | Mass Rel Iat §Mass el ot I Mass el Dot ) Rasy Rl Ist fass Rellt 1 %ss ol st
2 2B/ LD IID MRS W LK I LB IS LRIWM LMW AW W@ LS
2 A1 8 LB IR LRI T IR M IZ LI I LW LB s
S LA A ASIIN LT RBIA LRI MM ARIE e L
B AN R 2K 113 5519 2% iewm AS 13 AR IR 2T 1 M0 AR 1WA
7 O AB 1 8 L2117 481N LW 1A &H!J NI XM ORI U wWRI K LW
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B 1108 2313 MNIIM ISt AT LAIWM SN I 2h o e W
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B OB IOW L1 B2 118 LIER O 2MIZE LTI A L0 skt W 24
T OsM 1 9 2R e i® 2R 1A W1 W WML R LB eF R i
B2 R MBI A I M K2 1S S LY IR LIS S A
P ORB!I B AN LI M BRI ANIEB LS IR LI AR S A2
WOLE % 2B LI R IR OANIZE AN LA 1L AU A2 MM B R
M AB 1 B G 29 1 W LA I X AHIW LA ITE LB IS Wi W LU
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O BB AR LIS RA 1A LTI ZB 21 ARSI R NS 231
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% LIBEITI® LS % LS 1M 4132 2213 1IN AEIE wI®W L3
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QLB A3 T &S 1 Al AN E 201N TR II AR I AT )Ly
B AT I MBI A 1 A2 LRI X MY IR 2RI GBI A AS
9 RIS LRI LB A RBIX O LIIRA LI RIE 21wl
2 19I5 1B LM AL LS 1@ 2RI MR IM WS G 2
S LB LB 2W 1A AN B AR IR LAIW AW SR L8
%OLEL LIS AB IR 221 35 AR I AN IR A I R I W A1 S L
S LM LRI AN 1 LI ARIE SWI¥ LAWK LA X L
S AR I AR I LRI 2 SVI1 W LRID LB I MM LB T A
g SN S S A9 LA 1T A1 W WM UM AR Lk
9 LS I W 2B Lk 12 LW IDY LI AR AS I W AW A3
s L1 KA LT 1A LM IT O ANIRE AT IX 201 W L S LB
LM AT LI LA LIS AR IR 28 1T LTI D A1 RS W Al R e
8 2% 1 1S KEH I Ja 12 2217 LW WM ORI LE 1A LW AR
R 2M 15 2R IIM AR I 2y ADIT AR IR OWRI1W O WIR MR IT W LD
B SHII MM BB IZE NI LAI1X NI NIE eI s L3
B 250 118 AS IR S 12 ST I3 A% I LHII AWIE ANIS W2
CE ORBIU BN M AN L1 A SN I LRI AT IS W E S
% LI 131N LB 2 LIITR 20135 A3 1M LI 1S 31 L6
g R 12 KRIIB 164128 2018 &I LEI WM LI WG A1 2R
8 AS 112 LBIIM SR I LRIB LSII LIID AT W MG W L
6 AWIIB LTI AR I3 WA X eI R LE IS LD B
™ 21 M8 LR IR LR IE MMM WRIE AT AW .2
N2 IIE ARIM LRIW AN I E EIWM 21N MW LIS L
2 OAE 11X LI LTI A LI LA 26 1 W AN I D@ 131 & R
N 260117 AT 1M LR 1D LIS I M 2281 W AWM L21W 213 e
NoOLRIP LBTIR KR IZ 29 13 AT I W L21 W AN M 2N 1@ A2
B ORRIED NI LB 1 W NI I @M LELW LRIM LTINS W
® 260013 LI 28 13 AB IR LZI W ANI® iR WIS Le
nOoNE I e IS &1 U A NI B LI 1 W Al
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ltetrahvdrofuran (59

40. Perfluoro-2.5-dipro

Fa Fs
F3C.-C O__C. c-CFs
F
Fy U Fa
ROBPTHF2 48 (9.888)
100 €3 1589248
131

119\

XFS , ‘ 1 1
181 3497

109 -

Q4 . l[;?u . I 'T ' o ' - v l' v — . Lr
n/z 50 100 158 200 250 398 358 4se 459 528
~ ROBPTHF2 48 (0.800) 1589248
------------------- it el D T T Iy,
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int

ceeecemimnececenana R D e T T, 4--memcmceccncccanaean
28 0.08 101 2.19 170 1.50 270 0.02
31 2.00 102 0.03 171 0.20 271 0.15
32 0.04 103 1.27 174 0.08 281 0.73
35 0.30 105 0.39 178 0.07 282 0.03
37 0.11 106 0.02 181 25.26 293 0.04
43 0.03 108 2.46 182 1.02 297 0.06
44 0.02 110 0.0S 190 0.03 300 0.14
- 47 2.40 112 2.98 193 0.87 309 0.51
48 0.03 113 0.13 194 0.05 310 0.04
49 0.10 117 0.08 197 2.38 319 1.16
S0 1.43 119 54.12 198 0.10 320 0.07
51 0.08 120 1.26 200 0.02 321 0.13
55 0.07 121 0.04 202 0.02 328 0.02
62 0.31 124 0.94 205 0.02 331 0.09
63 0.01 125 0.06 209 0.89 347 28.35
66 0.31 128 0.81 210 0.03 348 1.98
69 100.00 129 0.05 212 0.39 349 0.14
70 1.26 131 1 69.07 213 0.03 359 1.18
7 0.16 132 2.34 218 2.69 360 0.21
72 0.04 136 0.03 220 0.12 378 0.09
74 0.61 140 0.11 221 0.18 381 0.03
75 0.03 143 3.56 228 0.03 397 - 0.24
. 78 0.55 144 0.17 231 39.18 398 0.01
79 0.01 147 2.26 232 2.01 409 2.96
81 1.79 148 0.09 233 0.06 410 0.29
82 0.14 150 1.01 240 0.08 411 0.01
84 0.07 151 0.04 243 0.19 431 .03
86 - 0.06 155 0.25 244 0.02 447 0.03
90 0.05 159 1.05 247 0.62 459 0.02
93 9.34 160 0.05 248 0.03 497 6.44
94 0.33 162 4.38 250 0.15 498 0.71
97 12.69 163 0.20 259 0.43 499 0.05
98 0.29 164 0.02 260 0.03
100 13.34 169 46.13 269 0.34
------------------- R e R D N el LT Ta I I NP
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1. Perfluoropro

4 lcyclohexane (60
Fa
C\C/CFs
Fa
ROBCY1 S9 (8.984)
100 68 126976
XFS 131
100
93
31 sa \T 119 188\ 1T1
[~} l ! s, l - 1 il I v ] . 'O | . N N M
n/z 56 1080 158 288 250 388 ___ 350 489
ROBCY1 59 (0.984) 126976
------------------- D et D it Dt T T E ey Sy
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
................... D e il kTR Y g Uy Ay PGSR g Uy S g Uy U
20 0.26 70 1.17 124 4.03 212 1.45
24 0.16 74 3.13 131 48.99 231 3.78
26 0.27 81 1.81 132 1.58 243 6.70
28 1.46 86 0.29 143 6.60 255 0.34
31 14:.92 93 15.93 144 0.31 262 0.58
32 0.59 94 0.45 150 2.92 281 2.52
43. 0.95 100 30.24 155 3.23 293 1.32
47 0.83 101 0.70 162 5.29 331 2.73
50 12.10 .108 0.84 169 13.91 343 0.54
51 0.45 112 3.10 174 0.79 431 2.68
55 0.88 117 0.5%9 181 15.32
62 1.74 119 21.77 193 7.41
€9 100.00 120 0.35 205 0.60
------------------- B e e T R it S L L T PP
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42. Perfluoropro

lcvclopentane (61

, Fa
C.5-CFa
F>
RSPINK4 75 11.238)
1007 63 298816
- 131
XFS .
1 231
e 'f2 i
'} IS U B S S T W e v r - r
n/z S0 188 150 200 258 3808 358
RSPINK4 75 (1.250) 290816
Mass Rel Intr | Mass: Rel Int | Mass = Rel Int 1 Mass Rei Int
28 .39 i 94 .34 1 144 2. 36 1 213 .13
30 2.05 . 98 2.10 | 148 .06 I 219 ?.57
31 4,91 1 99 0.08 1 150 3.54 | 224 2.13
32 2.31 1 100 17.43 1 151 2.16 1 238 Q.10
43 2.06 1 101 8. 43 | 1S5 2. 42 I 23t 32.04
44 .09 1 105 8.57 I 156 Q.16 1 232 1.91
47 2.97. | 106 2. 07 t 162 S. 30 I 242 2.04
49 2.06 1 112 1.67 1 - 163 °.28 I 243 S. 00
50 1.58 1. 113 0.12 I 167 - .10 1 244 2. 36
51 Q.11 1117 e.72 1 169 3.87 1 262 2. 34
S5 °.22 i 118 2. 06 I 170 2.15 1 269 2. 26
&2 Q.32 o119 12.73 1 174 2.37 | @2s8e e.17
‘68 .27 1 120 8.35 1 180, 2. 07 | 281 21.21
69 180.08 | 124 2.11 1 181 33.10 I 282 1.47
70 1.21 1 125 9.12 1 182 1.52 1 283 2.06
74 1.01 it 13e 2.25 1 186 Q.22 1 293 1.09
75 2. 08 1131 70. 07 1 193 10. 48 1 294 °.10
a1 2.86 1132 2.53 1 194 .62 1 312. ?.21
86 2.18 I 136 .17 { 2es 2.93 1 331 2.33
92 2. 04 1. 142 2.024 | 206 2.8 1 381 e.83
93 8.98 | 143 7.22 I 212 1.89 i 382 Q.11
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43. trans-Perfluoro-1.4-dipropvicyclohexane (62a)

(F32 \ F
7Y\ 2
e
CF3 C C. CF;
2 C
ROBPTCY2 94 (1.567)
100 1 1146880
69
XFS .
149131 a81
231 1
: 1
8 .. IJ-lr qu A aT Ay ?? , ?T R a—— r -
n/z ___se_____ 188 150 200 258 3808 3598 408 458 588 550
ROBPTCY2 94 (1.567) 1146880
------------------- P e el LR e lekadatated
Mass Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
................... B L L L L L T T T T TPy
28 0.12 117 0.36 194 0.28 286 0.03
31 0.66 119 26.07 195 0.03 287 0.01
32 0.09 120 0.63 198 0.05 293 1.63
35 0.02 124 0.83 205 1.72 294 0.13
36 0.02 125 0.03 206 0.12 295 0.0S
40 0.01 126 0.04 207 0.09 305 0.26
43 0.01 129 0.02 212 1.41 306 0.03
44 0.18 131 21.25 213 0.18 312 0.50
47 0.07 132 0.74 217 0.32 313 0.03
48 0.02 136 0.09 219 3.04 319 0.07
49 0.02 137 0.04 220 0.13 325 0.03
50 0.71 143 3.62 224 0.26 331 15.98
51 0.28 144 0.26 225 0.25 332 1.19
55 0.04 145 0.06 226 0.02 333 0.05
62 0.07 148 0.08 231 14.37 343 0.27
69 68.57 150 0.68 232 0.78 344 0.03
70 0.85 151 0.16 233 0.02 355 0.03
74 0.18 155 1.85 236 0.24 381 0.40
75 0.06 156 0.11 237 0.03 382 - 0.03
81 0.28 157 0.05 243 0.19 393 0.45
82 0.04 162 7.95 243 3.62 394 0.04
83 0.14 163 0.56 244 0.26 409 0.02
85 0.09 164 0.03 245 0.03 412 0.17
86 0.02 167 0.19 248 0.02 413 0.02
87 0.02 169 100.00 250 0.03 431 0.18
93 0.07 170 3.28 255 0.75 443 0.08
93 3.08 171 0.04 256 0.07 481 3.77
94 0.12 174 0.33 262 0.26 482 0.38
95 0.05 175 0.12 263 0.10 483 0.02
98 0.02 179 0.06 267 0.06 493 0.06
100 7.05 181 20.63 269 0.14 531 0.02
101 0.19 182 0.89 274 0.04 581 0.55
105 0.12 186 0.63 275 0.03 582 0.07
112 0.92 187 0.06 281 10.27 :
113 0.31 193 4.98 282 0.61
------------------- P ik Skt e R R Rt
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44. cis-Perfluoro-1.4-dipropvicvclohexane (62b)

Fa
/C\ F2 CF
CFy ¢ C_ CFs
. p C
F2
ROBPICY2 188 (1.667)
100 1 2146304
AFS 69 119
A31 1 484 " ey
162 1 3T
\ 1
[ ST N l.ll,ﬁl.z.? — — ey
n/z 5@ 199 | 158 208 268  3@@ 358 __ 488 458 588 558
ROBPTCY2 100 (1.667) 2146304
------------------- S s T T R L S e L et DL EE LD Lt
Mass - Rel Int | Mass Rel Int | Mass Rel Int | Mass Rel Int
P L L L L T T R P T e boeccnc e~ P $brmemccercomecceneana
28 0.13 125 0.03 207 0.02 293 1.99
31 0.89 129 0.03 210 0.01 294 0.14
32 0.05 131 27.48 212 1.69 305 0.32
43 0.01 132 0.92 213 0.10 306 0.03
44 0.06 136 0.12 217 0.37 312 0.65
47 0.02 137 0.02 218 0.03 313 0.05
48 0.01 141 0.01 219 2.58 319 0.05
50 0.61 143 4.58 220 0.10 331 20.04
51 0.05 144 0.21 224 0.31 332 1.35
55 0.03 148 0.06 225 0.02 333 0.05
62 0.05 150 0.86 229 0.01 343 0.30
69 45.80 151 0.06 232 15.84 344 0.02
70 0.58 155 1.30 232 0.79 355 0.04
74 0.15 156 0.12 233 0.03 375 0.01
75 0.02 162 9.73 236 0.28 381 0.35
79 0.01 163 0.43 237 0.03 382 0.03
81 0.23 154 0.01 243 4.58 393 0.5