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ABSTRACT

In this thesis the results of a series of fluorinations
of polyfluoroazabenzenes with a 50:50 mixture of CoFg and CalF
are described. Perfluoro-4-isopropyl, -2,4-di-isopropyl,
-3-methyl and -4-methylpyridines reacted by the addition
of two or four fluorine atoms to give high yields of
-azacyclodienes and -monoenes, The observed products were
thought to represent the thermodynamically more stable
dienes and a mechanism is proposed for their formation.
Pyrimidines exhibited a variety of behaviours in that a
diene resulted from perfluoro-4,6-di-isopropylpyrimidine,
S-chlorotrifluoropyrimide behaved more like tetrafluoro-
pyrmidine in that dimers were produced whilst perfluoro-4-
isopropylpyrimidine gave a complicated mixture of fragmentation
products, Perfluoro-4,5- ad 4,6-di-isopropylpyridazines
both gdve products resulting from the loss of nitrogen
whilst a diene was obtained in high yield upon fluorinating
perfluoro-2,5-di-isopropylpyrazine, Cyanuric fluoride
was resistant to fluorination,

Some direct fluorinations have been performed but only
tetrafluoropyrimidine and perfluoro-4,5-di-isopropylpyridazine
were reactive, the former producing a dimer the latter products
due to loss of nitrogen.

Some of the new perfluoropolyazacyclodienes have been
reacted with a variety of nucleophilic reagents and whilst
imino fluorines were readily substituted imines bearing
perfluoroisopropyl were resistant to reaction. Perfluoro-4-
isopropyl-l-azacyclohexa-1,3-diene has a very labile fluorine
at C-2 compared with the one at C-3 and it is thought that
polarisation of the imine bond by nitrogen is responsible
for this,

Several of the new dienes have been subjected to photolysis
and ring opening and fragmentation reactions were observed.
Products with isolated double bonds were not reactive,




GLOSSARY

The following terms and conventions have been followed

throughout the text:

1, F within a ring denotes all unmarked bonds within the

molecule are to fluorine.

2. H.V.H.M.F.

high valency heavy metal fluoride,

Lo
>
e
=1
It

anhydrous hydrogen fluoride.
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CHAPTER 1

THE DIRECT FLUORINATION OF ORGANIC COMPOUNDS

1.1 Introduction

Various techniques for fluorinating organic molecules
have been developed over the years and they can be divided into

two broad classes:-—-

(1) Techniques which involve reaction of the organic compound with

fluorine gas directly;

(2) Techniques which involve the reaction of the organic
compound with a fluorine containing species in which the
labile fluorine is bonded to a different element. These
latter are called indirect techniques and are described,

with an emphasis on CoFB, in Chapter 2.

1.2 Thermodynamics of Direct Fluorination

Compared with reactions between organic compounds and
chlorine, reactions with fluorine are characteristically violent
and often proceed explosively or with combustion. Special
techniques to moderate the reaction often have to be employed
as a result. The table of enthalpy changes, presented below,
illustrates this point.

The data in Table 1.1 indicate that a large amount of energy
is released when fluorine is reacted with an organic compound
as a result of the low dissociation energy of molecular fluorine

and the strength of the bonds formed.
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TABLE 1.1

Enthalpy changes during halogenation reactions

Process Enthalpy change Reference
. -1
Kjoules mole
1 Dissociation of Fluorine
Fz > 2F. + 155 1
2 Dissociation of Chlorine
Cl,— 2C1. + 254 1
3  Formation of <=C-F bond -~ 439 2
4  TFormation of =C-Cl bond - 340 2
5 Formation of H-TI bond - 565 2
6 Formation of H-Cl bond - 438 2
A . ~NA— o
7 Addition of Pz tg C=C_ - 421 3
F, + 2C=C¢{ —,/CF-CF
. ] NP
8 Addition of Cl2 to ~C=C< ~ 147 3
C12 + 2(C=CZ —p >CCl-CCIL
. - _\- ‘_ y
9 Substitution of =C-H by E2 - 410 1
F, + =C-H—® 3C-F + HF
10 Substitution of =C-H by c1,,
Cl, + 3C-H—p 3C-Cl + HCL - 107 1

The energy released is sufficient to rupture ;C—H and ;C—CE
bonds. Therefore, unless extremely efficient methods of conducting
this energy away from the site of reaction are employed, fluorina-
tion reactions result in complicated mixtures of fragmentation

products and tarry polymers.

1.3 Proposed Mechanisms for Direct Fluorination Reactions

Fluorine usually reacts with organic compounds by a radical
chain mechanism, similar to that observed when organic compounds

are chlorinated in the presence of ultra-violet radiation. The




-3~
evidence for the intermediacy of radicals is:-

a) dimerisations and oligomerisations are common, especially

when the fluorination is performed in a condensed phase.4
00C 4
—p C,I',Cl, and other products;
2 F2 472772

e.g. CCl2 = CCl

b) reactions are catalysed by 1ight;5

c) reactions are inhibited by free radical inhibitors such
as oxygen.

One major difference between chlorinations and fluorinations
is the fact that fluorinations proceed very readily in the absence
of ultra-violet radiation and at very low temperatures. In spite
of the low dissociation energy of fluorine, only a small number of
radicals can be produced, thermally, at room temperature.7

F, —» 2F Keq = 10-20 Ref: 7
Whether this is sufficient to initiate the reaction has been

7,8,9

a subject for debate, The proposed initiation steps are:-

Fg —» 2F-

~

—=C-H + T ——7>» =C- + HF

N/
~e” C -F
M+ r—p | etc. Ref: 8
2 /N

The activation energy of the hydrogen abstraction step is
very low, and it has been argued that, because of this, such
low fluorine atom concentrations are sufficient for initiation.8
However, Miller has suggested alternative initiation
processes in which a molecule of fluorine, as opposed to an atom,
reacts with either a E(}&Ibond,for substitution reactions, or with
a double bond, for addition reactions.9 Radicals are generated

in both processes:-



ZC-H + F-F —3 T+ +
\ v \/
C C-F
W + F-F —p | "
C Ce
N N

Thermodynamically,
and the data are consistent with

significantly more reactive with

\ 7 \
C c-Cc1
I+ c1, —s |

C Ce
/7 N\ 7\

Rogers studied the kinetics
gaseous fluorine and the olefins

-dichlorohexafluorobut-2-ene and

~
H-F + —Ce
. -1
M = 17Kj.mole
T
- . -1
Al = -5Kj.mole
Ref: 9

both processes are quite reasonable,

the fact that fluorine is
olefins than is chlorine.9

. -1
+ 94 .5Kj.mole

+ Cl M=

Ref: 9

of the reaction between
perfluorobut-2-ene and 2,3~

found that the order of

reaction, with respect to fluorine, was consistent with a bi-

molecular initiation step.lo’11

Miller's earlier proposals.

the reaction of fluorine with olefins,

bimolecular process.7

1.4 Experimental Techniques for

This was firm evidence for

Semenov did a theoretical study of

and also argued for the

Direct Fluorination

1.4A Direct fluorination in the liquid phase

Many successful fluorinations have been performed by

passing fluorine,

diluent,

into cold dilute solutions of an organic compound.

or a mixture of fluorine and an inert gaseous

By

stirring vigorouély, a reasonable degree of thermal homogeneity

can be achieved, although Tedder has said that, as the solubility

of fluorine in organic solvents is low, most of the reaction must
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occur inside bubbles in the gas phase, or at the interface,

and the temperature of such environments may be significantly
higher than that of the solvent.12 Therefore, there is a degree
of uncertainty about the reaction temperature of liquid-phase
fluorinations.

The solvent must be reasonably inert to fluorine and, in this
respect, the chlorofluoroalkanes have proven superior to other
solvents, when sufficient quantities of substrates can be
dissolved in them.

The apparatus in Figure 1.1 which Miller designed illustrates
how many of the difficulties of direct liquid phase fluorination

13
can be overcome.

Fluorine Copper Gauze —  » Exhaust
—_— (
/Coolant
L

-
/ Stirrer
Circulating
_ - substrate

™ ———i e \‘-1 /
///
~——— - 4/0/
Figure 1.1 Ref: 13

It consisted of a rectangular loop of brass tubing, to which
was added an inlet and an outlet tower. The material to be
fluorinated (either neat or in solution) was caused to circulate
in the loop by a paddle, whilst the fluorine was passed over the
liquid surface, counter to the current. The whole apparatus was
immersed in a cooling bath.

Many examples of reactions performed by direct fluorination

in the liquid phase will be found in Sections 1.5 to 1.8.
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Coupling reactions are common when this technique is used,

since radicals are produced in a condensed phase.

1.4B Jet fluorination

Bigelow performed a series of successful direct
fluorinations by reacting gaseous substrates with fluorine in a
turbulent nitrogen jet.14 The jet speed was set to exceed that
of the flame speed, so that reaction occurred in an homogenised
mixture instead of the localised area of a flame front. 1In this
way, heat was efficiently dissipated. Hexafluoroethane (1) was

obtained in 85% yield from ethane and no fragmentation or

polymerisation products were detected.15
C.H T2/ 3 C.F. + HF
276 Jet fluorination” 7276
(1) Ref: 15
85%

1.4C Catalytic fluorination

Another early technique, was to employ reactors filled
with metal shot for the reaction of organic substrates in the
vapour phase with fluorine. It is uncertain whether the success
of the method is simply due to heat dissipation by the shot, or,
as has been suggested, because the reaction occurs at the metal
surfaces via a catalytic process involving high valency fluorides

formed there.16

This seems unlikely, however, as Musgrave and
Smith found that yields of perfluorocyclohexane (2) from benzene

varied little when a series of different surfaces were employed.17

.
4

Catalytic Reactor Ref: 17

Various Packings
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Silver18 and cobaltlz fluorides are active fluorinating
agents at the temperature of these reactions, but these metals
did not appear to be more active as packings than copper turnings.

Using this technique, Cady et al. were able to prepare
perfluoroheptane (3) in 62% yield from n—heptane16 and, in
contrast to fluorination in condensed phases, the vapour phase

reaction of trifluoromethylbenzene (4) gave perfluoromethylcyclo-

hexane (50) in good (85%) yield.:?
Catalytic .
n—-C7H16 g n—C7F16 Ref: 16
Reactor (3) 62%
3 Catalytic > 3
Reactor
Ref: 19
(4) (5) 85%

Polymerisation sometimes occurs in catalytic fluorinations and,
if it is extensive enough, material condenses onto the 'catalyst'
surfaces and reduces the efficiency of heat dissipation.

However at higher reaction temperatures such deposits are quickly
degraded. DBigelow observed hexafluoroethane (6) and hepta-

fluoropropane (7) as well as carbon tetrafluoride, when he

fluorinated methane.zo
Ty
CH4 —_— P CF4 + C2F6 + C3F8 Ref: 20
(6) (7)

1.4D The fluorination of solids - the 'La Mar' process

Margrave and Lagow reacted a wide range o solids by
exposing them to an atmosphere of helium containing low
concentrations of fluorine which resulted in high yields of the

corresponding saturated perfluoro analogues. Both organic and
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inorganic compounds were reacted. They rationalised their results
by suggesting that the fluorine took so long to reach a reactive
site, whilst diffusing through the helium and the solid lattice,
that the energy released by previous reactions was well dissipated
and hence species with sufficient kinetic energy to rupture

EC—CE bonds would not be generated.21

As the amount of fluorine incorporated into the lattice
increased, the concentration of fluorine in the helium was also
increased to maintain the rate of reaction. It was found that
complete reaction, as determined by elemental analysis of the
final product, was not possible beyond a few millimetres from the
solid surface, unless the solid was reacted in a finely divided
state, or as a thin film.

The method has been used to convert hydrocarbon polymers
into perfluoro polymers. Thus, poly-p-xylylene (14), in the form
of a powder, was fluorinated by this method, using a helium
diluent.22 The concentration of fluorine was increased
successively until, after six days, it constituted 95% of the
atmosphere. According to elemental analysis, the yield of the

saturated perfluoro analogue (15) of the original polymer was 99%.

o

F He o

fere (e ) @ n

(15)

Ref: 22
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The possibility that polyethylenes, and other polymers,
could be given extremely inert surfaces by treatment with fluorine
suggests potential for major commercial exploitation of this
technique.

Polyethylene (8), polypropylene and polystyrene have all
been successfully treated.23 It has been reported that the
softening temperature of polyvinylfluoride films rises sharply
to above 300°C when they gain a fluorine content in excess of
50%,24 whilst polyethylene films treated this way have increased

oil resistance.z5

~[cn,-cny ]~ Fa/fle -[cF -cr, |- Ref: 23
n n

Even highly branched compounds like polyisobutylene (9) gave

yields of the perfluoro derivative (10) as high as 95%.22

Gy O e O

13 C'F

CH,-C-CH,-C+ —=—» 4-CE,-C-CE -C%

{ 2 2 7dn 2000 2 2 1 dp
CHs CHs CF3 CE

(9) (10)

Ref: 22

1.5 The Direct Fluorination of Alkanes

Alkanes have been fluorinated by all four of the direct
methods described. In general, yields of the perfluoro analogues
are reasonable for straight chains but become poor if the skeleton
is very branched. Monofluorides have been prepared by liquid phase

fluorination whereas fully saturated derivatives are more easily
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prepared by the catalytic and jet techniqgues. It has been shown
that fluorine atoms inhibit the substitution of adjacent
hydrogens, so that in long chains, e.g. lubricants, it is very

difficult to remove the final traces of hydrogen by direct

fluorination.26
1. n-Colyg Gatalytic method > P CrTye 62% Ref: 17
2.  C.H > C.F 83% Ref: 16

276 Jetl reactor 276
Cobs CoFs

13% Ref: 26

Catalytic method s

1.6 Direct Fluorination of Alkenes

Bockemllller was the first to successfully fluorinate

an alkene in the liquid phase, when he treated tetrachloroethylene

(11) with fluorine diluted with carbon dioxide.27

F,/CO,
cCl, = CCl & CFCl, + CFCl2CFCl, + CCl,CFCl, + C,F.Cl
2 2 _80° cC1 3 2 3 2 4'2%"8
B 4 1.2% 26% 1.7% 8.5%
(11)
Ref: 27

Dimerisation was a major reaction and some migration of chlorine
atoms occurred.

Miller later also obtained a dimer (12) when he added fluorine
to s-dichlorodifluoroethylene (13) and hence he proposed a free-

radical mechanism, in spite of the low reaction temperature.34
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CFCl = CFCl1 + F, — CF,Cl1 - CFCl* + P~
(13) -

2CF,Cl - CFCl- —P (CFZCl - CFCl)2

2
(12)
CF2C1 - CFC1* + Fo —»p CFZCl - CF2C1
Neat F2

Overall CrCi = CFCl —» (CF2C1 - CFCl)2 + CF2C1 - CF2C1
(12) 30% 17%

No solvent
Ref: 28

It was on the basis of this and other reactions that Miller
proposed the bimolecular initiation referred to earlier. A non-

polar four-centred transition stage was envisaged:-

N \ / \ /
TSN I P

t o : —» + F. —etc.
C CrlafueF C-F

This contrasts with the ionic mechanism later proposed for

the addition of fluorine to the olefin (14).2°

Ph F. CEcL. Ph F Ph Ph

S 2" 3 N, 7 N \
L=Ch, c—* C=C_+ LCFCFH +_CFCHE
Ph 78 C Ph H PAH 2 Ph 2

(14) (16) (17) (15)

78% 14% 8%

(Ph = Phenyl)

Ref: 29
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It was shown that the trifluoride (15) is formed by the
addition of fluorine to (16) exclusively and that olefin (16)
itself, is unlikely to have formed by the loss of HI' from (17).

This was accounted for by the following mechanism :-

Ph Ph Ph Ph ] Ph Ph
\ 7 \ / \ /
C Cr---F 5+C ,Fb-
I g N VN e d N
/ N\ }\!""'F /C\ a
H H H H ] - H H
(14)
Ph Ph Ph Ph
N\ / \ /S
(Ph = Phenyl) C—F lC

Ref: 29
(17) (16)

Later, Merritt fluorinated cis- and trans propenylbenzenes
in a series of solvents, and was able to show that the mode of
addition was predominantly syn in both cases, consistent with
complex (18).30 Reaction in methanol resulted in an addition
reaction as well as formation of the difluoride. The addition
was stereospecific and was presented as evidence for the

formation of (19)
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H\ /Ph H\ /Ph
-+ C F &-
SN -V B S N 8+'c A
CH/CRH | C 1 i
|3 N ]
(18) (19) Ref: 30

Radical fluorinations in the liquid phase were employed during

the 1939 war, as a route to oligomeric perfluorocarbon
lubricants. Perfluorobutadiene (20) gave good yields of viscous

2
oligomers.

C¥, = CF-CF = CF

9 o * Ty = CgFygtCiolag*CiaT34*Caglsg

Ref: 13

Direct fluorination of perfluorocolefins is less exothermic
than of hydrogen rich olefins, and hence, is more easily
controlled. Recently, Von Halasz patented a fluorination of

perfluorononene isomers (21) and (22) in which he does not use

a diluent.31
I-C,F CF, 1-C
3 7\ 3 3F7 /CF3 £ I-C3F,7
ECr s e e
e
-C,F = CF  CF "ORCH
7 2. 5 3 ]_(: F:
37
(21) (22) 550
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No oligomerisation was reported. Similarly, perfluoro-2,3-

dimethyl-2-butene (23) failed to dimerise upon fluorination.32

~ / 3 2 3\ /3

L=¢ ~ — =  TFCF

CFy  CF, CF; \CF3
1.7 Direct Fluorination of Aromatic Systems
1.7A The fluorination of henzene
Bigelow fluorinated benzene in a catalytic reactor

packed with copper gauze and obtained a complicated mixture
containing dodecafluorocyclohexane (24) and some bi-undeca-
fluorocyclohexyl (25) amongst the major products.33 No aromatic

products were produced, and the other products consisted of

saturated fragments and some ring contracted compounds.

Catalytlc +
Reactor

He postulated a radical mechanism involving addition reactions

followed, in the later stages, by substitution reactions:-
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F
+F-
©+F.__.‘——+ — —p F6

F’

\_F . F
/ N _F E«» \C/
S /\F

Ref: 33

Grakauskas, however, did produce aromatic substitution
products when he reacted benzene, as a 6% solution in acetonitrile
at -35°C with fluorine34 in the molar ratio of 1 part benzene

to 0.7 of fluorine. Some polymeric material was also produced:

F 3 = 2
Py F |
—p + + +
35° F
-35°C,CH,CN
] 3 F
Ref: 34
The difluorobenzenes were found to be in the ratio 1:4:5
for meta:ortho:para. Similar selectivity was found in the

reactions of toluene and nitrobenzene which led Grakauskas to

propose an electrophilic ionic mechanism:

F'

H F
Fz -H+ etc.
<5 —s —
[::;:::] Ref: 34
F F

F

In spite of this, Vasek and Sams suggested a radical

mechanism for Grakauskas' fluorination, on the basis of their
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experiments with cold fluorine plasmas.SS’S6

They showed that

the reaction of fluorobenzene (26) and bromobenzene with fluorine
atoms produced in a glow discharge of molecular fluorine, at OOC,
gives aromatic species as major components of the product. They
also demonstrated that the fluorine atom was more selective than
previously supposed, e.g. in the reaction of bromobenzene to form
fluorobromobenzene the isomer ratio is in the order para>ortho>meta.
The yield of para product is about three times that of the meta and
therefore the reactivity of the para position is statistically

six times that of one of the meta's. These observations are

rationalised in a proposed mechanism in which a charge transfer

complex forms an intermediate:-

Ref: 35

The complex then collapses to yield a radical intermediate,
substituted in the same positions as in an electrophilic substitu-
tion. Knunyants et al. obtained similar results by fluorinating

37

nitrobenzene with fluorine diluted with nitrogen at -5°cC. They

also related the selectivity of the fluorine atom to its

electrophilicity.

1.7B Direct fluorination of halobenzenes

The fluorination of halobenzenes is, in general, easier
to control than that of hydrogen containing benzenes. Both

Tatlow38 and Grakauskas39 have performed liquid phase fluorina-
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tions of hexafluorobenzene (27). Dimeric (30), (31) and polymeric
products were produced with smaller amounts of perfluorocyclo-
hexene (28) and perfluorocyclohexane (29). The conditions used
by the latter worker were more forcing and, as a result, his

products were more saturated and included perfluorobicyclohexyl.

DD

(30) (31)
(28) (29) (n > 2) Ref

~ . -

Grakauskas reported two explosions whilst fluorinating
hexafluorobenzene (27) but Tatlow achieved smooth reaction.
The need to eliminate oxygen containing species from the fluorine
used in order to reduce losses of material due to the formation
of acid fluoride side-products was stressed by the latter. The
oxygen containing species were supposed to originate from
moisture ingressed into the electrolyte of the cell used to
generate the fluorine and Tatlow described precautions designed
to eliminate electrolyte moisture.

40 and, later, Grakauska539 reported that

Brooke et al.
hexachlorobenzene (29) reacted very easily with fluorine to produce
a single product, analysing for C6F6C16. Grakauskas further
reported the fluorination of 1,2,4- and 1,3,5-trichlorobenzenes

(32) and (33), which reacted smoothly by addition, rather than
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substitution reactions, as indicated gravimetrically.39

The
products from (32) were identified as the cyclohexane (34) and a
dimer or mixture of dimers, analysing for C12C16F10 and identified
spectroscopically as one or more bicyclohexyls. Polytrichloro-
tetrafluorocyclohexenes were also detected. 1,3,5-trichlorobenzene
(33) behaved similarly, giving the 1,2,3,4,5,6-hexafluoro adduct

(35) as the major product, with some decafluorohexachlorobicyclo-

hexyls and some polytrichlorotetrafluorocyclohexenes as well.

c1 A
+F ~—+
Cleho

(32) (34) * F{CBH3C BFA}- F

@ +E,— @ + FHCgHy O -F

(33) Ref: 39
(35)

1.7C The Direct Fluorination of Aza-aromatics

Meinert reacted pyridine with fluorine, diluted with

nitrogen, in CFCl3 solution at —BOOC, and obtained a precipitate

which exploded at -2°C to give 2-fluoropyridine (36).41
-aNo° o
+‘Fé —P Precipitate —P l
~ ~
N CFCl, N~ F
(36) Ref:. 41

(36) itself was exhaustively fluorinated by Banks in a jet
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42 . . .
reactor. Extensive fragmentation occurred and several oxygen

containing products were detected.

-~
| + ) iF [ 1
[;;t]\F: F? NF,, CF,, C,F,, COF,, CO,, SiF,, (CF,),CHF,

C2F5CHF2, (CF4) NF, CFN=CF,, (CF4) NH,  CF4NCO, CFN=CFCF,

(CF3)2N-N(CF3)2, CFBCOF»CZFSCOF + other products. Ref: 42

Bigelow fluorinated cyanuric fluoride (37) in both a jet and
a catalytic reactor.43 An earlier attempt was made by Young with
silver 1I fluoride, but he recovered mainly starting material.44
However, Bigelow observed smooth reactions. The reaction was
performed at a variety of temperatures, and high yields of cyclic

products were obtained at low temperature and mainly fragmentation

products at higher temperatures.

F F

( ﬁ y TR (FW KFW
Fe \3/ AN

|
N

+ ; F;\7 + fragmentation products

N

(38)

(37)

Ref: 43

The largest fragments were the perfluoroazaalkanes:-

CFBNFCFZNFCFZNF .CFBNFCFzNFCF3 and CF3NFCF2NF2

2 )
The diazacyclopentane (38) was thought to result from the

triazacyclohexene (39) thus:



(39) F2 F2

(F ] + NF.:

(38) Ref: 43
where F.* is a fluorine atom of sufficient energy to dissociate the
double bond.

Young reported that perfluorotrialkyl-s-triazines were even

more resistant to AgF, than cyanwic fluoride.44 This was

2
confirmed by Bigelow who, on reacting the tris (trifluoromethyl)-
(40) and tris (pentafluoroethyl)-(41) derivatives in a jet
reactor, was unable to produce addition products.45 At elevated
temperatures, fragmentation was the main reaction and the only

other components in the product were recovered starting material

and products due to the loss of substituent perfluoroalkyl

groups
Jet Fragmentation products with minor
//)\\\ Reactor amounts of
// EEEEEEE—

CFsy CF3

240°C
CFJ\/L3 N/FIN+N/F|N+Nf__\|
o el 8

CHF
2'5
//L\\

hj// hl Jet Reactor I'ragmentation products with

l - minor amounts of
C FJQ?N/JC F 00 ¢
25 2'5 .02F5 /("Q
) N/ N
FI
\\
N

Ref: 45

SN Qi
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Ginsburg et al. reported the fluorination of two poly-

6

fluorocalkyl-1,2,4,5~tetra-azines (42) and (43).4 No cyclic

addition products were obtained, even at -10°c.

e
_ F,10,  Cafg.CafgHy CRN=N-CFe,

I
N~ Cu Mesh |
\/N CE—N=N-CF.CFH
CFHCF, 3 2 2

,CoF-H

Ref: 46

—_—

CuMesh —~N=N—
uMes CFBCH2 N=N CFZCF3

Ref: 46

The solid substrates were mixed with copper mesh which

would function as a heat sink.

1.8 Direct Fluorination of Compounds with Functional Groups

As a rule, the presence of a functional group on a molecule
increases the tendency towards fragmentation upon direct
fluorination and, usually, hetero atoms are oxidised to their

highest valency.

1.8A Oxygen containing compounds

Alcohols are converted to perfluoroalkyl hypofluorites

and fragmentation products by direct fluorination, although Cady
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has obtained useful yields of trifluoromethylhypofluorite (44)

by the catalytic fluorination of methanol.47

F., 160-180°¢C

2
CHSOH-——-——*———p CFBOF Ref: 47
Cu/Ag (44)

Perfluoroketones have been obtained in small yields, but the
reaction is not a useful preparative method.

F
C,H,COCH, —2 5 C,F . COCF Ref: 48

S 3
15%

Also, some ether linkages will survive direct fluorination:-

s

C H;C —0—CH
N\

0—CH

0—CH F o° 0—
2 5. 0°C y C)ﬁé\\
- tH,——CE-C—0—CcF—C—CF
/ 3\ 2/ 3
2 1C,Fa)aN 0-CF
L 2
. 10%

Ref: 49

1.8B Nitrogen containing compounds

When nitrogen compounds are directly fluorinated ::N—H

bonds are attacked, and characteristically, much fragmentafion
and rearrangement occurs. Lagow has fluorinated pivalonitrile
(45) and t-butylamine (46) which resulted in the loss of

difluoramino (NFZ') groups, and good yields of branched fluoro-

. 50
carbons were obtained.



C|3H3 - CF
CHB_CI_NHZ EEE—— CF3—|CF + other material
CH3 CFy
Ref: 50
(46)
CH CF
L ¥. -
H—0L— —C— .
C 3 l CHZNHz I — 4 CF3 f CF3 + other material
CH3 CE
3 Ref: 50
(45)

Less branched nitriles e.g. 1,3-dicyanopropane (47) gave

reasonable yields of the perfluorinated derivative:—50

SNE CF, NF.
~ 2 2
(CH2)3 - (CF2)3 + other material
\ ~
cN CFéN%
(47)

Ref: 50

1.8C Sulphur containing compounds

Sulphur is oxidised to the hexavalent state upon

direct fluorination.

F /N
CH.sH -2 2, CF4SF

3 o 5 Ref: 51
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CHAPTER 2

INDIRECT FLUORINATIONS

2.1 Introduction

The term 'indirect fluorination' was defined at the
beginning of Chapter 1, quite simply, as fluorinations achieved
with reagents in which the labile fluorine is bonded to a
different element. The fluorination of organic compounds may be
divided into two categories, the borderlines between which are

rather undefined:-

(1) exhaustive fluorinations when all, or nearly all, the

hydrogens are substituted and the double bonds saturated;

(2) selective fluorinations when only certain types of hydrogen
atoms are attacked or double bonds saturated. Selective
fluorinations, typically, concern the addition of only one
or two fluorine atoms to the compound and, although the
literature on these latter reagents is massive, only a

brief mention need be made in the present context.

2.2 Thermodynamics of Indirect IFluorination

The enthalpies of indirect fluorinations are usually
lower than those of the corresponding direct fluorinations, a
major reason for which is the fact that the labile fluorine in
the vast majority of indirect reagents is more strongly bonded
than in molecular fluorine. Thus, the enthalpy of the reaction
between an organic compound and cobalt III fluoride is said to
52

be about half that of the reaction with molecular fluorine.

In addition to this, indirect fluorinations often involve
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the reaction of heterogeneous phases which can effectively slow
down the process, whereas the reaction between fluorine gas and
organic vapours is homogeneous with, therefore, no such restraint.
The heterogeneity of the reacting phases formed part of the
explanation for the slow, controlled reactions observed between
fluorine gas and organic polymers, which were performed by Lagow
and Margrave (Section 1.4D),

Hence, characteristically, indirect fluorinations are
easier to control and less hazardous than direct fluorinations
and polymerisation and fragmentation reactions can, more
frequently, be avoided. Limited or selective fluorination,
difficult to achieve by direct fluorination, is easily performed

with a variety of indirect methods.

2.3 Selective Fluorination Methods

2.3A Introduction

Much effort has been devoted in the past toward solving
the difficult problem of synthesising molecules with a small
number of fluorine atoms at selected sites. Fresh impetus has
been given to this area recently with the discovery of many
pharmacologically active, fluorine-containing compounds such as
steroids and the anti-tumour agents 5—fluorourac1153 and 5-tri-

o4 The established methods and newer methods

fluoromethyluracil.
of less certain value are described briefly in this section.
First, reagents in which fluorine is bonded to a metal are
described and then reagents in which fluorine is bonded to

elements from groupsIII, IV, and so on, across the periodic

table, are mentioned.
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2.3B The Alkali Fluorides as Selective TFluorinating Agents

(a) Introduction

The nucleophilic substitution of halogens and, some-
times, good leaving groups such as tosylate,55 by fluoride ion
has been extensively exploited as a method of preparing
selectively fluorinated compounds. The method can be used with
or without a solvent but, usually, the latter technique 1is used
to perfluorinate the substrate whilst, at best, only poor yields
of perfluorinated products can be achieved by the former.
Therefore, in spite of the great amount of overlap in their
applications, solvent reactions will be described in the present

section, whilst reactions without a solvent will be described in

section 2.4B as though they were a purely exhaustive technique.

(b) The source of fluoride ion

The commonest source of fluoride ion is a heavy alkali
metal fluoride although potassium hydrogen fluoride56 and the
1:1 adduct of potassium fluoride and sulphur dioxide57 have also
been employed in some instances.

The usual method is to dissolve the chloro compound in a
slurry of dry alkali fluoride in a high boiling solvent. The

reactivity of the alkali fluorides is usually in the order:-
CsF > KF > NaF ~ LiF

This has been attributed, at least in the absence of a solvent,
to the greater increase in lattice energy on forming the solid

alkali metal chloride from the fluoride when M is large,in the

. b8
process: -

| I
-C-Cl1 + MF —p-Cc-F + MCl.
I |
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Parker stated that 'potassium and caesium fluorides are
much more effective than lithium or sodium fluoride in providing
nucleophilic fluoride ion in dipolar aprotic solvents'.59 ?he
lattice energies of the alkali metal halides decrease as the
size of the cation increases60 and presumably this is, in part,
responsible for the higher solubilities of the heavier alkali
metal halides implied above by Parker.

In most instances, however, the higher cost of caesium
fluoride offsets any advantage in reactivity over potassium

fluoride which is, hence, the more widely used.

(c) Solvents

The earliest solvents were, usually, glycols which allow
a high reaction temperature and they are adequate when only one
or two halogens are to be substituted. However, attempts to
prepare polyfluorinated compounds from more highly chlorinated
substrates led to the discovery that the reactivity of fluoride
ion is dramatically increased in aprotic solvents.61 Fluoride
ion is a poor nucleophile in water (and probably, therefore,
the other common protic solvents) compared with the other halides,

59

because it is so strongly solvated. For example, the heat of

hydration of fluoride ion is 32 K cals (134 X joules) higher than

60

chloride. In aprotic solvents,. however, which interact only

poorly with anions, the nucleophilicity of fluoride is usually

. 62,63

much greater than the other halides.
Other desirable characteristics of the solvent were

described by Parker and these included that it should have a high

dielectric constant and it should solvate the cation in order to

59

allow dissolution of at least traces of the metal fluoride.

The reaction temperature is a limiting factor in these reactions
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and hence it is also desirable that the solvent be high boiling
and, of course, of high stability. First row elements such as
oxygén and nitrogen act as effective electron donors to alkali
metal ions and the most commonly used solvents contain one or
other of these hetero atoms. Successful solvents which combine

these qualities are listed below:-

Table 2.1 The Common Halogen Exchange Solvents

Ethers Glymes

Sulphones Dimethylsulphone(D.M.S.0.)
Tetrahydrothiophendioxide(sulpholane)

Amides Dimethylformamide(D.M.F.)

N-methyl-2-pyrrolidone(N.M.P.)

(d) Reactions

Aliphatic halides may be converted to the corresponding

fluoride in reasonable yield:

O
n-c. i .c1 KP_90°C 2 hr

7815 (CH,0H), > n-CoHy gk

39%

Ref: 64

The reaction proceeds more readily, however, if an activa-
ting group such as ester, nitrile, carbonyl or amide is near by:-
o
. KIF 100°C
1
ClCH2CONH2 —EEGTZ———b I‘CH2CONH2
75% Ref: 65

Aprotic solvents are necessary in the preparation of
polyfluorinated alkanes:

‘ O
KF 170°C _ S CF
3 N-methyl-2Z2-pyrrolidone

CC13CC120C1 CClZCF

60%

3 3

Ref: 61
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Olefinic halides have also been reacted and it appears
that allylic chlorine is especially reactive, exhaustive
fluorination sometimes occurring:

KF > 190°C ,
N-methyl-2-pyrrolidone

72%

Ref: 61

The preparation of polyfluoro aromatic compounds has
attracted considerable attention. Mono chlorides méy be reacted
in aprotic solvent when an ortho or para electron withdrawing
-group is present:

=
Cl KF . 170°C
D.M.F. 163 hr *

NO, NO,,

40%

Ref: 66

Polyfluoro aromatic and hetero aromatic compounds have been

prepared from highly chlorinated substrates:

Cl Cl Cl
KF 200°C 4 hrs

e ame  Cl ClL Cl Cl

Cl Cl
7% 1.4% Cl Cl

H H Cl

Traces Traces Traces



-30-

Holbrook et al. showed that 1,3,5-trichlorotrifluorobenzene
(50) is resistant to further fluorination at temperatures
compatible with the use of a solvent and this was thought to
reflect the deactivating influence of para fluorines to nucleo-
philic aromatic substitution.67 Indeed, recent measurements of
substituent rate factors has confirmed the powerful deactivating

70 The same

effect of para fluorine in these reactions.
argument may be applied to the fluorination of pentachloro-
pyridine. The resistance of (50) to further fluorination was so

high that abstraction of protons from the solvent by an unknown

mechanism became a competing reaction:

Cl
H Cl ’ Cl

KF 200°C 4 hrs
5

N-methyl-2-
Cl Cl pyrrolidone

(50) Cl Cl

5.6% 4.2%
Ref: 67

Another disadvantage of the use of forcing conditions in
these reactions is the fact that fluoride ion is-a powerful
base in aprotic solvents62 and proton abstraction from the

solvent60 or dehydrohalogenation of the substrate can occur.71

(e) Cation complexing reagents

A recent innovation has been the use of cation complexing
reagents such as the so-called 'crown ethers', e.g. (51), which,
by solvating through a large number of centres, form a stable,
bulky cation complex, greatly increasing solubility in organic
solvents. TYor example, a concentration of potassium fluoride in

benzene of 5 x 10_2M was observed in the presence of 1.,01M
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1,4,7,10,13,16-hexaoxacyclooctadecane (51) commonly referred to
71

(o

0 0

as 18-crown-6.

18-Crown-6

0 0

\VO\/, Ref: 71

(51)

Fluoride ion is, of course, unsolvated in such a system
and the authors referred to it as 'naked fluoride ion'. A
series of bromides and chlorides were quantitatively converted
at moderate temperature either to fluorides or olefinic products

due to dehydrohalogenation as a result of the basicity described

Cl
NOZ CH4CN KF 25 c
18-Crown-6 71

NO
2 (60% = 5 hrs)
CH. Cl CH3

CH Cl
CH,CN KF 83°C CO
18-Crown-6

S

Ref: 71
0

above.

O

O%O
S

Ref: 72
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The fluorination of pentachloropyridine (52) with the
nitrogen containing complexing agent diaza-1,10-hexa-oxa-4,7,13,-
16,21 ,24-bicyclol[8,8,8lhexacogsane (53) has been reported,72
and without a great excess of KF, or a solvent other than molten

(52) and at relatively low temperatures, fluorination proceeded

as far as dichlorotrifluoropyridine.

(f) Molten salt reactions

Finally, some polyfluoro compounds have been synthesised
by passing a polychloro substrate into a melt of an alkali

fluoride with another salt.

Cl

KF:KCl = 45155 C.F, + C.F.Cl1 + C.C1,F

. » C6fs 6¥5 6Clo¥y
780°C 11.7%  34.6% 28 .6%
ol ol + CLClgF, + C,CI,T,
18.1% 0.4%

Ref: 73

But yields of perfluoro derivatives do not appear to be
competitive with the autoclave method (see Section 2.4B) and
the technique is, perhaps, less simple to perform than the

solvent route to polyfluoro compounds.

2.3C Other Metal Fluorides as Selective Fluorinating Agents

(a) Silver I, Mercury I and Mercury II fluorides

Silver 1 fluoride, mercury I fluoride and mercury II
fluoride were, formerly, widely used in halogen exchange reactions
but these reagents have been largely superceded by the alkali
fluorides. However silver I fluoride was recently reported to
fluorinate a chloroquinone which was found to undergo base

catalysed polymerisation with potassium fluoride and 18-crown-
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74

(:l KF[lS»crown—G_b Dark tars upon consumption
Acetonitrile of 100% of starting material

bl Ref: 74
: G
Cl AgT (2 eq's) F
='d

Dioxan

2000C 4 hrs
8 N2 filled Autoclave ’OI

18.7%
Ref: 74

(b) Molybdenum hexafluoride

The use of molybdenum hexafluoride as an alternative to
SF4 (see 2.3F(b)) during the conversion of carbonyl groups

to difluoromethylene was said to offer the advantages of being

less toxic and easier to handle than SF4.75 A wide range of

ketones and aldehydes have been reacted with this reagent but,

whilst F, Cl, Br, CN, NOZ’ COOR, CONR P(O)R2 functions do not

0
interfere, complications arise with compounds substituted

with OH, NHy, OR, NR, mxf:C:C:,molybdenum containing products
resulting in the latter case. BF3 catalyses the reaction which
is usually performed by adding the substrate to a CH2012 solution

of MoF, at -15°c.
MoF

CH,CI,, BT,

6 1 1 ;I
BT —p n—CGH13CH12

20%

n—C6H13CHO

Ref: 75
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COCH CE CH,

3 2

MoF6

g
0 -
-157C CH2C12 bl3

CN CN
42% Ref: 76

2.3D Reagents in which Fluorine is Bonded to a Group IV Element

(a) 2-chloro-1,1,2-trifluorodiethylamine

This «-fluoroamine sometimes also referred to as

F.A.R. (fluoroamine reagent) or the Yarovenko reagent, reacts
with a wide variety of hydroxy compounds converting them to
fluorides. The reagent has recently been reviewed.77 |

It reacts cleanly with primary and secondary alcohols
although cyclic secondary alcohols and tertiary alcohols rarely
give useful yields as side reactions predominate. In some ways
this reagent complements SF4 (Section 2.3F(b)) as it will
fluorinate the aliphatic alcohols of low acidity which cannot
be successfully treated by the latter.
EtoNCI'9CFHCL
0.2 moles

No solvent
Exothermic

CHB(CHZ)ZCHBOH —> CHS(CH2)2CH2F

67%
Ref: 78
(Et = Ethyl)

OH F

EtzNCF2CFHC1

= —» +
Etzo 0°C 14 hr

CICH,), CICH,),  C(CHy);

9%,cis:trans = 9.1 68%

Ref: 79
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Carboxylic acids may also be converted to acid fluorides.

EtONCFZCFHC1
CHBLOOH 0.7 moles > CHBCOF
0.2 moles No solvent 59%

Ref: 78

2.3E Reagents in which Fluorine is Bonded to a Group V Element

(a) Phosphoranes

TrifluorodiphenylphosphoraneSO and difluorotriphenyl-
phosphoranes1 will convert primary and secondary alcohols to
fluorides although the former is the more reactive. Olefins

are frequent side-products. Phenyltetrafluorophosphorane is

not useful as it gives too many side-—products.82
(Ph)BIF2
BRI 15o—i7o°c, 5-711&’ " Ceity
60.3%
(Ph = Phenyl) Ref: 80

2.3F Reagents in which Fluorine is Bonded to a Group VI Element

(a) Trifluoromethylhypofluorite - Photofluorination

This reagent has been used in two different ways in the
synthesis of fluorine containing compounds. The more widely
used method has been the electrophilic addition of the reagent

to olefins83 but

, as the reaction usually produces compounds
containing added oxygen as well as fluorine, it cannot be described
as merely a fluorination technique in the strictest sense and
hence it will not be described here.

The other method is termed Photofluorination and was

developed by Kollonitsch et al.84 They claimed it to be the



-36-

first general method for selective substitutive fluorinations
and it is based on the reaction between R-H and fluorine atoms
generated hy the dissociation of trifluoromethylhypofluorite

under very high luminous fluxes.

F'
h-
—> z//
CF3OF + CFCl, -78°C l
=
h
vin  CF,OF » CRO- + Fr e
Ref:. 84
N02@502©NH000H3
CF50F | hv
F'
Noz@S%@NHCOCHB
Ref: 85

An advantage of the method is that unlike perchloryl-
chloride (Section 2.3G(a)) unactivated hydrogens may be
substituted by fluorine86 sometimes with remarkable selectivity

with little risk of explosions.

A good example of selective fluorination is the preparation

of the fluoroisoleucine (54) in 39% yield.86
. CF ,0F +
Cl,CH,,CH(Cl, )CHNH,COOH CH,I'CH,,CH(CH, )CHNH,,COOH
3772 3 3 2 2 3 3
HI' solvent
39%
(54)

Ref: 174
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Evidence for the involvement of fluorine atoms was the
observation that the yield of fluorobenzene fell to 17% without
irradiation and many side products were produced. Further
evidence was the observation that perfluoro-t-butylhypofluorite
(55) yielded the peroxide (56) as the major product upon

irradiating in the presence of perfluorocycloolefins.87

(CF)§:OF—fﬁl—»mxf)coocuxg

+ addition products

3 33 )3

(55) (56) 54% Ref: 87

The failure of triflucromethylhypofluorite (57) itself to
produce a dimer was thought to be due to its relatively higher

reactivity than the bulkier radical from (55).

Substitution of aliphatic hydrogen atoms has also been

achieved,

NH,, NH, NH,
hv -
+CR0F — ¥

HF

27% F- 25%
Ref: 84
but Barton et al. have shown that the hypofluorite (57) can also

act as an electrophilic source of fluorine and were able to

produce the l-fluoroadamantane (58) in the presence of radical

inhibitors.88
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NHCOCH4 NHCOCH;  NHCOCH,
F

+CF,0F ——. +
37 crei,,-25%
62% F (58) <13%
Radical inhibitor = m-dinitrobenzene
(0.1 eq.)

Irradiation of the reaction was observed to change the rate
but selectivity was reduced indicating the onset of a radical

reaction mechanism.

(b) Sulphur tetrafluoride

This reagent will convert a wide variety of carbonyl
groups to difluormethylene and some hydroxyl groups to fluorides
under mild conditions. Its use as a fluorinating agent has been
the subject of a recent review.89

The usual procedure is to react the substrate in a stainless
steel autoclave containing.a solvent and a Lewis acid as a
catalyst. Sulphur tetrafluoride is a toxic gas (bp —380C).
Reaction occurs between 50° and 200°C for most carbonyl groups
except those highly hindered or deactivated.z

Thus, ketones may be converted to geminal® difluorides

SF4

CH.,COCH, 5 CH.,CF, CH
3 HF,110°C,16 hr 372

3

o
60% Ref: 90

and the selective conversion of activated carbonyl groups in the

presence of another carbonyl group is sometimes possible:91

CH,CO =0+ SF, ——— CH,CO

30°C, 18hr. 3 F

7%
Ref: 91



~39-

Yields of monofluorides from aliphatic alcohols are often
reduced by side-reactions such as the formation of ethers but
may be quite high if the alcohol is activated by an electron-
withdrawing substituent. It has been argued that this is because

the formation of side products is suppressed rather than because

of any higher reactivity of acidic alcohols.89
SF4
n-CoF g CL00 i 65-80°C 8Ar®  NCrT1sCHLF
54% Ref: 92

Carboxylic acids are first converted to acid fluorides,

which may often be isolated, then under vigorous conditions

further conversion to trifluoromethyl groups occurs.93

COOH s, COF CF,
+ +

HF,120°C,6 hr.

419 22%
Ref: 93

Recently the use of dialkylaminosulphurtrifluoride (D.A.S.T.)
reagents has been advocated.g4 It is claimed that DAST's have
the advantage of being liquids which are reactive under very
mild conditions to give high yields of organofluorides from
sensitive alcohols and ketones. Thus alcohols which also bear
ester groups or other halogens may be successfully fluorinated
with DAST reagents. Carbonium ion rearrangements occur less

frequently with DAST's than for example SeF4.pyridine (see below):

(CoHg) N SF,
(CH4) 5 CHCH,OH B (CHg)yCHCH,F  + (CHg)gCF

49% 21%

Ref: 94
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SeF, ¢ C.II.H
55
cf  (CHg),CHCIL,OH 4775 > (CHg)4CF only

65%

Ref: 94
Elimination reactions are less frequent than with the F.A.R.

reagent which yields cyclooctene only from cyclooctanol.

OH =

DAST

70% 30%
Ref: 94

(¢) Selenium Tetrafluoride

This reagent reacts with carbohyl and hydroxyl groups
and, like D.A.S.T. offers the advantages of being a liquid
soluble in halogenated solvents.96 The use of its complex with
pyridine has been reported to circumvent the rearrangement and
polymerisation.of sensitive arylalkyl and cycloalkyl fluorides

by co-produced hydrogen fluoride. Even so, as mentioned earlier,

isobutanol rearranged when reacted with the complex.

0

SeF4 F

. >
[0}
47°C,1hr,CF,C1CrCl, 70%

2
Ref: 96

SeF,.C.H.N
4° 765
OH b n~C5H11P

n—C5H11

60% Ref: 96
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2.3G Reagents in which Fluorine is Bonded to a Group VII Element

(a) Perchloryl fluoride

Perchloryl fluoride behaves as a source of 'positive
fluorine' and is used to substitute hydrogen atoms in malonic
esters and similarly activated compounds.97

The reagent is normally bubbled as the vapour (b.p. 46.60C)
through a solution of the substrate in the presence of a base
such as an alkali metal, pyridine, or an alcohol. A major
disadvantage is the fact that the reagent is a powerful oxidi-
sing agent and the risk of explosion is high. Side-reactions

can also reduce yields in the case of sensitive substrates, e.g.

0
CH_ ONa 2 F CH_ONa
2 H F 2

—_———b not

FC10,, Cli,0H |

4
0% Ref: 98

The substrate may be activated by oxygen:

N/\N ¥C10, , CH,OIl N N

3’73

s ~ ZOOC ~ ~

>60%

Ref: 99
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CH,(CO,Et), FC10, » CPy(CO,EL), + CFH(CO,Lt),
Na,Toluene
10 to 15°C 29% 42%
Ref: 97
Or by other electron withdrawing groups:
FClO3
(CH,),CHNO ————~————b (CH,) CFNO
37272 CH40H,0°C 372
32%
Ref: 100

(b) Bromine trifluoride

This reagent will convert carbonyl groups to difluoro-
methylene and, uniquely, some nitrile groups may be directly

converted to trifluoromethyl. The mechanism is thought to be

similar to that of SF4 fluorination.lo1

BrF3
_ 2 » e
G CH4CF,Cli, 92%
! Ref: 101

CHBCOCH3

BrF3
CH.,CN —————6—9 CHBCF.B 299%
HF,-80"C
Ref: 101

\
The tendency for ib—H and ;C—CE bonds to be attacked was

thought likely to render the reagent of limited utility.lo2

Recently, fluorinations of perfluoroaromatic compounds with
mixtures of Br2 and BrF3 to give a BrF stoichiometry have been

examined.103

Br
BrFB/Br
ICl CF Cl,
2 hr 29.7% 44 79
+ C10F14Br2 isomers Ref: 103
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The mechanism in this case was thought to involve radical
cationic intermediates as has also been postulated for

and CofF,.

fluorinations with Xer 3

(c) Phenyliododifluoride

Dimroth and Bockemﬁllerlo4 first reported the fluorina-

tion of the olefin 1,1-diphenylethylene (59) with either phenylio
dodifluoride or lead IV fluoride but, according to Bornstein
et al., who repeated the reaction with lead IV fluoride, assigned

.
an incorrect structure to the product.100

P

PhIT,, (or PbF4) N

C=CH, >  C—C

(59)

h
\
s

Ph

FPh = Phenyl Ph/ \H
Ref: 105

Recently an easy preparation of phenyliododifluoride has
106
been described 0 and increased interest in the reagent may

result from its greater availability.

Ph1 + XeF2 PhIF2 + Xe

HF,CH,C1
2-49 95%

Room temperature

Ref: 106

The m-chloro derivative (60) is reported to have superior

stability and results in easier product separations.

%

Cl
(60) Ref: 106
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2.3H Reagents in which Fluorine is Bonded to a Group VIII Element

(a) Xenon difluoride

Filler et al. first described the reaction of xenon

difluoride with aromatic compounds.107

Unlike other fluorinating
agents, no addition reactions were observed and a wide range of
substituted fluorobenzenes were preparable in good yield.

The reaction was performed by pouring or transferring a
solution of the substrate into a tube containing crystals of
the difluoride at -75°C and carefully allowing it to attain
rocom temperature.

The presence of A.H.F. is necessary to catalyse the reaction.
Substituents on the ring may be either electron-donating or
electron withdrawing although more catalyst is required in the
latter case.

Other functional groups are usually unaffected, although
the oxidation of iodides to iododifluorides and the fluorination

of substituent alkenyl groups has Dbeen reported.106

F'

Xer

HF, CCl,
-75 to 20°C

Ref: 107

68%

NO2

Xel

XeF2

—5
HF, ccl,, 25°C
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Filler proposed three possible mechanismleB*lo9 and it

is of interest to describe them briefly as the first one bears
a close similarity to the mechanisms proposed for fluorinations
by cobalt III fluoride and the other H.V.H.M.F. reagents
(as described in Section 2.6T).

In the first mechanism it was envisaged that the xenon
difluoride, polarised by co-ordination with HI, oxidises the
aromatic starting material to a fully developed radical cation

which then abstracts a fluoride ion:

R R R
- Q@
———d>

XeF,HF XeFsHF

R F H
o +HF2-+XGF«
2HF +
F_ Refs: 108, 109

In the second mechanism, reaction occurs via a T{-complex which
collapses to a cationic O-complex before a fully radical cation
is developed: |
F—Xe—F-H-F F-Xe-F-H-F
<+

F'

R FQ_—4>F4 l?‘*)(@'?k*ﬁé

™ -complex o-—-complex

}

R + 2HF

Refs: 108,109
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The third mechanism involves an intermediate with a
Xe—Q? - bond and was considered to be the least likely. It is
not described further.

Dimerisation to biphenyls is a common side reaction and
Filler considered radical cation intermediates to be the most
likely for such reactions109 as, in the products, the ratios
of ortho, meta and para isomers were not consistent with reaction

between the starting aromatic and either phenyl cations or

radicals. The following mechanism was proposed:

R

* XeF-+ HF

Recently, however, it has been concluded from a study of

109

the reaction between deuterated benzene and Xer that the

distribution of deuterium in the dimeric products is more
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consistent with the reaction between two radicals in a mechanism

such as:110

F F
FF A
+ —_—
H H
-2H -HF -H -2HF
FF FT 2 21»
Ref: 110
Aryl olefins and acetylenes tend to react at the side

chain rather than producing substitution at the aromatic ring:

XeF,,CH,C1

= 2772
Ph,C = CHR HF or CF,COOH Catalyst? FPhpCTeify
Room temperature ' 65—95%
R =H, Me, F Ref: 111
2XeF2
Phc = CR —_—D PhCFZCFZR
HF,CH2C12
>50%
R = Ph,CH,,n-C,H
31 T3 Ref: 112
Aliphatic olefins may also be fluorinated:
XeF2 (or XeF4)
CHBCH = CH2 B CHSCHZCHFZ
Room temperature 65%
Ref: 113

2.4 Halogen Exchange as an Exhaustive I'luorination Technique

2.4A Reagents based on antimony salts (Swart's reactions)

These reagents are of great importance because of their
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extensive use in industry in the manufacture of chlorofluorocarbon, .

refrigerants and aerosol propellants. The reaction of an organic

halide with an antimony fluoride is called a Swart's reaction

after the chemist who first used the process. Antimony III

fluoride, itself, is a very weak fluorinating agent, and will

only exchange with particularly activated chlorine atoms, but

its action is strongly catalysed by the presence of an antimony

V species. Anhydrous hydrogen fluoride is also only a weak

halogen exchange reagent, but its activity is catalysed in the

same way. It has been suggested that this is because thesel

reactions proceed via cationic intermediates which are

stabilised by antimony V salts, the latter being powerful Lewis

acids.60 As an alternative to the simple addition of an

antimony V salt, such as the pentachloride, to antimony tri-

fluoride, a powerful fluorinating agent may be formed by

oxidising a small proportion of the antimony III, in situ, with

either chlorine or bromine.114
An example of the exchange of unactivated chlorines with an

Sb V reagent is:

CHCl3 —P CHT

SbCl5 1 mole

HF 5 moles SbF3C12.2HF

150°C Autoclave Ref: 114

And exchange of activated chlorines with Sb III alone is

illustrated by the reaction of the perchloro-olefin (61)

. SbF3 o .
2—-—CClCC13 oo CClz-—CClCF3+ CC\2——CClCFzCl

(61) 43% 28%

CCl

Ref: 60
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Additions, as well as substitutions, sometimes occur
when chloro-olefins are reacted with reagents containing Sb V
and it is possible to prepare semi-saturated cyclic compounds

from perchloro-aromatic starting materials.

, SbF, Cl Cl Cl
160°C +
| Cl Cl

20-30% 20%

Ref: 115
But it is very difficult to produce fully saturated

compounds by this method, as illustrated by the reaction below:

Cl

SbF,,SbF,C1,

distillation

Cl

72%

Ref: 116

2.4B Halogen Exchange with Alkali Metal Fluorides as an Exhaustive

Technique

In Section 2.3B the reaction of alkali halides with
polyhalogenated compounds in the presence of a solvent was
described and the difficulties of forcing such systems to
produce perfluoro compounds were high-lighted.

Yakobson showed that in the case of hexachlorobenzene (62)
these difficulties could be side-stepped by reacting it with an
excess of potassium fluoride without a solvent so that very much

higher reaction temperatures could be employed.117
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KF, 450-500°C

> CGFG + C6F5C1 + C.I',Cl
64772
Aut SUr
utogenous Pressure 20% 20% 149
62 '
(62) * Cel'gCly
12%
Ref: 117

The reaction was extended to the perchloro-aza-aromatics by
Chambers et al., and, as the perchloro aromatic and hetero-
aromatic substrates may be usually prepared in good yield,

this method is considered the best available general route to

perfluoroaromatic and heteroaromatic compounds.68’69
- KF, 480°C - «
Cl - Fil+|_F

N Autoclave \\\ \\\
N N N

68% 7%

Refs: 68, 69
Products bearing trifluoromethyl groups have been detected
in such autoclave reactions and this has been attributed to the

formation of difluorocarbene.118

2.5 Electrochemical Fluorination

2.35A Introduction

Electrochemical fluorination, pioneered by J.H. Simons117

et al. during the war, is performed by dissolving the substrate
in anhydrous hydrogen fluoride (hereafter referred to as AHF)

and passing an electric current through the solution at a voltage
below that which generates gaseous fluorine. Organic compounds

are extensively fluorinated, with complete, or nearly complete,
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substitution of hydrogen atoms and saturation of multiple bonds.
The method has been the subject of extensive reviews by J.

Burdon and J.C. Tatlow,120 S, Nagase121 and, more recently,

N.L. Weinberg.122
It is necessary in the first place that the substrate is

soluble in AHF and gives a reasonably conducting solution.

Organic compounds containing functional groups usually possess

sufficient basicity to interact with AHF and thus fulfil

these two requirements. Alkanes and halogenoalkanes do not possess

such basicity, however, and, as a result, are only sparingly

soluble and difficult to fluorinate. Tatlow quoted an 11% yield

of perfluoro-n-octane as the best reported for the conversion of

an alkane into its perfluoro analogue although Nagase has since

developed a technique of continuous fluorination of gaseous

hydrocarbons which has produced tetrafluoromethane (63) in 16.3%

yvield from methane.lzz
n-C,H —p n-C, I Ref: 119

8718 Electrochemical 818

Fluorination 11%
CH > CI + Cr,H + CF_H + CH,I

4 Electrociiemical 4 3 22 3

Fluorination 34% 20% \ 18% 28%
Product Composition
Yield of CF4 = 16.3%.
Ref: 122

2.5B Apparatus and Techniques

A drawing of an electrochemical fluorination cell is
produced below. Such a cell consists of a small tank of Ni, Te
or Cu which contains the solution and an array of interspaced
cathode and anode plates as illustrated in Tigure 2.1. Diaphragms

are unnecessary as the fluorination products are usually inert to
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cathodic reduction. That the fluorination occurs at the

anode plates is evidenced by the adherence of tarry polymeric

material formed at their surfaces.lzo

Coolant in

Figure 2.1 rJL—J[—1

] ~17 Volatiles

R Inner cooling

Jjacket
Outer cooling

Jacket

Coolant 4 \\\—//) Funnel for
out \\\ liquid additions

AHF addi-——— —{}=
tions
= - T

V}'TT'"‘“ Electrode array

Substrate as a
solution in AHT

i

The anodes are usually made from either nickel or a nickel

Drain cock

based alloy such as monel (66% Ni) although varioué forms of
carbon have also been used. The evidence strongly suggests
that different reaction mechanisms are operative for the two
types of anode.122
Because of the low boiling point of AHF (19.50C) and,
sometimes, of the substrates and products, cells are equipped
with overhead reflux condensors and, if necessary, a cooling
coil within the solution itself.

Before commencing a fluorination, it is necessary to

eliminate traces of water from the AHF by electrclysis whilst
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passing dry nitrogen through the system. This is because
water, when present during a fluorination, is converted to
oxygen difluoride which can cause_explosions if concentrated
with organic material. ,
The usual range of cell voltages is from 5 to 7V and, because
the solubility and conductivity of products decreases upon
flﬁorination, the progress of a reaction may be followed by the
decrease in current with time. Additions of salts such as KF
are sometimes made to maintain currents at the end of a reaction
or, in the case of poorly conducting initial solutions such as

those of alkanes, right from the start.120r121,122

2.5C The Fluorination of Hydro-and Halocarbons

Because of the problems already described the electro-
chemical fluorination of hydro- or halocarbons is not a good
route to perfluoroalkanes. In addition, more polar compounds
often fragment to produce perfluorocarbons and hence serve as
more useful precursors. Thus perfluoropentane (64) may be
prepared in better yield from pyridine than from pentane

itself.122’123

Tlectrochem1c1]

Fluorination
F (64)

7.5% 25% 5.3%

Partially fluorinated alkanes give higher yields of the

Ref: 123

perfluoroalkane, but the problems of solubility and conductance

remain:

Cell1a picctro® Cef14

chemical 22%
fluorination Ref: 122



CellipFg  —>  CgFqy
63% Ref: 122

The ease with which other halogens are substituted is in

the order I>Br>H>Cl, chlorine atoms often remaining in the

Cl @ @Cl @Cl oo
+
compounds

product.

CL 19.8% 23,

Y

Product Composition Ref: 124

Unsaturated sites are preferentially attacked:125

CHC1 = CCl, Agitated Coll » CHCIFCC1,F + CF,ClCCL,F
80 : 12

Ref: 125

2.5D The Fluorination of Compounds with Oxygen Functional Groups

Oxygen containing products may be produced in reasonable
yield in many cases by electrochemical fluorination in contrast
with fluorinations with H.V.H.M.F. reagents (Section 2.6) or

fluorine (Chapter 1).

Thus perfluorcethers have been prepared from ethers

EIectrochemiéal F
Fluorination

0 0

42%

Refs: 126, 127



Perfluorocarboxylic acid fluorides are common side-—products.122

C,H,OC,H —p n-C,I,COr + C,F.COr
47977479 Electrochemical 37 275
. . . 20% 2.4%
Fluorination
<+ CFBCOF
4.6% Ref: 122

Perfluorocarboxylic acid fluorides are the major products
when alcohols, aldehydes and ketones are fluorinated. The
similarity in the reactions of these classes of compounds
has been accounted for by a mechanism which involves the initial
conversion of alcohols into aldehydes under the reaction

conditions:

Substitution of «
hydrogen by fluorine -HF
CHBCHZOH > CHBCHFOH — CHBCHO

CF 4COF
29.7%
+ CF, + C,Tg
Ref: 122

Recently, however, Nagase has observed the formation of cyclic

ethers upon fluorinating primary alcohols from C4 to C8.128
C4H90H - F. ! + other products
11.7%

Ref: 128
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CH, COoCH $ CI' .COF + CF, + CF_H
3 3 Electrochemical 3 4 3
Iluorination 59. 8%
Ref: 122
CH3CO0C g 1y sstrochemichl CFaCor
I"luorination
52.3% Ref: 122

Other carbonyl containing compounds such as acid anhydrides,
carboxylic acids and acid halides are thought to react with
AHF to produce intermediate acid fluorides which aré then
converted to perfluoro acid fluorides. Yields may be reduced by

side reactions induced by oxygen difluoride and hydroxyl radicals

produced from water formed in the initial step.lzo’121
(HQFOOH + HF /== CHSCOF_ + H20
CFZCOF
20% Ref: 120

2.0F Fluorination of Compounds with Nitrogen Functional Groups

Fully fluorinated, nitrogen-containing compounds can
usually be produced in better yields than by other fluorination
methods. JN-H bonds are initially converted to _N-F bonds
although loss of nitrogen as NF3 or dimerisation may be

subsequent reactions.

/

| iz F | + CF,CF,CR,CR,CF,
N chemical:

fluorination [!.-N 7.5% 25%

—N +
+ - | F+ F N F N%+sz

5.3% Ref: 122
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2.5F The Mechanisms of Electrochemical Fluorination

Fluorination with nickel anodes is typified by an
induction period before the onset of fluorination and, in
contrast to fluorinations with elemental fluorine, the production
of perfluoro-compounds in relatively high yield. These
observations argue against mechanisms involving the in situ
generation of fluorine or organic radical cations, at the nickel
anode and the induction period suggests that the fluorinating
agent is a high valency nickel compound formed on the anode
surface. However it has been argued that nickel III fluoride
itself is unstable with respect to loss of fluorine and a

complex nickel III or nickel IV species is preferred.129

Ni + 2F " ——p  NiF, * 2¢

NiF, + 2F  — NiF, + 2e

NiF, + 2F —————— NiFez-

NiF62—+ substrate ——h products + NiF2

Ref: 129

It has also been suggested that the substrate itself may
complex with the high valency nickel species followed by a

collapse of this species to products.lSO

p» Products

RH —0m (RH)ZNiF6

or (RH)3N1F6

Ref: 130

However, fluorination at carbon anodes probably proceeds via
the generation of fluorine as there is no induction period and
the electrode potentials are sufficiently high.l31

There is no induction period when platinum anodes are

employed either, but the reactions proceed at potentials which

will generate radical cations but not fluorine. Therefore the
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fluorinations are thought to result from the reaction between the

organic radical cation and fluoride ion.132

2.6 Fluorinations with Cobalt III Fluoride and Other High

Valency Heavy Metal Fluorides

2.6A Introduction

Cobalt III fluoride, either as itself or in the form

of a complex such as potassium tetrafluorocobalt III and, to a
lesser extent, other high valency metal fluorides or fluoro
complexes such as those of silver II, manganese III, cerium IV,
lead IV and nickel IV, have been used extensively for the
preparation of saturated perfluoro analogues of organic compounds.
Throughout this chapter these reagents will be referred to as
H.V.H.M.F. reagents. Their reactions bear some similarity to
electrochemical fluorination in that extensive substitution
0f hydrogen and saturation of multiple bonds occurs but, unlike
electrochemical fluorinations, functional groups are not usually
retained. The method does possess the advantage, however, of
being a simpler and easier procedure to perform than electro-
chemical fluorination whilst sharing with the latter the
advantage that fragmentations are much lower than those of
the more exothermic direct fluorination techniques.52

This group of reagents is also characterised by the fact
that reduction of the metal to a lower, more stable oxidation
state occurs upon reaction although it has been pointed out that
the Swart's reagent, antimony V fluoride, also possesses some of
these characteristicsGO and hence a rigid classification is not

possible.
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2.6B Experimental Techniques for Fluorinations with Cobalt III

Fluoride and other H.V.H.M.F. Reagents

Fluorinations with cobalt III fluoride and similar

reagents are now usually performed by passing the substrate as
a vapour ovef a heated bed of the reagent in the form of a finely
divided powder.52 Some reactions have been reported in which
the substrate is reacted with a stirred slurry of cobalt III
fluoride powder in a relatively inert solvent, such as Freon 113,
but this method has not been used very frequently in recent
yearslBB. |
The earliest vapour phase reactors were simply externally
heated copper tubes which contained a carpet of the reagent,133
but the performance of such reactors was improved in terms of
yields and reproducibility of results when co-axial paddles to
continuously expose a fresh reagent surface, were introduced. The
history and development of cobalt III fluoride reactors has been
described in detail by Stacey and Tatlow in their éomprehensive
review of H.V.H.M.T. reagents.133

Figure 8.1 (Chapter 8) describes a typical, modern, stirred
reactor, It consists of a nickel barrel containing the
reagent which is stirred by a co-axial paddle turned by an
external motor. The barrel is surrounded by a lagged electrical
heater capable of raising the reactor to 300°C and above and the
exit chimney is guarded by a baffle system to reduce losses of
cobalt salts in the purging gas stream. The apparatus is sealed
by lead gaskets and P.T.TF.E. glands.

Such reactors are charged with a suitable cobalt II salt
such as the chloride or fluoride and cobalt III fluoride is

generated in situ by passing fluorine through the reactor whilst

maintaining a temperature of about 300°C. The interior surfaces
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of the reactor are passivated by the fluorine. After passing a
calculated excess of fluorine, all the reagent is converted to
cobalt III fluoride and the reactor is ready for use.

The reactor is then adjusted to the desired reaction
temperature whilst purging with a dry,inert gas to expel
any remaining fluorine. The organic substrate is introduced,
either by vapourising it in the gas stream, or by dropping the
liquid directly into the reactor entrance. Products are purged
from the reactor by the gas and collected in traps. Hydrocarbons
produce hydrogen fluoride as a co-product but, as peffluorocarbons
are immiscible with hydrogen fluoride separation is achieved by
simply draining off the lower layer.

It is usual to regenerate the reagent after exhausting
about 25% of the cobalt III and this is done by passing'an
excess of fluorine over the spent reagent at about BOOOQ as in
the start-up procedure. Residual polymeric products and tarry
contaminants are combusted by this and the regenerated reagent
is essentially pure.

The tetrafluorocobaltate III reagents are utilised in the
same manner and are generated by fluorinating the alkali metal

trifluorocobaltate 11.134

F
KC0F3 —2————b KCoF

A 4 Ref: 134

2.6C The TFluorination of Alkanes by H.V.H.M.F. Reagents

Alkanes may usually be converted to the corresponding
perfluoroalkane in high yield (50-75%) when a stirred reactor is
used.52 Many of the earliest fluorinations were performed in
less efficient unstirred reactors but yields in many cases were

reasonable in spite of this.
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CoF3
n-C,Hy 4 175 = 3009Cc > P C7ly6
stirred reactor 69%
Ref: 135
Col'-‘3
n-C,H —) n-C,I*
376 3800C 376
unstirred reactor 40% Ref: 134

With higher molecular weight alkanes the yield of
products in which hydrogen is retained increases unless higher
reaction temperatures or longer exposures to the reagent are
employed which, concomitantly, increases the number of
fragmentation side-products. Thus cetane, when fluorinated under
conditions sufficiently vigorous to remove all hydrogen, produced

some perfluorooctane as a side product.136

CoF,, 400°C
n- C16H34 : ‘ P n- L16F34 + some CSF18
unstirred reactor

Ref: 136

Branched hydrocarbons are also prone to fragmentation
and yields are not, wusually, as high as for straight chain
alkanes of the same molecular weight. In the product from neo-

pentane, no perfluoro(neo-pentane) was detected.137

Ref: 137

CHy CF,
CHy- (I? CHy wsamoe—  CFCR,CF

175-325°C 273

CH3 unstirred reactor CF3 16.6%

+ other products

Re-arrangements have also been reported in the fluorinations

of bridged ring hydrocarbons and monocycloalkanes with more than



six carbon atoms.

Ch

25
CoF
130°C + +
stirred reactor + other pro-
, 40.6%

* 27.99 ducts contain-

ing a C rlng

* 19, 9%
+
* = not fully characterised +

7.3% * 3.9% * 0,4%
138
Ref: ﬁ&@
CoF3
—_———
320°C +
3 passes through
(67) a stirred reactor
(64) 65) 66
(64):(65):(66) = 63:29:8 ( )

Ref: 139
These latter reactions were thought to result_from intra-
molecular re-arrangements of the proposed intermediate carbo-
cations generated by the cobalt III fluoride acting as either
a strong Lewis acid or an oxidising agent (see Section 2.6TI).
Thus in the fluorination of cycloheptane (68) the following

process was envisaged:-

CoF COF |
—-—» — —
-

(68)
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The carbocation undergoes a standard re-arrangement to produce
the methylcyclohexane skeleton, fluorinated derivatives of which
are observed.138 LEvidence for the intermediacy of cationic
species in the fluorination of bicyclo[2.2.2. loctane (67) was
that similar proportiomsof bicyclol3.3.0]l-and bicyclol3.2.1])-
octanes to those produced by fluorination were produced by

9
equilibration with aluminium bromide.13

The partial fluorination of ethanel40 and Z2-methylpropane 41
with both cobalt III fluoride and, in the case of ethane, the
milder potassium tetrafluorocobaltate III at low temperatures,
has been studied in some detail. Whilst the proportions of
products from ethane were similar to that predicted for the
random addition of fluorine, it was noted that products from
2-methylpropane in which the tertiary hydrogen is substituted
were 10 times commoner than if due to random substitution. This
was taken as further evidence for the intermediacy of either
radicals or carbocations in the reaction between alkanes and

cobalt III fluorides.

2.6D The Fluorination of Alkenes

The addition of fluorine to olefins, using cobalt III
fluoride, occurs even more readily than the substitution of hydrogen
atoms as evidenced by the high yields, under mild conditions,

4
of 1,2-difluoroethane from ethylene reported by Burdon et al.l 0
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KCoF4
CH, = CH ~——— CH,FCH,F + other poducts
2 2 200°C 2 2

(67% of product, 93.4% conversion)

Ref: 140

Under more forcing conditions, perfluoro compounds are produced
in high yield.

Addition occurs before substitution in halo-alkenes as well
as hydrocarbon systems, as demonstrated by Rausch et al.142
who obtained 1,2-difluoro derivatives of a wide variety of

olefins using cobalt III fluoride at low temperatures and with

short contact times.

CoF,, 18-32°C
CHC1 = CcC1 n' g CHC1ICFCl, + CHClFrCr,C1
2 . So=1 2 2
0.5 g olefin min,
-1 , 31% 4%
500 mls. N2 min,
Ref; 142

The results for olefins containing hydrogen, chlorine and bromine
were in accord with earlier observations cited by Rausch et al.

that the processes below occur in the following order of ease:-
~ _ \ / \ \
C=C —*—-C—C->-C-H—»—-C—F
\ \ \ \
>—-C—Br— -/C-F > -;C—-Cl'—*’ "/C-"F
/

Ref: 142

1,1-dichloroethylene gave rise to products in which the
chlorine atoms had migrated which was thought to be consistent

with its lack of stability.
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CoF
CH, = CC1 3 —p CHC1FCC1F, + CHCLlFCC1.T
2 2 o) 2 2
20-50"C
1 g. substrate min, t 2% 11%
. -1
I 1 T N
800 mls. hz min, + CC12FCC12F + CHC12CC121
4% 2%
Ref: 142

More recently, high yields of the addition product have been

obtained on fluorinating 1,2—bis(perf1uoroa1ky1)ethylenes.143
CF,CF,CF, CH=CHCF,CF,CF, < °Fs
3772772 27273 —m™mM@M» CF3CF2CFZCHFCHFCF2CF2CF3
(both isomers) 210-220°C 24 99
+ other products
Ref: 143

Cleavage can occur at the double bond during exhaustive
fluorinations. Thus Haszeldine and Smith noted perfluoronbnane
amongst the side-products of their unstirred fluorination of
1—decene.144 Possible mechanisms of the fluorination of

olefins are discussed later in Section 2.6F.

2.6E The Fluorination of Aromatic Compounds

Stacey, Tatlow and co-workers have studied the partial

fluorination of benzene and other aromatic hydrocarbons in some

52

detail. With cobalt III fluoride at temperatures between 150"

and 200°C the major products were polyfluorocyclohexanes of

formula C6HnF12—n (where n = 1 to 4). All possible isomers of

C6HnF12—n were produced for n= 0, 1 and 2 but, interestingly,

for n = 3 and 4, only isomers of the 1,2,4-trihydro (69) and

1,2,4,5 tetrahydro (70) compounds were produced.
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= (L) ()

* = all possible

:j: ::: ::: /[::j::ijj{ isomers produced
(69) H (70)

Minute quantltles of a dimer and unsaturated products, including
some aromatics, were also isolated and they are presented below,.

Minor Products of the Mild CoF3 IFluorination of Benzene

O QO JOO

(71) F (72)

\H H H
F'

\ ) \ \ Refs: 52, 134
Fluorobenzene (71) and p-difluorobenzene (72) gave almost
identical fluorination products, suggesting them to be inﬁer—
mediates for the other products.

Unsaturated products were obtained in high yield when benzene
was fluorinated with the milder reagent potassium tetrafluoro-

cobaltate III 134 (see Figure 2.3).
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Figure 2.3
H
| KCoF4 F1 l4
? 0 - +
| 280°C |4 |4 '"F{
(72) 8% H
(74) 8%
H H H
H ' H
+ + +
H- H-
H H H
(75) 6% (76) 12% (77) 35%
H H
H H H
+ + +
H H H
H H
(78) 5% (79) 0.5% traces
+ l :: ' + I :l
traces (recovered starting material)
traces

Ref: 134
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Once again, an almost identical product was obtained when
fluorobenzene (71) and p-difluorobenzene (72) were fluorinated
with potassium tetrafluorocobaltate (III) under similar
conditions.134

These results were in accord with the earlier postulate
that (73) to (79) inclusive are all intermediates in the
formation of the higher fluorination products when benzene is
fluorinated by the cobalt III containing, and other, high valency
heavy metal fluoride reagents.134 The formation of these inter-
mediates has been explained by a proposed mechanism for cobalt
II1 containing, and other, high valency heavy metal fluoride
reagents which will be described in Section 2.6%F.

Benzene has also been reacted with other alkali metal tetra-
fluorocobaltates.145 The lithium salt was observed to give
higher yields of the proposed intermediate 3,3,6,6,tetrafluoro-
cyclohexa-1,4-diene than the potassium salt, whilst sodium and
rubidium were very similar. More interesting, however, were the

small yields of perfluorobenzene and other fluorobenzenes

obtained when the caesium salt was employed

CsCoF
B + Ref: 145
250
6% 4%

/0

F F F F

H -H
+
H H
26% 1%

32%

2%

F

Perfluoro olefins were the major products when fused ring

146 147

aromatics such as naphthalene and anthracene were fluorinated

with potassium and caesium tetrafluorocobaltates. The scarcity
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of hydrogen containing products was thought to indicate perfluoro-

aromatic compounds to be important intermediates.

I\COF
300 C

83%
H %'s = product composi-
tion)

33.39% Ref: 146

The fluorination of a long series of polyfluoro-aromatic
8
compounds has been reported.14 Interestingly, unsaturated
products accounted for the bulk of the product, at reaction

temperatures between 80°C and 1600C, except when at least two

hydrogens were present on the aromatic ring.

8% 90 %
%'s = product composition) Ref: 148
COL
100 O¢
17% 15%

+ saturated compounds 62%

(%'s = product composition) Ref: 148
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(80) 1s obtained as almost the only product when
(81) is fluorinated which is consistent with the latter being

an important intermediate in the fluorination of napthalene.

CoF3
_._.._&. +
160°C
(81) (80) (both isomers)
98% 2%
%'s = product composition) Ref: 148

2.6F The Mechanism of the Reaction between H.V.H.M.F, Reagents

and Unsaturated and Homoaromatic Compounds

Although the main reaction pathways of the fluorination
of many aromatic compounds by H.V.H.M.I'. reagents had already
been elucidated to varying degrees of certainty, it was not
until 1972 that the first detailed reaction mechanisms were pro-
posed.149 The indicated intermediates during the fluorination
of benzene and other aromatic compounds were all substituted
as would have been the case for an electrophilic mechanism., Thus,
for example, para, rather than meta, difluorobenzene was isolated
from the products of the fluorination of benzene. Many si@ilar
examples were noted. It was further noted that cobalt III

produced strikingly analogous substitution patterns when used

as an oxidising agent in aqueous media:-

Cf%q 1|
S @—»@—» s
c.f. : ]

(:OF;3 ji 7 F: F

) — &

F

Ref: 149

o=
T
O
o
L
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Thus, it was postulated that oxidation of the aromatic substrate
is the first step during fluorination to yield a radical cation
such as (82). Abstraction of a fluorine atom then leads to a

species very similar to a Wheland cationic intermediate (83).

Ho_F F
‘ @ CO3+ ‘ +F° @ H
—— ot
-@
F F L/ F
(82) (83) .

Ref: 149
F’

If the reaction was controlled by the stabilities of such
cations then, it was argued, the observed reaction pathways
would be favoured.

The authors qgualified their proposed mechanism, however,
by pointing out that the stability of a radical cation such as
(84) is much closer to that of the intermediate cation (85)

than is that of a neutral aromatic molecule.

*

+ X

Process 1

o

($4%> (gs)

+
+ X
)

Therefore the transition state may not be very similar to the

Process 2

Ref: 149

Cx

cation in process 1, unlike process 2, and the substitution could
be controlled by initial rather than final state effects. A

result of this is that quenching by fluoride ions to yield
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radical intermediates such as (86) must be considered an

alternative possibility, as the isomer distribution could be

_ H_F £
+F -H

——p —

F F F

(87) (86)

controlled by the distribution of charge in species.(87) rather
than by the relative stabilities of radicals such as (86).
Whilst the latter effect would be expected to give a random
distribution, control by the distribution of charge in (87)
could lead to the observed isomer ratios and the authors cited
electroqhemical cyanations which give isomer ratios similar to
those predicted for electrophilic aromatic substitutions although
no cyanide radicals are present to quench the initial radical
cations.150
A third possibility mentioned was that quenching by fluorine
atoms occurs but that the observed isomer ratios are a result
of the distribution of electron spin on the radical cation.
Whatever the subsequent fate of the radical cation, several

convincing, additional items of evidence for the oxidation process

were cited. Amongst these were:-

(a) The fluorinating power of the H.V.H.M.F. reagents
apparently declines with the oxidation potential of the metal

in the order:-

Ag?t > ot D> Madt > cett

(b) When benzene is fluorinated with the strong reagent

CoF3,saturated products predominate whilst weaker MnF3 produces
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polyfluorocyclohexenes and CeF4 produces polyfluorocyclohexenes,
-dienes and-aromatics, i.e. the ionisation potential of the
substrate appears to determine its reactivity.

The fluorination of benzene was therefore described by the
following mechanism, assuming cationic intermediates as a

. . 149
working hypothesis:-

—e” —H
S -—ﬂb
CoF3 CoF

g R FoH

e” i
- -
CoF CoT
oFg4 3
(88) F F F
FF FuF
+F etc. to further products

Ref: 149

Cerium IV fluoride gives a higher proportion of aromatic
products than cobalt III fluoride and tetrafluorobenzenes were
detected amongst them which indicates that addition of fluorine
at C-H rather than C-T in species (88) 1s a competing side

reaction.
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The further reaction of the diene would account for all the
monoenes and saturated compounds produced from benzene. A

similar mechanism was proposed for the saturation of olefins

although, again, it is not certain whether radical or cationic:
140

intermediates were produced.

NA_ A~ CoFz N
C—=C = C
~ N -e e
CoF3

+F

The mechanism was also adapted to unsaturated hydrocarbons where
oxidation to a radical cation was followed by loss of a proton.
This process could proceed as far as aromatisation with some
alicyclic compounds and evidence cited for such was the
similarity between the fluorination products of naphthalene and

Q)
tetralin.14J

!
£
O
Lo
@,
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2.6G The Fluorination of Heterocyclic Compounds by H.V.H.M.T.

Reagents
(a) Early Work

Early attempts to fluorinate heterocyclic compounds with
cobalt III fluoride were very discouraging. Thus, Haszeldine
reported only very low yields (0.2%) of perfluoropiperidine
when he attempted the fluorination of pyridine.152 It was
thought that much material was lost due to the formation of

involatile hydrofluorides within the reactor. 2—methylind016153

and thioaromatic heterocycles153’154, by contrast, were poly-

merised by the hydrogen fluoride by-product.

(b) Oxygen Heterocycles

When tetrahydrofuran was fluorinated with cobalt III
fluoride, however, no problems associated with reactions with
hydrogen fluoride were encountered.155 Under mild conditions
(100—1100C) the major products were polyflucorotetrahydrofurans,
with minor polyfluoropropanes and polyfluorocarboxylic acids
representing products due to ring fission. When the milder

reagent potassium tetrafluorocobaltate (III) was used, however,

unsaturated products accounted for 87% of the product.

KCoF
—4 F F + H + other
0 200°c F 0 F F 0 F
products
(90) (91) (92)
26% 61% Ref: 155

Therefore, a reaction mechanism was proposed which involved the
initial oxidative aromatisation of (90) to furan,via additions

of fluorine and eliminations of hydrogen fluoride, in a manner
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reminiscent of the aromatisation processes supposed to occur
during the fluorination of alicyclic compounds mentioned in

Section 2.6F.

KCol* ~-HF
KCoF.gE 4E
e, -H" Z S - Z B( [ >
- = O e . O

a/
¥

KColF, / \
Products ﬂ*——————
O Ref: 155

The subsequent reaction of the aromatic intermediate was
originally suggested to occur via successive 2,5 additions of
fluorine followed by 2,5 elimination of hydrogen fluoride, but
this mechanism was, later, less favoured than one involving the
intermediacy of radical cationslse. An aromatisation process
and a subsequent radical cation process was also suggested to
account. for the simple products from mono and dimethyl

derivatives of tetrahydrofuran (93) and (94).156

[ B:CH KCoFy , FOCFH

(93) 5% Ref: 156

' KCoT
H >~ H F 0

(94) Ref: 156

m O
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0 = Bl
CHy 07 CHy F7 07 Chy

FEEN/A

F CF&F CHy F7Ng CH,

c,a,b e d a)b

YO F@Fe——- n
F/N\ A CHE F™Ng~ CHy F CCH3

a = loss of an electron
a
b = addition of a fluorine atom
¢ = loss of a proton
- F d = addition of a fluoride ion

1
)
)
I
T
o)
i

loss of a fluoride ion by KCOF4

acting as a Lewis acid

Ref: 156

The exclusive formation of difluoromethyl groups was considered

to reflect the low acidity, i.e. reluctance to lose a proton of
such groups. 1,4-dioxan yielded 1,1,2-trifluorodioxan as the
major product when fluorinated with potassium tetrafluorocobaltate

(111).1%7
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o_F
KCol, IS [ j:[i + other compounds
0 o4

65% of product Ref: 157

Although no unsaturated products were detectied, olefins
were suspected intermediates, it being impossible to form
aromatic intermediates. The ionisation potential of intermediate
olefins, with hetero atoms next to each carbon, would be low, it was
argued, and hence the formation of radical cations and resultant
saturation would take place easily as is consistent with the

lack of unsaturated products.

(c) Sulphur heterocycCles

Certain sulplur heterocyles have also been fluorinated
successfully. The productsfrom thiophen and tetrahydrothiophen
were closely analogous to those of the tetrahydrofurans, consis-

156

ting mainly of polyfluorothiolans and -3-thiolens . Also

analogously, a simple product was obtained when the -3-methyl

derivative of tetrahydrothiophen (95) was fluorinated.15
CH3 CFéH
KCoF -
[\ == F F
00°C -
S F" >N F
87% Ref: 159

The reaction of 1,4-dithian differed from that of 1,4-dioxan,
however, in thal compounds resulting from a ring contraction

reaction accounted for most (56%) of the product. This was
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thought to result from the stabilisation of intermediate

carbocations by sulphur as in (96) although, it was added,

considerable bond strain would be involved.160

S g _
J— =L

(96)
or l +F
(X
S CHzF

2,6-dimethylpyridine (97).was reported to yield the

A4
n

Ref: 160

(d) Nitrogen heterocycles

corresponding piperidine (97a) in 5% yield when reacted with
cobalt III fluoride,161 but reaction of pyridine and 4-methyl-
pyridine with potassium tetrafluorocobaltate (III) yielded complex

a
mixtures of ring opened or ring contracted products only.14J

~~ CoF,4

] TCRY F Lo
CHY SN~ CH, N

(97)
(97a) 5% Ref: 161

Ring retained products were reported in high yield,
however, when a series of perfluoro- and fluorochloro- nitrogen
heterocycles were fluorinated by a mixture of cobalt III fluoride
and calcium fh@ride.163 Pentafluoropyridine (98) reacted to give

perfluoro-l-azacyclohex-l-ene (99) and a ring opened product

(100) at 1200C, but under milder conditions a 1,3-diene (101) was
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also isolated.

- CoF,/CaF
3 ) B
@ Fresh reagent, 12:°c \F!; * C%N—CFC3E7

(100) 9.6%

(98) (99) 62.7%
- CoF,/CaF,, -
' F I c.a. 50% depletedp \F + F
\\TQ reagent, 120-125°C N _\\Tﬂ
98 ) (101) 2.2% (99) 61.4%

Ref: 163

This was compared with the reaction of hexafluorobenzene
(103) with the same reagent which gave good yields (25.8%) of
a 1,4-diene (102) but no -1,3-diene. An earlier fluorination
of hexafluorobenzene was performed under conditions too vigorous

8
for the optimum yield of dienes.14

+
(103) (102)
25.8% 43, 8%
Ref: 163
-3~ and 4-chlorotetrafluoropyridines yielded -1,3-dienes

in higher yield than -1,4-dienes and it was noted that, under
comparable conditions, the presence of a chlorine atom at C-4
on the pyridine lead to increased amounts of dienes in the
products. Thus high proportions of dienes were obtained from

the-4 chloro (104) and-3,4-dichloro derivative whereas -l-enes
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and ring opened aza-olefins were the preferred products of the

—-3-chloro (105) and 3,5-dichloro derivatives.,

Cl Cl Cl F Cl
g CoF/CaT,, g N
\F | 120-123%Cc _ °* \F * \F * \F

N N N N

(104) 45% 2.3% 12.1%
= 3y coryear, =, CRCFCICR
S radl R N=CF
N 37
(105) 1nseparable mixture, 35% 30.6%

Ref: 163
A 2C=N- bond was present in all products detected.

Two perfluorodiazines were also fluorinated. Tetra-
fluoropyrazine (106) gave a -1,3-diene (107) but, interestingly,
tetrafluoropyrimidine (108) gave a dimer, either (109) or

- (109a) as the major product.

N
[iiF?jE] CoFséCan . [fiij
~ 80°C ~
N N

(106) (107)

28.8% (46.2% conversion)

GENOIGIGO

(108) (109) (109a)

14% (73.5% conversion)

Ref: 163



The formation of dimer (109) was considered compelling evidence

for the intermediacy of radicals in these reactions and mechanisms
were proposed in which initial radical cations reacted by the
addition of fluoride ions, rather than fluorine atoms, to yield
radical, rather than cationic, intermediates. Calculations of

the spin and charge density distributions of the various

possible intermediate species were also performed and these
indicated that, if it is assumed that these initial state factors
control the reaction pathway rather than the relative stabilities

of possible resultant cations or radicals, then:-

(a) giventhe above assumption, the model predicted
the preferred formation of a-l,4-diene from perfluorobenzene and
a -1,3-diene from perfluoropyridine, in accord with experimental

fact, only if reaction is via radical intermediates.

(b) when the reaction of the observed dienes to mono-enes
was considered, it was assumed that the nearly complete absence
of dienes from the pyridines without chlorine at C-4 was due to
a higher susceptibility of such dienes to further fluorination.
The same reaction sequence as for the aromatic starting materials

was proposed.

,// 1) + F7 1) + F

or -
oF /CaF 2) + - 2) +F
—> product

(110)
(X, Y and Z = C1 or T)

The stabilities of the various possible cations produced
from species (110) by adding a fluorine atom, (calculated from bond

energy data), indicated that if the reaction is controlled by
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cation stabilities then addition is most likely at C-4 for all

the chlorofluorodienes to give a species such as (111)

Z 7 Y

XNz X X
= F +o F & F
— =~ — F— F—s
N7 e F SN T F N
F F
(113) (112) (111)
(X, Y and 2 = C1 or T) Ref: 163

but the stabilities of the possible isomers of (111), relative
to each other, seemed to indicate those with chlorine at C-4
to be the most stable, implying dienes with chlorine at C-4 to
be the most reactive, in apparent contradiction with
experimental evidence. The calculated spin densities of the
various isomers of (112) uniformly indicated that, if the site
of fluorine atom addition were controlled by the spin densities,
then attack at nitrogen was preferred whilst addition to C-2,
C-3 or C-4 seemed of nearly equal probability for all isomers.
It was therefore concluded that the addition of a fluorine atom
to radical dienes did not lead to a clear-cut picture of the
relative reactivities of the possible -1,3-dienes (113).

In contrast, the calculated charge densities of the radical
dienes were in the order C-2 > C-4 > C-3 > N for all the isomers.
If the radical dienes react by the addition of a fluoride ion at

a site determined by the distribution of charge density, addition

o
3

at C-2 was indicated. It was argued, however, that this would
be more likely to be followed by the elimination of a fluorine
atom than the formation of an _N-T bond, hence regenerating

either a -1,3- or -1,4-diene.
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Y Y
Z 2 Z
x RN AR N € 0 G N2
+- — | F Y—| F [T |'F

z ~ ~
FONTE N N N

(114) (X, Y and Z = Cl or F)

Therefore the production of mono-enes would have to proceed
by attack of fluoride ion at C-4 in the radical cations (114),
and the charge densities at the C-4's were indicated to be
significantly lower when they bore a chlorine rather than a
fluorine atom.

It was concluded, therefore, that the apparent deactivating
effect of chlorine at C-4 in the -1,3-dienes was, also, bhest

understood if the reaction proceeded via radical intermediates.

(¢) PFinally, it was argued that the only radical inter-
mediate combining a sufficiently high unpaired spin density
at a site of high steric accessibility is produced from tetra-
fluoropyrimidine resulting in the only observed dimerisation
amongst all the compounds fluorinated.

On the basis of these experimental observations and
calculations the following detailed reaction mechaﬁisms were

proposed: -
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Y Y Y

Y
X2~ X~y X ) %
o (===
N YN YRt N N
(115)

fﬁfﬁ OFO
fﬁ—-»fi (o O

(117) N.B, All unmarked bonds are to fluorine

Ref: 163 (X and Y Cl or )
L OO0
-
_ Dimerisation
N—N —N
S19IiS @]
Ref: 163

NG P )

(116) _F:"\ o %F

(2

Raf. 1o hl (118)
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Both the pyridines (115) and the pyrazine (116) eventually
produce a localised nitrogen radical ((117) and (118)
respectively) which would be susceptible to elimination, rather
than addition, of a fluorine atom and therefore act as barriers

to further reaction.

2.6H The Fluorination of Compounds Containing Functional Groups

by H.V.H.M.F. Reagents

(a) Introduction

Functional groups do not tend to survive the H,V,H.M.T.
process and the usual fate for hetero atoms in functional groups
is fission from the rest of the molecule to appear in a small
fragment and in the highest possible oxidation state. "Some

notable exceptions are described, briefly, below:-

(b) Oxygen compounds

Some perfluoro and polyfluoro ethers have been isolated
in the products from the fluorination of ethers with cobalt III

fluoride,

O &
| 0 —b 0
15%

but usually yields are lower than in the example given. IHighly

Ref: 133

fluorinated substituents have an apparently stabilising influence
on the ether linkage however, and good yields of polyfluoro

ethers were reported from alkoxypolyfluoroalkenes.
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OCH3 CHF2 CH3 CHZ
CoTj
90°C
32.3%

Ref:.}??

Ketones are reported to yield acyl fluorides with potassium

@

tetrafluorocobaltate (111) but carbonyl difluoride is the major
oxygen containing product with cobalt III fluoride.

CoF3
b COF2 + polyfluoroethanes

100°¢C le &

Ref: ﬁér

CZHSCOCZHS

KC0F4' *
- N ___—_.b [ °I, )
CZIIL)C,OC2H5 S CI‘BCH3 + CFBCI‘IIZ + CHBCHI‘COF

150°C
9.3% 28% 12.1%

+CH3CF2COF* (% = composition of product)
16¢
30% Ref:

(* isolated by hydrolysis and esterification)

The successful conversion of a series of esters to acyl
fluorides with potassium tetrafluorocobaltate (111) has also been

reported.
KCoF4 " "
C,H.COOCH —» CH,CF,COr + CH,FCF,COF
275 3 o] 372 2 2
350°°C, N2

*
+ CH2CHFCOF + cleaved products

|62
(* isolated by hydrolysis and esterification) Ref: ??4

F‘



(c) Nitrogen compounds

Amines may be perfluorinated but yields are usually low,

possibly as a result of salt formation with HF in the initial

stages of the reaction, as well as fragmentation.52

CoF3
(CH4) 4N —p (C¥F, ), NF
373 130-220°C 373

40-70% o:
0-70% of product 18

Ref: %fﬁ

A reasonable yield of uncleaved product was obtained from

the bulky amine N-isoamylpiperidine (119).156

v
n

N N
| 1
CHZCHQCH(CH3)2 CHyCH CF(CF3)y

167
(119) 10% Ref: LZG

(d) Sulphur compounds

Compounds retaining carbon-sulphur bonds have been
obtained in some. cases although the production of sulphur hexa-
fluoride is the usual result when an organic sulphide is fluorina-
ted.

CoF3

Cl1..SH »  CF.SF
3 200-275°C 375

| e

40% Ref: Li?
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CHAPTER 3

THE FLUORINATION OF PERFLUOROALKYL-AZABENZENES

WITH COBALT III TLUORIDE/CALCIUM FLUORIDE

3.1 Introduction

In this chapter the fluorination of a series of perfluoro-
aza-aromatic compounds 1is described., The fluorinations were
achieved by reacting the substrate vapour with a heated mixture
of cobalt III fluoride and calcium fluoride (50:50 w/w) in a
conventional stirred reactor. Full details of the reactor and
the experimental method are given in Chapter 8. In general,
highly specific reactions occurred by the discreet addition of
two or four fluorine atoms to the aromatic nucleus and high
yields of the resultant perfluoro semi-saturated systems were

obtained.

3.2 The Fluorination of Perfluoro-4-isopropylpyridine (120

Perfluoro-4-isopropylpyridine (1290 was reacted with the
CoF3/CaF2 mixture at 118OC, to give a product consisting of,
apart from recovered starting material, two major components
and a complicated mixture of minor components,

The first component (60% yield) was identified as perfluoro-

4-isopropyl-l-azacyclohexa-1,3-diene (12} by its parent ion at
m/e = 357, and by its 19F n.m.,r, spectrum, Six chemically
shifted absorptions were observed, integrating in the ratio
6:2:2:1:1:1, Two simple structures, (21) and the corresponding

~1,4-diene (12, are consistent with these data.

CF(CFy), CF(CFy),

J=20H, =

'N"' N
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(122) was eliminated because strong coupling (J = 20 Hz) was
observed between the signal due to the imino (-CF=N-) fluorine,
readily identified by its extremely low field resonance at
52.55 p.p.m., and the olefinic (-CF=CZ ) fluorine, Comparison
of the observed chemical shifts with those published for the
model compounds below, provided additional confirmation of the
structure: -

19F n.m.r. shifts (p.p.m.) 178,6

I 74.4

185 77

CFICR), Gl CRICR),

[:j)\t:]15 124[ff£\::]15 117[iif\i:j [::/ki:] 135.5

(121) (123) Ref:163 (124) Ref:163 (124a) Ref:
173

I.r. absorptions at 1775 cm_1 and 1687 cm~1 were consistent
with the presence of two double bonds.

The second component (18% yield) was identified as per-
fluoro-4-isopropyl-l-azacyclohexa-1,4-diene (122) by its parent

ion at m/e = 357 and by its 19

F n,m.r. spectrum which also gave
six signals in the ratio 6:2:2:1:1:1, The presence of an imino
(-CI'=N-) fluorine was deduced, as before, from the presence of
a signal at very low field which integrated to 1. Absorptions
at 1742 cm_1 and 1767 cm'_1 in the i.r, spectrum were additional
evidence for the imino and, at least, one other double bond,
Coupling of the imino fluorine to a —CF2— group to produce a
triplet (J = 26 Hz) and the absence of any coupling to the
olefinic (-C=CF) fluorine and comparison of its chemical shifts

with the models (123) (124) and (@24a) given earlier, confirmed the

structure,
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188 78

CFI(C F3)2

9F n.m.r. shifts p.p.m. 110 «/7; 103
88 Nr/ 58
(122)

The remainder of the product (~20%) was shown by m.s./g.l.c.
to consist of a complicated mixture of components of higher
molecular weight than the dienes (14) and (122) and also frag-
mentation products, No individual component was present in
high yield and so no further compounds were isolated and
idehtified.

The behaviour of (1d) upon fluorination with COFB/CaFZ
is, therefore, very similar to that of 4-chlorotetrafluoro-
pyridine (125) with two slight differences, Firstly, the
production of -1,4-dienes is more favourable in the reaction

with (120) than with (125).

tatio of -1,3- over -1 ,4-dienes

Cl Cl l '

~ - ] CoFg/CaF, @ . f\/l
R 120°C ~ ~
N N N

(125) (123) 20:1 (124)

FICF,), FICE),  CFICR),
- COFS/Can -~ -
\j: ] 118°C \\F. + -

N N

N

(120) (121) 3.4:1 (122)

O

-
-

T
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Secondly, the perfluoroisopropyl system(120) seems to be less
reactive than the chloro-system (125) under comparable conditions,
(120)was only about 90% converted to new products, whereas no

starting material was reported in the product from (125).

3.3 The Fluorination of Perfluoro-2,4-di-isopropylpyridine (26)

When perfluoro-2,4-di-isopropylpyridine {26 ) was
fluorinated under similar conditions to (120) the product consisted
of, apart from recovered starting material,(7%), an inseparable
mixture of perfluoro-2,4-di-isopropyl-l-azacyclohexa-1,3-diene
(127) and perfluoro-2,4-di-isopropyl-l-azacyclohexa-1,4-diene

@28) and unidentified material.

)

32

CoF,/Cal, + F.
S 118°C _ - |
N CF(CF3)2 N CF(CF3)2 N~ CFI(CF

(126) (127 ) 26% (128) 26%

CFI(CE
™~
F'

3)2

+ other products

The dienes were readily characterised as the mixture which
gave a parent ion at m/e = 507 in the mass spectrum, Elemental
analysis was consistent with a mixture of isomers of CllNF19°
Four separate signals in the region 75 to 78 p.p.m. of a
19F n,m,r. spectrum, each integrating to 6, were indicative of
4 perfluoroisopropyl ((CFB)ZCF—) groups. The absence of signals
in the low field region of the spectrum (i.e., below 75 p.p.m.)
indicated the absence of imino fluorines (-CF=N-), This evidence,
alone, is sufficient to eliminate all structures other than the

-1,3-diene (17) and the -1,4-diene (128),



It was not until the

analysed, however,
-1,3-diene and the
data presented, so
the species in the

of only one of the
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9F n.m.r, spectrum had been further
that it was possible to confirm that both the
-1,4-diene were present in the mixture as the
far, does not eliminate the possibility that
mixture were in fact two rotational isomers,

above structures,

Rotational isomerism, caused by the hindered rotation
of substituent perfluoroisopropyl groups, has been observed in

other six-membered rings. The rotamers (@263 and (A26h of

perfluoro-2,4-di-isopropylpyridine, itself, have sufficient

life-times at -40°C to be clearly resolved in its 19F n,m,r,

171
Spectrum,

",’C F3
~
CF3 3

F—C

E F
F F
\N /F \N /F

“5

(1263) (126b) Ref: 171

whilst those of the more hindered system perfluoro(tetra-iso-

19

propylpyrimidine) are clearly observed in the F n,m.r.

spectrum atl temperatures higher than +35OC.172

The presence of the -1,4-diene was established because one
of the difluoromethylene (—CF2—) signals, identifiable as such by
its integration and mid-field position (98,17 .p.p.m.), was
coupled to two tertiary (C-T) fluorines, identifiable, in
their turn, by their high-field positions ( >170 p.p.m.) and
integration,

Thus, both tertiary fluorines were triplets (both
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J's = 37,5 Hz) and the difluoromethylene signal was a doublet
of doublets (both J's = 37.5 Hz) in the form of an apparent
triplet., Only (128) would give rise to such coupling:-

CE.
CFB“” /Fb\J = 37.5 Hz

(128) 3 3

The strength of the coupling between this difluoromethylene
group and the tertiary fluorines (J = 37.5 Hz), compared with
its lack of observable coupling to the trifluoromethyl (—CFB)
fluorines (J < 3 Hz) suggests that the perfluoroisopropyl groups
are in fixed or nearly fixed orientations at 40°C, 1In keeping
with the proposed structure, the other difluoromethylene group
gave rise to a sharp doublet (J = 27 Hz) because it was coupled to
the olefinic fluorine only. The olefinic fluorine itself was
not fully resolved, but it was broad and complex, as would be
expected if the a@jacent perfluoroisopropyl group ((CFB)ZCF—)
was oriented with its trifluoromethyl groups inclined toward it,
The two remaining difluoromethylene signals could therefore
be assigned to the other isomer., That it is a -1,3-diene was
immediately apparent because one of the difluoromethylene signals
was a triplet (J = 8 Hz), indicating the only nearby

fluorines to be on the other difluoromethylene,

CFICF,)
RN

J = 8 Hz

2

-~

F -
2 N C;F((:Cé)z

(127)
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The perfluoroisopropyl group at C-2 in (127) was in fixed
orientation as evidenced by the very strong coupling between

its tertiary fluorine and the olefinic ( CF=C ) fluorine at C-3:-

CFICR), CFICF:

N F;#N\j = 68 Hz — | f:f"~:; - o i
ir’ C/F ot \wz C/F
6/ % / .\
Ck C
3t CE CF,
(127) (126) Ref: 171

The perfluoroisopropyl group at C-4 appeared to be rotating,
however, as the tertiary fluorine of the C-4 perfluoroisopropyl
group, the difluoromethylene (CFZ) group at C-5 and the olefinic
fluorine (CF=C) at C-3, were all broad, semi-resolved multiplets,
This is consistent with the behaviour of the parent compound

(126) which, it was observed, gave rotamers where the pgrfluoro—
isopropyl group at C-4 was fixed in two orientations, whereas

that at C-2 adopted only one orientation, ’t

Fo CE  CE\_F F

3
¢ “CE  CE”

~ ;ﬁg:ﬁé C3ﬁ§%\ //F.

C v ™
3 CR Ch  Ch

F | 7F | F ]
N 3 F CE L~ =
N NN S I AN
¢/ ) é/ \ S /N

CR, F CR, F CE

(126a) , (126b) cf. (126¢) , (126d)

Obs - =»d Rotamers Not observed
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Perfluoro-2,4,6-tri-isopropylpyridine (130 and perfluoro-2,4,5-
tri-isopropylpyridine (131) also oriented their perfluoro-
isopropyl groups at C-2 and C-5 with the trifluoromethyl groups

towards nitrogen,171

F. F C
3‘*. ~F F \';@

- 5
- c
°h

“h

F P ©

cE e cE tE o€ ok
3 YR bR LR 3 Ch

(130) (131) Ref: 171
Therefore this behaviour of C-2 and C-5 perfluoro-

/
/

isopropyl groups appears to be fairly general and presumably
results because, although in some of the examples quoted

(e.g. perfluoro-2,4-di-isopropylpyridine) the perfluoro-
_isopropyl group at C-4 appears to be the most hindered, the
least hindered conformation of the C-2 perfluoroisopropyl group
is so stable that only one fluorine on C-3 is sufficient to

prevent rotation even at relatively high temperatures.
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3.4 The I'luorination of a Mixture of Perfluoro-3- (134) and

~4-methylpyridine (133)

Perfluoromethylpyridines were prepared by heating
tetrafluoropyridine and polytetrafluoroethylene chips at 550°C
in an autoclave under autogenous pressure,174 The product, a
mixture of perfluoro-3- (134) and -4-methylpyridine @33) in the
molar ratio 9:1, was not separable and, therefore, the two
isomers were reacted with cobalt III fluoride at 120°C as the
mixture,

Unreacted starting material accounted for most (55%) of
the product, but two new compounds were also produced. The
first of these (37% of the mixture) gave a parent ion at m/e =
295 and its 19F n,m.,r, spectrum consisted of six signals,
integrating in the ratio 1:1:2:2:2:3. One of the signals,
integrating to 1, resonated at low field (41.0 p.p.m.)
indicating the presence of an imino fluorine (FC=N-), Therefore
the compound was identified as either perfluoro-3- (@35) or

perfluoro-5-methyl-l-azacyclohex-1l-ene (@36)

CF, c
F F

~ Ry
N N

(135) (136)

w7l

The other signals were consistent with both structures,
with a signal at high field (177.4 p.p.m.) attributable to a
tertiary fluorine, a signal which integrated to three,
resonating at 72.23 p.p.m., indicating the presence of a
trifluoromethyl group (~CF3) and three other signals exhibiting
the AB structure and mid-field positions typical of ring difluoro-

methylene (—CF2—) groups.,
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The signal due to the tertiary (2C-F) fluorine was a
poorly resolved doublet (J = 24 Hz) and the only other signal
which was broad enough to accommodate a reciprocal doublet of
J = 24 Hz, although not resolved, was that of the imino (-CP=N-)
fluorine atom. On the basis of this evidence, the data appears

to favour the -3-methyl- structure (135) over structure (136).

Ch CK

Cly F~
F'] F:/, ‘/9 = 24 Hz P
NY NZF N

(137) (135) (136)

The fact that only one mono-ene is produced from (134)
contrasts with the behaviour of the chloro compound (137) which
was reported to yield both the -3-chloro -~ and -5-chloro-—
mono-enes in a 1:1 ratio,163 This difference is not understood
at present.

The second new product of the fluorination (7.1% of the
mixture) was a diene as evidenced by its parent ion at m/e =
257 and by its i,r. spectrum, which gave two absorptions at
1745 cm—1 and 1756 cm_1 respectively. There were no high—field

. 19
resonances in the

F n.m.r, spectrum, which indicated the

absence of tertiary fluorines, and, therefore, the trifluoromethyl
group is situated on an unsaturated carbon, A signal identifiable
as that of the imino fluorine (FC=N-) atom by its characteristi-
cally low field shift (52.26 p.p.m.,) was a doublet (J = 18,5 Hz)
coupled to the olefinic fluorine (:C=é—F) atom identifiable in
its turn by its mid-field shift (114.83 p.p.m.) and its inte-

gration, Therefore the olefinic fluorine atom is on C-3,

adjacent to the imino fluorine atom and the trifluoromethyl
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group is on C-4 and the compound is identified as perfluoro-4-
methyl-l-azacyclohexa-1,3-diene (140), and is a product of the
fluorination of the perfluoro-4-methylpyridine (A33) which was
present in the starting material. All other observed couplings

were consistent with the assigned structure,

15 13

gid CoFB/CaF2 g

F — | _F
N 120°C N

N N
(133) (140)

3.5 Mechanism of the Fluorination of Perfluoroalkylpyridines

The perfluoroalkylpyridines react with CoFB/CaF2 in a
manner very similar to the chlorofluoropyridines and hence it
is thought that the same type of mechanism that was proposed

for the 1atter163 is applicable to the former, i.e.

X

Qi
X // \\a
,;;>2; [;;;ZE; (A1l unmarked bonds <;§/?; E;:ijz

are to fluorine)

<

X

Iy f
@Y 3 OY @Y Y
N“Z ~N-Z N~ Z \"Z Z
X

/N
>‘<’“Z/
PJ
>
\
2\



-100-

Where X = CFS’ Y=F, 2 =7F
or X =T, Y = CF3, 2 =F
or X = (CFB)ZCF’ Y=T,2=TF
or X = (CFg),CF, Y = F, Z = (CTg),CF

N.B. The radical forming steps in the above scheme represent

two discrete stages:-—

- 4

=S M b [M-F]
COFB/Can COFB/CaFZ

The radical gquenching steps occur by the addition of fluorine
atoms in the case of forward reactions and loss of fluorine
atoms in the case of retro-reactions, Several aspects of the
reaction are discussed below in the light of the proposed

mechanism: -

3.5A Observed Isomers

In the products from both the perfluoroalkyl- and the
chlorofluoropyridines only what are thought to be, the most stable
of the many possible isomeric dienes and mono-enes were observed
hence many equilibration pathways have been included in the
proposed mechanism to account for this,

In the case of the -1,3- and -1,4~dienes, (121) and GZZ%
it has been shown (see Section 5,6C ) by equilibration of pure
samples of each with fluoride ion that they are produced in a
ratio which is close to that for thermodynamic equilibrium.

Also, relatively unstable compounds containing the weak
nitrogen to fluorine (JN-F) bond were not observed in these
reactions. S L

7% scianc:

= 8MAR 1980

SECTION //

Library
\, ra_r_//
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it

>N-F, bond energy 65 K.catls.mole—1 ( 272 K.joules.mole—l)

Ref: 175

1 ( 485 K, joules.mole™ 1)

t

:é—F, bond energy 116 K,cals.mole

Ref: 175

Similarly, the only isomers of the many possible dienes
and mono-enes that were produced from either the perfluoroalkyl
or the chlorofluoropyridines were those which contained the
minimum number of fluorines bonded to unsaturated carbon atoms,
The destabilising effect of fluorine at unsaturated sites is now

well established60

, and has been interpreted in two ways,
Firstly, it has been suggested that the carbon-fluorine bond
energy decreases when the carbon changes its hybridisation
from Sp3 to sz and hence becomes more electronegative., The
alternative explanation is that a strong repulsive interaction

occurs between the lone pairs of the fluorine atom and the

electrons of the double bond in a manner similar to the

\ c—l‘:af; " F\r?

C—=C C
/ 2\ 7N

Repulsive interaction between Repulsive interaction between
lone pair and pi electrons. anionic centre and lone pair
electrons.

destabilising effect of fluorine atoms on a carbanionic centre°60

It is not proposed to discuss the merits of each theory here as
in either case the effect is the same.

This would explain the absence of -1,5-dienes in the
reaction products which, it can be seen by inspection, always
have more fluorines bonded to unsaturated carbon than the

observed -1,3- and -1,4-dienes,
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Not observed, 3 interactions; Both produced, 2 interactions,

An additional, or alternative, argument might be that
perfluoroisopropyl substituents are sufficiently bulky to
sterically hinder the addition of a fluorine species to the carbon
to which they are bonded.

M.O, calculations were claimed to indicate the following

order of stability in the analogous hydrogen systems below:~176
\ /
l o >
e e 7~
Ref: 176

Thermodynamic stability,

Hence in the absence of the €lectronic effects or the steric
effects it would be reasonable to expect -1,5-dienes to have
beenh formed,

As a consequence of these arguments pentafluoropyridine
(142) itself ought to have yielded a -1,5- as well as a -1,3-
163

diene, when it was fluorinated under mild conditions,

However, the yield of diene was so low that it may not be

significant that no -1,5-diene was detected.
- l CoF,/CaF,
F 120° - 125§c (142)
\
N 19%
(142) {Re: -2nt depleted by 50%) (143) % (144) 50%

Ref: 163
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The same arguments may be used to explain why a -4,6-

diene is not produced from the pyridine (26):-

CF(C HCE
~ COF 4/CaF,
G @ &
CHC%& F4 CHCF PJ CHC

N7 CFCR), N 3

(126) (127) (128) (145)

The unidentified diene material produced in the fluorination

of (146) can only be the -1,4-diene (148) if these arguments may

be extrapolated to that case.163

Cl o o
o Cl X Cl X Cl

N ~ R
N N - N —
(146) (147) (148)

3.5B The Effect of Perfluoroisopropyl Groups on the Reactivity

of the Dienes

In the chlorofluoropyridines, it was noted that a
chlorine, as compared with a fluorine, substituent at C-4
resulted in the recovery of dienes, rather than mono-enes,
under comparable conditions. It was proposed that this could be
explained in terms of the calculated effect on the charge
density at C-4 in the intermediate species (149) when the

substituent was changed from fluorine to chlorine.163
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F Cl

2 F E
+o 4

2 F s F

(149) (150) Ref: 163
Calculated charge at C-4 = 0.24; Calculated charge at C-4 = 0.07.

In fact the calculations indicated that, in all the chlorofluoro-
pyridines fluorinated, the cyclohexadienyl radical cations

had highest charge densities at C-2, but it was argued that

the attack of a fluoride ion at C-2 would only be followed by

the elimination of a fluorine atom to re-generate a diene,
Therefore reaction can only proceed via the attack of a

fluoride ion at C-4,

It is not worthwhile trying to predict by inspection the
change in charge and spin distributions on substituting the
fluorine on C-4 by a perfluoroalkyl group in species (149)
save to note that if the drop in charge density at C-4 on
substitution by chlorine results from the lower inductive
effect of the chlorine atom, then a similar effect would be
expected if a perfluoro alkyl group was the new substituent,

In addition to the electronic effects, it could also be
argued that substitution of C-4 by a perfluoroalkyl group will
inhibit the formation of mono-enes as a result of two steric
effects., The first is that addition of a fluoride ion is
actually hindered, so that addition occurs at C-3 followed by

loss of a fluorine atom:-

CHC CHC FICE,)

372

F+F ’ - N

F' +o "‘_‘_—9 F;/ or F;/
2 N N

W llved radical
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Or alternatively, attack does occur at C-4 but that elimination
of the newly created tertiary fluorine at C-4 in species (151

becomes a favourable process:-

CACK), F_ _CFCR),  CHCHR),

- Fﬁ N

CHCFE
~
+ —® F; - or i}/

3

5 F e

(151)

3.5C Ratio of -1,3- to -1,4-dienes

As was remarked upon earlier, when discussing the

fluorination of perfluoro-4-isopropylpyridine (Section 3.2),

the production of -1,4-dienes seems to be more favourable in the
perfluoroisopropylpyridines than in the chlorofluoropyridines,
For -2,4~di-isopropylpyridine, the -1,4- to -1,3~ diene ratio

is as high as 1:1, Whilst it is thought that this reflects an
increase in the thermodynamic stability of the perfluoroiso-
propyl-1l;4-dienes compared to the respective -1,3-dienes, the

reasons are not immediately apparent,

3.6 The Fluorination of Perfluoro-4,6-di-isopropylpyrimidine

(152) with CoF,/CaF,

The pyrimidine (152), when reacted with CoFS/Can, gave
only one new product, in significant yield, which was shown to be

perfluoro-4,6-di-isopropyl-1,3-diazacyclohexa-3,6-diene 3,

CHCF CHC

172°C

CoF /CaF

(CF ) CF

(102) (153) 83%
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The parent ion in the mass spectrum of the product was at
m/e = 490 and a peak at 295 was interpreted as due to loss of
C3F7CN (see Section 3,14). Elemental analysis indicated the
empirical formula C10N2F18. Two bands, one at 1700 cm—1
, in the i.r. spectrum indicated the presence

of at least two double bonds, whilst the 19F n.m,r, spectrum

, the

other at 1732 cm_1

consisted of only four signals integrating in the ratio
6:1:1:1, Therefore the two isopropyl groups are equivalent and
the molecule has retained the high symmetry of the starting
material, The chemical shifts of the trifluoromethyl (—CFS)
groups and the tertiary fluorine atoms fall into typical ranges
at 78 and 185 p.p.m, respectively. One signal, identifiable as
due to a difluoromethylene ( >CF2) group by its integration, had
a very low field chemical shift (74 p.p.m,). It was assigned
as the C-2 signal on the ring because it was not coupled to any
other resonances whereas the other difluoromethylene ( :CFz)
signal was coupled to both the tertiary fluorine atom and the tri-
fluoromethyl groups. The lack of coupling of the C-2 difluoro-
methylene group is a reflection of the isolation of its position
from the other fluorine nuclei.

The chemical shift of the C-2 difluoromethylene group is
very low compared with the range of values associated with di-
fluoromethylene groups bonded to carbon atoms which is from 136
p.p.m. down to 82 p.p.m. (Figures adapted from data in Ref.
177) and this may be attributed to the combined downfield effects
of two adjacent nitrogen atoms, Such effects can be very large
and they are well established. The model compounds below

illustrate this point:

F- cf.
93 F2 ~ AFs1 119}'—"2 F 152

19,
OF nimr st s oin pop.m. Rer: 163
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3.7 The Fluorination of Perfluoro-4-isopropylpyrimidine (154)

It was thought that a dimeric product might result from

the fluorination of perfluoro-4-isopropylpyrimidine as one of
the nitrogens is unhindered. Such a result would provide further
evidence for the intermediacy of radicals during the fluorination
of organic compounds with cobalt III fluoride.

However, the results of several fluorinations disappoint-
ingly indicated that any dimer, if formed as an intermediate,
is extremely susceptible to ring opening and fragmentation as,
at a temperature comparable to that at which the di-alkyl
pyrimidine was fluorinated, 90% of the recovered product
consisted of gaseous fragmentation products. On lowering the
reaction temperature the proportion of starting material in the
product increased without the appearance of significant amounts
of unfragmented material as indicated by combined mass spectro-

scopy/g.l.c. on the non-gaseous products.

3.8 The Fluorination of Perfluoro-5-chloropyrimidine (155)

The pyrimidine (155) behaved in a similar manner to
perfluoropyrimidine (156) when it was fluorinated, in that
dimeric products were produced. At 178°C dimeric products
comprised about 20% of the total product by weight, the remain-
der consisting of starting material (10%) and a comﬁlex mixture
of volatile fragmentation products.

The species present in the mixture were identified as
either the -2-enyl dimer (157), the -3-enyl dimer (158) or the
unsymmetrical dimer (159). The data were insufficient to
determine whether all three or only two of these compounds were
present. It 1s even possible as argued later that only one

of these species is present
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Z

(155) (157)

Cl Cl

Orm q
N T ON—N F
\\\// \\\//
(158)

c
F'

l Cl

or

N AR NG

Thus, the mixture was indicated to contain isomers of
C8N4F10C1 by elemental analysis and mass spectroscopy which
gave a parent ion at m/e = 450. The intensity ratio P:P+2:P+4 =
100:66:11 which also confirmed the presence of two chlorines
in the empirical formula.

A strong absorption at 1749 cm_1 in the i.r. spectrum
was assigned to imine ( C=N-) stretching. The fact that only
one band was present suggests that the species pfesent”in the
mixture are structurally similar to each other.

The 19F n.m.r. spectrum suggested the presence of more
than one species but was complex and contained many broad,
overlapping signals so that a detailed analysis was not possible.
No simplification of the spectrum occurred on heating to 80°cC.

The signals fell into three distinct groups defined by their

chemical shifts, however, as indicated in Table 3.1 below.

f



-109-

Table 3.1 19F n.m.r. spectrum of dimeric products
Group Chemical Shifts p.p.m. (CFC13) Integration
1 60.59 —P 62.00 1
2 82.34 — 112.02 4
3 137.62 —P 141.65 1

The signals in group 1 have the low field chemical shifts

typical of imino fluorine atoms (

SCF=N-),

those in group 3

have mid-~field shifts attributable to chlorofluoromethylene

(-CFC1-

for CIX where X = halogen177

may be assigned to difluoromethylene (

ation (—CF2~N=C: ) or, possibly,

with the models (160),

96 p.p.m. AXx. 99
110 p.p.m. Eq. 111

}
(e [F

.p.m. Ax.
.p.m. E

Q

@\_'U'U

NS NN N
(160) Ref: 163
CRLCF CFICR),

| £ |
R\ Sect.,

(152)

74.3 p.p.m.

) signals (Banks gives a range of 111 to 148 p.p.m.

) whilst the signals in group 2

:CFz) groups in the situ-

( )N—CFZ—N=) by comparison

(161) and (152) below.

19F n.m,r. shifts (w.r.t.
‘CFC13)
[:j/\i:]e-- 93 p.p.m.

(161) Ref:
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Therefore, according to the data presented so far,
the dimers may be a mixture of any of the compounds (157),

(158) or even (159) below:

Cl Cl Cl Cl
F l)FS fﬁ F
N— N
NN N NN
(157) (158)
Cl Cl
l'F F
N, N—N_ N
N ey

The situation is further complicated when it is
realised that all three structures (157), (158) and (159)
can exist as either cis or trans isomers such as (157a) and

(157b) for (157) below:
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It was apparent from the 19F n.m.r. spectrum that a
minimum of three different signals were present in group 3
(see Table 3.1) in approximately equal intensities.

Therefore, at least three different species are present
in the mixture. As (157), (158) and (159) each have only cis
and trans isomers this could indicate that at least one
compound containing a -3-enyl bond, either (158) or (159),
has been produced in contrast to the reaction of tetra-
fluoropyrimidine. Alternatively, however, because the chlorine
substituents in (157), (158) and (159) are meta to nitrogen
atoms, then the 1,3 interactions which normally destabilise
6-membered ring conformers with axial chlorine atoms
will be absent and, hence, nearly equal populations of
axially and equatorially substituted conformers of (157),
(158) and (159) may be possible. Therefore it is even
possible that only one of the compounds (157), (i58),and (159)

need be present to give rise to the observed spectrum.

3.9 Mechanisms for the Tluorination of Substituted

Fluoro-pyrimidines

Chambers et al. argued that the dimeric product formed
when tetrafluoropyrimidine (156 ) was fluorinated could be
accounted for within the framework of their general mechanism

for COFB/CaFZ fluorina‘tions.lG3 The proposed steps were:-
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F‘
CoF, /CaF *
- L N - : N
QESGEEIOC
L e -

CoF4/Cal, l ¢
Dimerisation -
BaOElCL!
} . 2N
(162) |
*¥ = unobserved Ref: 163

Although radical intermediates were also proposed for the
pyridine and pyrazine systems they fluorinated, no other
dimerisation reactions were detected. The explanation for
this was that only the allylic radical intermediates such as

(162) or, in the case of the pyridines (163) contained sites of

XFZ

(163)
high enough spin density for coupling reactions whilst at the
same time having sufficient lifetimes. to collide with an identical
species. In spite of this, the pyridine intermediates (163)
still do not couple, it was proposed, because the spin density is
concentrated at C-3 and the approach of two such species through
their C-3's would be sterically hindered. There would not be any
great steric interference for the corresponding approach of

intermediates (162), TFurther to these arguments, it may be
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added that, whilst the addition of the much more numerous and
sterically small fluorine atoms to the pyridine species (163)

at C-3 leads to a stable cyclic aza-alkene (164),

Y .rz =Y
><[:f:§::T‘F' X = F
y ~
N

(163) (164)
the addition of a fluorine atom to the pyrimidine radical (162)

results in an entirely different situation:-

(=0

(162)
Thus, addition to the nitrogens, the most likely event

on the basis of spin density distribution, leads to the formation
of an unstable compound with fluorine bonded to nitrogen and

a retro reaction would be very favourable, Addition to C-2 is
clearly impossible, Therefore tetrafluoropyrimidine may be
regarded as a special case where there is no real alternative

to dimerisation,

The same mechanism may be proposed for S-chlorotrifluoro-
pyrimidine which also produces a dimeric product.

The failure of perfluoro-4,6-di-isopropylpyrimidine (152)
to do likewise is easily accommodated within the framework of
this mechanism, for two different reasons. The first is that the
approach of two allylic radicals species such as (165) would be
subject to considerable steric hindrance in most, if not all,
orientations due to the interaction of the two perfluoroiso-

propyl groups.



—1i4d4-

R~ C/—F F
CRy” N

(165) (165) CF3

Secondly, it is considered unlikely that an allylic species
such as (165) can be formed in any case, as its precursor, the
~-2,6-diene (166), is arguably much less stable than the observed
~-3,6-diene (153) and would hence either not be formed or
would quickly isomerise to the -3,6-diene, if, as is proposed,
these fluorinations are under thermodynamic rather than kinetic

control,

CFICR, R, CFICFy),
N N
\FJ (153) \FJ (166)
CRL,CF SN CRL,CF SN~

- Observed diene Hypothetical diene

Thus, using the arguments already established in the discussion
concerning the pyridine systems, (166) will be the less stable
diene because it has more than the minimum number of fluorines
bonded to unsaturated carbon, In addition, the structure has a
perfluoroisopropyl group bonded to a saturated carbon atom which
would be sterically unfavourable. These arguments are supported
by the experimental observation described in Section 9.6D that

(153) does not produce any other isomers after prolonged stirring
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in the presence of caesium fluoride, By contrast, however, none
of these considerations affect the 5-chloropyrimidine (1555
which produces dimeric products in reasonable yield.

The failure of the mono substituted pyrimidine (154) to
produce dimeric products is not fully understood but it is
noteworthy that only one in four collisions will present an
unhindered nitrogen on one species (166a) to an unhindered

nitrogen on another species (166a).

F__CFICR),

F.
N/

(16

3.10 The Fluorination of Perfluoro-4,5~di-~isopropylpyridazine

(167)

Upon fluorination at 17OOC, the pyridazine (167) gave
four products, The two most abundant products were inseparable
by either distillation or g.,l.c. and were identified as the
mixture, These latter were the cis and trans isomers of per-
fluoro-2,3,4,5-tetramethylhex~3~ene (168) and (169) respectively,
and were obtained in a combined yield of 53%. The two other
products were identified, in order of abundance, as the already
known perfluoro—z,3—dimethy1pentane179 (170) and the new compound

perfluoro-2,3,4,5-tetramethylhexane (171).

- F ChH_ CFCE, CBLE CR
3 ~ fi C

2 l CoF,/CaF.,

gt | |
(CF3)2CF >~ N 170-C /C /C\

AN
= (C%)ZCF(mg%% (C% 'C[:(lﬁg)CFé

* CF(Crg ), Cr(CF4)CTF,CT, + CF(CT ), CF(CF4)CE(CT4)CF(CF,),
“170) 12% (171) 9%
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The mixture of (168) and (169 ) gave a P~F ion at m/e =
481 in its mass spectrum (see Section 3,13 for further comment)
which, together with its analyses, gave an empirical formula of
C10T20 The absence of absorption above 1400 cm—1 in the i.r.
is consistent with either a ring structure or a highly symmetrical

olefin., The 19

F n.m,r. spectrum contained two broad overlapping
signals integrating together as 12 with chemical shifts at 72
p.p.m. typical for trifluoromethyl groups (CFB) bonded to saturated
carbon atoms.177 Two signals at high field (159 and 161 p.p.m,)
each integrated to 1 and were assigned to tertiary fluorine

(iC—F) atoms,177

The only remaining signals were in mid-field
and consisted of a broad singlet (58 p.p.m.) overlapping a
doublet (57 p.p.m. J = 50 Hz)., The two signals gave a total
integration of 6 and were identified therefore as due to two tri-
fluoromethyl groups (—CFB). By comparison with the models below,
their shifts are seen to be typical of trifluoromethyl groups

bonded to unsaturated carbon (CFS—C=C). These data easily

eliminate structures other than (168) and (169).

3
: FC-:J _}F(C CRCRCR -
A N/
£=C =g
©  CHCR s CF* "™ CF(CR,)
3 3h2
(172) (173)

Chemical shifts of CF,3 groups bonded to unsaturated carbon

J

cR),

O/‘“ D)

p.p.m. w,r.t, CFC13.

Ref: 199
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Coupling constants (Hgz)

Jl = 45
J2 = 0
J3 = 68
J4 = 0

The large doublet splitting (J = 50 Hz) of one of these
latter trifluoromethyl groups was caused by coupling to one of
the tertiary fluorines at 161 p.p.m. as evidenced by its quartet
structure (J = 50 Hz)q Consideration of the coupling constants
in the model compounds (172) and (173 ) indicated that these
signals belong to the trans isomer (169), The tertiary fluorines
were not overlapped and integration gave the cis to trans

isomer ratio as 36:64,.

CFy),CF
CF3hCT  cRy  (CR)CE C/CF3\
I

A A

(C:Fj%j:F: (:Eg

(168) 36:64 (169)

-~

O

O

O
L
O
gl
O
u

The third most abundant product was readily identified as
perfluoro-2,3-dimethylpentane (170) by its P-F ion at m/e = 369
and elemental analysis which established its identity as a
perfluoroheptane. Its 19F n.,m.,r. spectrum contained six signals,
two of which overlapped. Their integrations were 9 (two signals
overlapping):3:2:1:1, The signals integrating to 1 were both
attributable to tertiary fluorine atoms ( eC~F) by their high

field shifts at 178 and 182 p.p.m. These data alone are
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sufficient to establish the identity of the third product. The

19F n.m.r. spectrum had chemical shifts

remaining signals in the
consistent with the assigned structure and the i.r..spectrum
did not contain any absorptions at higher wavenumber than
1343 cm_l. An i,r. spectrum of what was claimed to be perfluoro-
2,3-dimethylpentane was published in 1948179 but it differed
markedly from that observed in the present work in that it
contained many absorptions not present in the i.r. spectrum of the
present sample., Therefore it seems likely that the material
described in 1948 was not pure and it is believed that the data
published in the present work represent the first accurate
characterisation of perfluoro-2,3-dimethylpentane (170)

The fourth product was easily identified as perfluoro-2,3,4,

S-tetramethylheXane (171) by its P-F ion at m/e 519 and ele-~

mental analysis which established its identity as a perfluoro-
decane (C10F22), Its 19F n,m,r, spectrum was simple, consisting
of four signals in the ratio 12:6:2:2, the signals integrating

to 6 and 3 identified by their chemical shifts (69 and 72 p.p.m.
respectively), as trifluoromethyl groups bonded to saturated
carbon atoms (CFB—CG) and the remaining signals were identified

by their high field shifts (166 and 170 p.p.m,) as due to tertiary
fluorine atoms ( €CF). No coupling was resolved, TFinally, the
i.r. spectrum was devoid of bands at higher wavenumber than

1326 cm—1

3.11 The Fluorination of Perfluoro-3,5-di-isopropylpyridazine

(174)

The -3,5-substituted pyridazine (174 ) was reacted with

COFB/CaF2 to give a product which was resolved into two components

by available g.l.c. columns, However i.r., and 19F spectroscopy
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indicated both components to consist of more than one compound.

19F

In each case the most abundant compound was estimated by
n.m,r, spectroscopy to comprise over 85% of the respective
mixtures and, although careful peak chopping, in a further attempt
to isolate the major compounds by g.l.c., did not lead to further
purification, it was possible to identify the two major

compounds as either cis or trans perfluoro-2,3,6-trimethylhept-3-

ene (175) or (176) and either cis or trans perfluoro-2,5,6-tri;

methylhept-3-ene (177) and (178)

T F

CF CF F RS
R
IB/Ca T
I yd

“CF, Ry CF3

(176) (175) (178) (177)
R - CFI(CE)
The first compgzéit was indicated by a very weak parent
ion at m/e = 500 and strong P-T ion at m/e = 481 and elemental
analysis to be a mixture of isomers of C10r20 The i.r. spectrum
contained a strong band at 1671 cm_1 with a weaker one at 1714
cm_1 indicating the major and at least one other compound in the
mixture to be perfluorodecenes., Signals due to the major
compound in the 19F spectrum were clearly distinguishable., They
integrated in the ratio 6:6:3:2:1:1:1, The presence of two non-
equivalent perfluoroisopropyl groups was deduced from the shifts
of the two signals of integration 6 (76 and 77 p.p.m.) and two
high field signals (181 and 185 p.p.m.,) integrating to 1. The
signal integrating to 3 had a typical trifluoromethyl group shift
of 62 p.p.m, (Banks gives a range from 47 to 90 p.p.m. for ~CF3

177

in saturated or unsaturated fluorocarbons). The signal
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integrating to 1 was identified as due to a fluorine atom bonded
to unsaturated carbon (-CF=C ) as its chemical shift was too
low (89,11 p.p.m,) for it to be assigned as a tertiary fluorine
atom ( )b—F) which are reported not to resonate below 140
pnpom.177 The signal integrating to 2 had a shift (107 p.p.m.)
typical for a difluoromethylene (—CFZ—) group in a fluorocarbon.

Only the cis or trans isomers of perfluoro-2,3,6-trifluorohept-

3-ene (175) or ( 176) could accommodate the data given,

Ck._ _CE Ck
3\T%F. 3 3 ‘ﬁr
Fi. //CHE F;\ ,/CHE

CE

CR__Lo C
PET oy
3 &

(176) (175)
The 19F n.m.,r, spectrum was insufficiently resolved to distinguish
between (175) and (176) by analysing the coupling constants,
In a similar manner, the most abundant compound in the
second component was identified as a perfluorodecene also, namely
either cis or trans perfluoro-2,9,6~trimethylhepta-3-ene (177) or

(178).
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As with the earlier mixture, the mass spectrum of the
second g.l.c. component gave a very weak signal at m/e = 500 (P)
and a strong signal at m/e = 481 (P-F). A band at 1719 cm—1 aixd
a weaker one at 1740 cm_1 were taken as evidence that the mixture
contained a perfluorodecene (C10F20) as the major compound with
minor amounts of at least one other perfluorodecene. Elemental
analysis was in agreement with this. Once again, signals in the
19F n.m,r, spectrum due to the major compound in the mixture
were clearly distinguishable from the much weaker signals of the
unknown compound, The major compound gave signals in the ratio
9:6:1:1:1:1:1, Of the signals integrating to 1, three were
assigned as due to tertiary fluorine atoms ( {C—F) because of
their high field shifts (194, 201 and 207 p.p.m.) and two were
thought to be bonded to unsaturated carbon atoms ( ~-CF=C ),
because of their mid-field shifts (126 and 129 p.p;m.). This
identifies the compound as perfluoro-2,5,6-trimethylhept-3-ene (177"
or (178), but all the signals were broad envelopes except for one
of the tertiary fluorine atoms which was a multiplet and hence
because of the lack of data on the coupling between signals it
was not possible to deduce whether it was the cis or trans

isomer,
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By comparison with the fluorination of the -4,5-di-iso-
propylpyridazine (167) (see Section 3.10) where cis trans
isomerisation was found to occur during the fluorination, it
would be surprising if the same did not apply during the
fluorination of the -3,5-isomer (174) and it is possible that
the inseparable minor co-products detected with the major

products are the respective cis or trans isomers,

3.12 Proposed Reaction Mechanisms for the Iluorination of

Pyridazines

The intermediacy of the unobserved -1,4-diene (179 ) is
proposed during the fluorination of the -4,5-pyridazine (167).
Such an intermediate would reflect the behaviour of the previous
azZa-aromatics in that it does not contain destabilising nitrogen
to fluorine bonds or fluorines bonded to an unsaturated carbon

atom.

R COFB/CaI‘F‘i F R R_F R
. -~ _ - AT
F'IPH_;:i_~_9 + . |EE;___9 :EL————D l F’Il
N > _N i N
RF RF RF ' RF_
F

F'

(167) (179)

R ;= -CF(CFy), -,

Thermal loss of nitrogen from a -1,2-diazacyclohexa-1,4-diene

etc.

usually occurs via a concerted mechanism rather than a biradical
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mechanism, according to Brown,181 and losses of N2 from diaza

compounds can lead to either ring opened or cyclic product5182’183

155-65°C ’
Z N e R 4 /¥ + CHZCRCHRR’
R” R 3.5%
R - o 10.2% 19.2%
R - o + CH,CHR=CRR’
v _ CO - Ref: 182 54,5%

Therefore 1oss of nitrogen from (179) would probably be a
concerted reaction but it is not clear whether a diene (180)
or cyclobutene (181) would result, Either (180) or (181) would
be highly activated to further fluorination (180) as a result of
the destabilising interaction between four fluocorine gtoms and the-

7 bonds or (181) as a result of ring strain.

R CoF /CaI‘2 R . CF
2
~
- || —> - i(:'ﬁ‘——z_—» 4
F

F(1 )CFé
R | 80
F (:Eé Fg‘\\;rjc(zﬁé
o =
2 ° 7R
RF (181) Ry \ &
R 25
E
Ry C% Ry C% R CE
+ +T 2
I <4 - K /
R, “CR R,™ ¢k
( 168)
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The isomerisation of the cis olefin (168), saturation and
fragmentation to the other products could then occur via

processes such as:-

r e RF t CF3 -t C%
| j:[::
R: ° -
I T .

(168) -

v

CE R, cE R, ™R
(171) i (169)
et Ch o Ch [f Ch
R + = or Ri;ﬂ + IF RN + RF—F
CF: FQF F} or I F-
3 .tk R Ch R
_ (170)
RF-CF(CF3)2

Alternatively, the trans olefin (169) might arise directly
from the unobserved diene (180) if the latter is free to rotate

into a trans configuration and has time to do so.
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Much less can be said about the fluorination of the
~-3,5~ substituted pyridazine (174) as there are four possible
diene intermediates which are equally likely using the usual
criteria of thermodynamic stability, and all of which could lead

to the observed products throuig feasible mechanisms,
F

£
R RN

T
COFS/CaF

R

Q @' -

CoF /CaF

//’
(or cis) (or cis)

(178) (176)

The proportion of (176) in the product appeared to increase
with increasing reaction temperature. Thus the ratio of (176)

to (178) at 132°C was 1:1 going up to 2:1 at 158°C. Therefore

(178) might be the precursor of (176) by a process such as:-

F'
————————v
F'
R R, Ch R

(178) (176)

R. =CFICRK),
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3.13 Parent Jon Intensities of the Pyridazine Fluorination

Products

It was noted that the perfluorodecane and -decene products
from the pyridazine fluorinations gave parent ions in their mass
spectra of either very low or zero intensity at 14eV, The
spectrum of the mixture of the cis and trans perfluorodecenes
(168) and (169) was also recorded at 3eV but a parent ion was
still not observable,

In the case of the decenes it is thought that this is a
result of the ease with which a fluorine atom can be lost upon

ionisation in the spectrometer as a result of the following

process: -~

— c -e — F. -F.
WCF ionisatior?—gé.cF /h CF
3 ‘e 3 3
CF3 3

Ch
(182) (183)

Formation of P~F ion in mass spectra of perfluorodecenes

This is reasonable as the process leads from a localised
radical cation such as (1g892) via the loss of a tertiary fluorine
atom to the allylically stabilised cation (183).

In the case of the perfluorodecanes it is not possible to
predict which bond will lose an electron the most easily upon
ionisation as there are no M electrons available and hence it is
less easy to understand why these compounds, too, appear to lose
fluorine atoms readily upon ionisation, However, it can at least
be said that the loss of a tertiary fluorine atom from the radical
cation would not be expected this time as the resultant tertiary

carbocation would be highly destabilised by electron withdrawing
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perfluoroalkyl groups and a process leading to a primary carbo-

cation, such as the one below, would be preferable:-

Less likely

route more likely

route

3.14 The Fluorination of Perfluoro-2,5-di-isopropylpyrazine (184)

The pyrazine (184) reacted with CoFg/CaF, at 156°C to
give a new product which was identified as perfluoro-2,5-di-

isopropyl-1,4-diazacyclohexa~-1,4-diene (185).

N~_ _Rr N~_ R
/[Ei}rtij/ COFS/C&F%>/[:;:£ii]/ T
RF N 156°C Rr N
(184) (185) RF'—‘ CF(C%)Z

87%

A weak parent ion at m/e = 490 and elemental analyses

established C10N2F18 as the empirical formula, Bands at 1709

and 1721 cm_1 in the i,r., indicated at least two double bonds and

19

the simplicity of the F n.m,r. spectrum which contained only

three chemically shifted bands integrating in the ratio 12:4:2



-128-

was sufficient data to rule out all structures other than (185).
Chemical shifts and observed couplings were consistent with
structure (185),

A prominant feature in the mass spectrum of (185) at 14eV
was a peak at m/e = 295, This is readily interpreted as resulting
from the loss of perfluoroisopropylnitrile from the parent
ion, A similar feature was observed in the spectrum of the

pyrimidine product (153) which has a closely similar structure

to (185),

Ry N

oL —— "B e
, CE
NTR;

7.

R = CFICR),

The product from the -2,5-di-substituted pyrazine (184)
contrasts with that from tetrafluoropyrazine itself which was
reported to yield a conjugated diene rather than a —1,4—-dienea163
The effect of substituents in the 2 and 5 positions provides
further evidence that products which minimise the number of
fluorines directly bonded to saturated carbon are preferred in

these reactions,

Corl /C%L

(186) (187) Ref: 163
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CoF3/CaI‘ F_ | R ]id{ F
F R
F

=1

(184)

R? :CF(C%)z (185)

3.15 Attempted Fluorination of Cyanuric Fluoride (188)

Attempts to fluorinate the triazine system, cyanuric
fluoride with silver II1 fluoride were reported to be unsuccessful,
even in an autoclave at 150°C for 10 hrsg44 Not surprisingly,
therefore, when a sample of cyanuric fluoride was passed through

the CoFa/CaF2 reactor almost total recovery of starting material

was made, even at reaction temperatures as high as 328°¢C,

[i;fQ\\W 328°C
+ no reaction

N\ N COFB/CaF2

(188)
In contrast, Bigelow found that smooth reaction occurred

when he reacted cyanuric fluoride with fluorine directly in his

Jjet reactor at the mild temperature of 880C.43



e
N N

+ le Jet reactor

88°¢c

5 £
N N .
Fr‘\J/\F]N ' FII\J/\FJ\JF ) FN\F/NF

Ref: 43

This provides further evidence that the first stage
in the mechanism of cobalt III fluoride fluorination is
oxidation of the substrate as it is reasonable to suppose that.
as ring carbon atoms are replaced by more electro negative
nitrogen in a perfluoro-arene, the ionisation potential will
increase, Also underlined is the fact that cobalt III

fluoride does not Dbehave as simply a donor of fluorine atoms,
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CHAPTER 4

THE DIRECT FLUORINATION OF SOME PERFLUOROAZABENZENES

4.1 Introduction

In this chapter the reactions between elemental fluorine
diluted with nitrogen and some perfluoro-azabenzenes are described.
The compounds were fluorinated by passing the fluorine/nitrogen
mixture through externally cooled, dilute solutions of the starting
materials in Freon 113 (the Du Pont trade name for 1,1,2-
trifluorotrichloroethane) which functioned as an efficient and
inert heat sink. The fluorination apparatus and precautions
taken to eliminate oxygen containing species contaminating
the fluorine are fully described in the experimental Chapter 8

(Section 8.15).

4.2 The Attempted Direct Fluorination of Perfluoro-4-isopropyl-

pyridine (189)

Upon passing two moles of fluorine diluted two-fold in
nitrogen) per mole of -pyridine (189) through a solution of the
latter in Freon 113 at a temperature of -20°C only traces of new
products were formed, one of which (1% by g.l.c.) had identical
retention times to the -1,3-diene (121) on a series of columns.
The other (2%) had lower retention times on all columns. No
further attempts to verify the identity of these products were

made.
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This result contrasts with the reported reaction of penta-
fluoropyridine (190) itself with fluorine,184 published since the
completion of this work, which gave high yields of perfluoro-1-
azacyclohex-1l-ene (191), the -1,3- and -1,4-dienes (192) and
(193) and dimeric and oligomeric material. However the latter
reaction was performed without a solvent and at higher
temperatures (40 and 1OOOC). Indeed, it was noted that little

reaction appeared to occur below 40°C in the case of penta-—

fluoropyridine.lgz
\F] — | F + F/ + F
o - PI//
N 40°°C N N
(190) (191) (192) (193)
5% 20% 8%
+ oligomeric material Ref: 192

4.3 The Direct Fluorination of Tetrafluoropyrimidine (194)

Tetrafluoropyrimidine (194) was dissolved in Freon 113
and, after cooling to —ZOOC, was then treated with fluorine diluted
with twice its volume of nitrogen. After removing the solvent
by distillation, only one product, apart from recovered starting
material (194), was detected by g.l.c. It was purified by
sublimation onto a cold finger and was identified as the dimer

perfluoro-2,2'-bi-1,3-diazacyclohexa-3,6-dienyl (195)

recovered start-
\\ ing material
Freon 113

(194)
~20°C

(194) (195) 24.9% 42%
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The structure of the product (195) was deduced from its
mass spectrum, elemental analysis and its 19F n.m.r. spectrum.'
Thus, a parent ion at m/e = 342 in the mass spectrum

and elemental analysis indicated an empirical formula of
19

CoN, T The

gN4T10" F n.m.r. spectrum of (190) was very simple,

containing only three groups of signals integrating in the
ratio 1:2:2. A satisfactory i.r. spectrum was not obtained because
the material hydrolysed rapidly. Only the structures (195) and

(196) have sufficient symmetry to accommodate the data so far:

(195)

The -5,5'~ dimer (196) was eliminated as a possibility,
however, as the chemical shifts of the difluoromethylene ( :CFQ)
group signals (120.9 and 121.2 p.p.m.) were in a region typical
for a difluoromethylene group bonded to two sz hybridised
carbon atoms, but well above the region for difluoromethylene
bonded to nitrogen atoms, as the models (197) and (153), below,

illustrate:

F2 F2

R CH [rA\TCHcgb
CF F o)
3
F? 105 p.p.m. \?Ei’ 74 p.p.m,

Adapted from data in Ref: 148, Ref : ction 3.6

The difluoromethylene group signals were identified as such
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because, as already implied, they exhibited what was interpreted
as an AB pattern although, as might be expected, the difference

in the chemical shifts of the individual fluorine atoms within

the difluoromethylene group was very small (0.3 p.p.m. or 18 Hz)
and therefore the outer lines of the AB system were too weak to be
observed., In spite of this, the signal is readily proven to be

an AB system for two reasons;

(a) The signal at 120.9 p.p.m. consisted of a triplet (J =
24 Hz) of doublets (J = 6 Hz) whereas that at 121.2 p.p.m. was
a triplet (J = 24 Hz) of multiplets too narrow to contain a

doublet with J = 6 Hz.

(b) None of the other signals was broad enough to contain a
triplet with J = 18 Hz and hence the 18 Hz shift between the
inner AB lines cannot be alternatively interpreted as a
coupling constant and, in any case, it is hard to envisage how

the -2,2'- dimer (195) could give rise to such a doublet.

The remaining signals in the 19F n.m.r. spectrum were

consistent with the assigned structure and consisted of a signal
at 60 p.p.m., integrating to 2 and assigned to the imino ( _>CF=N-)
fluorine atoms and a signal at 118 p.p.m. assigned to the

tertiary ( 32C-F) fluorine atoms. The chemical shift of the

latter is very low compared to the shifts of tertiary fluorines

on carbon atoms bonded to three Sp3 hybridised carbon, atoms.

the lower limit on the range of chemical shifts for which

is 131 p.p.m., adapted from figures given by Banks.177 However ,
as the model (198), below indicates, substitution of the sp3
carbon atoms by three nitrogen atoms reduces the chemical shift

of a tertiary fluorine atom to 139 p.p.m. and it seems reasonable,

therefore, to suppose that two substituent nitrogen atoms would
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be sufficient to reduce the shift of a tertiary fluorine atom

to 118 p.p.m..

NF2
%lﬁé"gf‘ff 139 p.p.m.
NF)

(198) Ref: 185

The observed couplings were also consistent with the

~2,2'- dimer (195)

|
LN

J4 .5a= 24 Hz
J4 . 5b= 24 Hz

J2.5a= 6 Hz? (not confirmed because the signal of 2 was
not resolved).

The mechanism by which the -2,2'- dimer (195) is formed is
not clear but the following points may be noted. Tirst,

Hotchkiss et al. proposed mechanisms for the dimerisation of

186 4

both hexafluorobenzene (199) and pentafluoropyridine (190)18
which involved the addition of a fluorine atom, by either Fo or Fe
to the initial aromatic species, followed by attack by the

resultant intermediate radical also on the initial aromatic species
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c.g.
//’ *‘Eé c + (190)
F | [(F ] . —
N F
N or Fk Pq
(190)
< etc.
N Ref: 184
It seems reasonable to assume that this is also how
dimer (195) is formed, as the alternative would be the

reaction of two intermediate radicals of structure (200).

F_F
+F + (1 +F F
%F\H ——2-» @ (o, 2 s (195)
N>~N
~

(194) (200)

However such an event seems highly unlikely as radical (200)
if sufficiently stable to build up the necessary concentrations
for reaction with other radicals of the same structure, would also
have time to react with fluorine, but no such products have been
observed.

Nevertheless, to form the -2,2'-~ dimer (195) by reaction of
the intermediate (200) raises the problem that intermediate
(200) apparently attacks a different site on the tetrafluoro-
pyrimidine to that attacked by fluorine or a fluorine atom. A
possible explanation might be that, unlike the small fluorine
atom or molecule, the radical (200) is large and prefers to attack
tetrafluoropyrimidine at C-2 which is flanked by two nitrogen

atoms and is therefore of slightly higher steric accessibility
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compared with C-4.

R _F

5 o F-

/ +20r

Q - 0
PJ\\V//PJ

N§/N
(152) (200)
+(152)
+F
E )= (E~<B)
or M NN N

(195)

4.4 The Attempted Fluorination of Perfluoro-4,6-di-isopropyl-

pyrimidine (152)

After passing three moles of fluorine (diluted two-fold
by nitrogen) per mole of the -pyrimidine (152) into a dilute
solution of the latter in Freon 113 at —IOOC, no reaction was
detected. In view of the ready reaction of tetrafluoropyrimidine,
this 1s a surprising result as the substituent perfluorcalkyl
groups in the pyrimidine (152) are too remote to interfere with

a coupling reaction such as:

hypothetical reaction
CFICR),
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Hotchkiss et al. thought that the lower reactivity of
pentafluoropyridine towards elemental fluorine, compared with
hexafluorobenzene, might, amongst other reasons, be due to the

184 The substituent

deactivating influence of the ring nitrogen.
perfluoroisopropyl groups on the -pyrimidine (152) would be
similarly deactivating and this may explain its low reactivity,
as well, but it must be noted, in contradiction to this, that
perfluoro-4,5-di-isopropylpyridazine (167) which also bears two
ring nitrogens and two substituent perfluoroisopropyl groups

reacts quite readily under comparable conditions as described

in Section 4.5. Therefore the situation remains unclear.

4.5 The Direct Fluorination of Perfluoro-4,5-di-isopropyl-

pyridazine (167)

The -pyridazine (167) behaved in a similar manner when
treated with gaseous fluorine as it did when fluorinated with
cobalt III fluoride (Section 3.10). Thus, after passing an excess
of fluorine (13 moles per mole of (167)) through a.solution of
the -pyridazine (167) in Freon 113 at —SOC, apart from traces
of less volatile material, the only product detected was an
inseparable mixture of cis- and trans-perfluoro-2,3,4,5-tetra-
methyl-hex-3-enes (168) and (169) in approximately the same
ratio (1:1.8) as they are produced in the cobalt III fluoride
reaction. The yield of the -3-enes (168) and (169) was also
similar at 57% combined. The olefins (168) and (169) were
identified by comparison of their spectra with those of material
produced by the reaction with cobalt III fluoride.

The following mechanism is proposed for this reaction:



F_F
R F » R
IGENG RN
ReX N P RN R,
/ / ,N
Y
Re ZCF, R
]:: _ |F? 7 less likely
RF / CFZ RF l intermediate
le Fe
T
F%‘ C:Eé

F'
R, I CR, +F RFIC% +F. CEI:F
RF CFB. “F' RF C% "F' RF %

RF = CF(C{:B)Z

The intermediacy of the cyclobutene is less 1likely in this case
as the route to the observed products is more straightforward

from a-diene intermediate
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CHAPTER 5

THE REACTION OF PERFLUORO-CYCLIC-IMINES

WITH NUCLEQPHILIC REAGENTS

5.1 Introduction

The preparation of a series of new perfluore-cyclic-

imines was described in Chapter 3. When compared with the

work which has been done on the isoelectronic perfluoro-olefins,

comparatively little is known of the chemistry of this class of
compounds although work by several authors has already shown
that perfluoro-imines are susceptible to attack by nucleophilic
reagents in a manner analogous to the reactions of perfluoro-
olefins.184 In this chapter the reactions of some of the
new perfluoro-cyclic-imines and the previously known perfluoro-

163

1,1'-bi-1,3-diazacyclohex-2-enyl (160) with a series of

nucleophiles are described.

) ()

NS NN 2N

(160)

The dimer (160) is prepared by the cobalt III fluoride
fluorination of tetrafluoropyrimidine as described in Section
2.6G(d) and the slight doubts about its structure expressed by
the original authors have now been removed by an experiment
described in Section 5.7A.

The order in which the reactions are described is deter-

mined by the nature of the particular nucleophile. Thus a

AN
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reaction with perfluoroisopropyl carbanion is described first as
its nucleophilic centre is a carbon atom. Then reactions with
nucleophiles based on oxygen, moving to the right across the
periodic table, are described and then, finally, reactions with
halide ions are described. Any reactions performed on products
isolated from the nucleophilic reaction are dealt with immediately

after describing their preparation.

5.2 Perfluoroisopropyl Carbanion as a Nucleophile

5 2A Reaction with perfluoro-4-isopropylcyclohexa-1,3-diene (121)

The -1,3-diene (121) was reacted with the perfluoro-
isopropyl carbanion (187), generated in situ by the dissolution
of hexafluoropropene (190) in a slurry of dry caesium fluoride
and tetrahydrothiophen dioxide as a solvent. Nucleophilic
aromatic substitutions with perfluoroisopropyl carbanion,
using similar techniques, are well known.185

Upon distilling the products, a mixture of oligomers of
hexafluoropropene and one new product was obtained. The new
product was separated from the oligomers by further distillation.

It was identified as the disubstituted product perfluoro-2,3,4-

tri-isopropyl-l-azacyclohexa-1,3-diene (201).

CRCF=CF, + F = (CRCF
(190) (187)
FK:E%%Z F%C”§)2
BN . AN CF(CF3
F | +2[CFhCF—| F
~ ~
N | N~ CFICE)

(121) (201)

b

2
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Thus, a parent ion at m/e = 657 confirmed the new product
to have formed by the substitution of two fluorine atoms for
perfluoroisopropyl ((CF3),CI'-) groups. The 99 hom.r. spectrum
revealed three signals in the high field region arove 150 p.p.m.,
each integrating to one, which were evidence of the presence of
three tertiary ( 2CF) fluorine atoms. A complicated group of
signals between 66 p.p.m. and 76 p.p.m., integrated to 18 and
was therefore assigned to the trifluoromethyl groups of three
non-equivalent heptafluoroisopropyl groups. The only other
groups of signals in the spectrum were two occurriné in mid-
field, both integrating to 2. Both signals exhibited an AB
splitting pattern and were assigned to ring difluoromethylene
( :CFZ) groups.

The chemical shifts of the fluorine atoms in one of the
AB systems were at the downfield part of the usual range of
shifts for difluoromethylene ( :CFZ) signals, at 107 p.p.m. and
116 p.p.m., by comparison with the models (160) and (161) below,
this was taken as evidence that one of the difluoromethylene

groups was bonded to the nitrogen atom:

135 p.p.m.
[}
a c 134 p.p.m. 121 p.p.m.
ﬁf\\ hl ///hl 93 p.p.m. bJ/’ 51 p.p.m.
= 96 p.p.m. (Ax.) (161)
101 p.p.m. (Eq.)
= 134 p.p.m. (Ax.) Ax = axial
141 p.p.m. (Eq.) L63
g = 1 ial Ref: 16¢
= 99 p.p.m. (Ax.) Eq equatoria
111 p.p.m. (Eq.)

Two structures, (201) and (202), were considered possible
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on the basis of the data so far. (202) could have formed as a

result of fluoride ion rearrangements.

F(CFB)Z CF(CFB)Z
F\ CHC%)Z NS CF(C%)Z

F
~ N
N CHC %)2 (C F3)ZCF N

(201) (20 2)

Final confirmation that the product was the -1,2,3-tri-iso-
propyl-isomer (201) was only possible after the product had
been defluorinated to a pyridine identified as perfluoro-2,3,4-
tri-isopropylpyridine (203),
FICR), CACR),

NYCRCRl, . (7L TCACRY
NCOCFCR), N~ CFCR,

(201) (203)

Thus, by passing the new diene in a stream of nitrogen
over heated iron filings in a silica tube at 34OOC, a crystalline
product was isolated. The new product gave a parent ion at
m/e = 619. Its 19F n.m.r. spectrum consisted of a complicated
band of signals between 69 and 73 p.p.m. integrating to 18 and
three signals at highfield each integrating to 1 which were
assigned as the signals of three substituent non-equivalent
perfluoroisopropyl groups. The only remaining signals in the

spectrum were two at mid-field, ceach integrating to 1, identify-

ing them as bonded to the ring carbons of a pyridine. This
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confirms the formation of a pyridine from the diene. The
possible pyridines from the dienes (201) and (202) are (203)

and (204).

FICR), CFICR,
g CF(C%)Z /F CF(C%)Z

F |
CFICR),  (CRI,CF Ay

(203) (204)

The -2,4,5-isomer (204) is known'®° and was immediately
eliminated because the 19F n.m.r. and i.r. spectra of an
authentic sample were different from those of the new pyridine.

This, therefore, confirmed the new pyridine as the -2,3,4-

isomer (203) and the initial diene as the -2,3,4-isomer (201).

The 19F n.m.r. spectrum of the diene (201) was insufficient-
ly resolved to allow any firm conclusions about the stereo-
chemistry of the substituent alkyl groups. Changes took
place in the spectrum on heating to 161°C (16 degrees below the
b. pt.) but they have not been interpreted as the resolution
concomitantly became much worse.

The i.r. spectrum of the new diene (201) contained only
one strong band in the double bond region (1406 to 1800 cm—l)
at 1,657 em™ Y. This is not considered inconsistent with the
proposed structure as, although both the double bonds in (201)
are assymetric, the assymetry of the olefin ( .C=C{ ) bond is
much less pronounced than that of the imine ( >C=N-) bond
and hence the i.r. absorption band of the former would be expected

to be much weaker than that of the 1atter.186

Therefore, the
band at 1,657 cm_1 is assigned to the imine ( _C=N-) bond. In

addition, it is possible that the band is due to two coinciding
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resonances.

The pyridine (2¢0'3) contained bands at 1,448 (shoulder),

1,471, 1,580 (shoulder) and 1,587 cm—1 at wavelengths typical

of fluoroaromatic compounds as the following models indicate:

- l F oy =1,562 and 1,600 em™*  Ref: 185
F' max
R\
» N
(204)
Ry
/ 1
F’I A = 1,453 and 1,587 cm” Ref: 185
max
SION R
¥ o@osy T

_ -1
Amax = 1,471 and 1,587 cm

FQq = CF(CFq,)
0 3
(203) ! 2
The following mechanism is proposed to account for the

formation of diene (201).

w2l
U
]

0

F
N Cr,),CF~ o~ o N
~ 1 //’
N N7 N7 R
(121) 20 6) 207)
+(CF3)2CF"
RF
~N FQF .
F | e
C CT(OT 'y
I?F = CF(CFg), N R
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The 1nitial attack at C-2 in the mechanism is consistent
with the observations that other nucleophiles attack diene (121)
at C-2 to give isolable mono substituted products (see Sections
9.3C and 5.4B).

As is described in Section 5.6C, the -1,3-diene (121)
is equilibrated by fluoride ion, in the absence of hexafluoro-

propene, to produce a small proportion of the -1,4-diene (122).
CR CFICR
CFICR), HCR),

N - “
3 - "
N~ N

(121) (122)

Therefore it must be concluded that, as in the presence of
hexafluoropropene there are apparently no products derived
from the -1,4-diene (122), then either (121) reacts to form the
dialkyl diene intermediate (207) more quickly than it reacts with
fluoride ion or that, in the presence of hexafluoropropene, the
concentration of free fluoride ion is negligible as a result

of the following equilibrium,

; - —_—
CBPG + T C3F7

Once formed, the dialkyl diene (207) would not be
expected to be susceptible to rearrangement to a -1,4-diene as
such a process would involve the elimination of a secondary
rather than a hindered tertiary fluorine from the anion (208)
and it would also increase the number of fluorines on unsaturated
carbon atoms. Nevertheless, it is interesting that the further
substitution of the dialkyl diene (207) occurs with such apparent
case as it was reported that forcing conditions were required to

insert a perfluoroisopropyl group into a similar position in the
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perfluorotri-isopropylpyridines (203) and (204):

Ry Re Re
N N Sulpholan,190°C RN
RF N RF RF N RF N RF

(204) (20,3) (20.9)

>2%

Ref: 185
The authors thought that steric hindrance was the major

reason for the reluctance of these pyridines to react, and,
indeed, as the mixture contained a high proportion of the
symmetrical pyridine (204) which, because it does not bear a
fluorine atom para to the site of attack, would otherwise be
supposed to be susceptible to fﬁrther substitution,187 this is
quite reasonable.

In contrast with the pyridines (203) and (204), however,
the dialkyldiene intermediate (207) and the trialkyldiene

product (201) do not necessarily have .planar rings and the steric

crowding may therefore be correspondingly less severe.

5.3 Reactions with Methanol

5.3A Introduction

Several reactions between perfluoro-imines and methanol
nave already been reported and it is clear that imines with
fluorine atoms bonded directly to the unsaturated carbon are
highly reactive. 1In fact, perfluoro-2-azapropene (210) reacts

so vigorously that all its fluorine atoms are removed.191



-148-

CFB—N=CF2 + CHBOH — HOI + NH3 + (CHBO)ZCO

+ CHBOCH3
Ref: 191

Two alternative mechanisms were proposed. The first
involves a series of additions of methanol across the double
bond followed by HF elmination,

+ CHBOH

CFB—N=CF2 B CFB-NH—CFZOCH

3

(210) ~Hr

i) + CH40H

ii) - HF L
CT,=N-CF,O0CH

(CH,0),C~NH-C(CH.,0)
3773 3773 qSeveral times

3

CHBOH

HF

C(OCH3)4 + NH3 —d (CH30)2CO + CHBOCHB

Ref: 191

(The author considers the following elimination step to be
the more likely however on the grounds that it minimises the

number of fluorines bonded to unsaturated carbon,

My cr,-n=crocu, %:p )

Ccr 3

B—NH—CFZOCH3

The alternative mechanism involved the following initial
steps:

+CH30H +CH30H
CF3N=CF2 >, —D CF.NH2 + CHBOCHS + COF2

3
lCHBOH

Products

Ref: 191

The reaction of the cyclic aza-1,3-diene (193 ), however,
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was more controlled and good yields of the simple mono

substituted product (211) were reported,192

X N
F_J+CHOH —— | F_
N N~"~OCH,

(193) (211)

Ref: 192

0.3B The Reaction of Perfluoro-1,1'-bi-1 63-diazacyclohex-2-

enyl (160) with Methanol

The imine dimer (160), when reacted with twice the
stoichiometric amount of methanol, as a solution in diethyl

ether, gave the -2,2'-dimethoxy derivative (212) in 38% yield.

e r/;\7+ZCch+E”QN%a? fj;\g
N N N. —~ 20°-45°C | N —N_ _~
\\\//Jq 1 hr \\T//

OCH OCH,

(160) 3(212)

38%
The dimethoxy derivative (212) was identified by its parent

ion at m/e = 442 and by its 191’-‘ and 1H n.m.r. spectra. Thus,
its 19F spectrum consisted simply of three AB patterns, two of
which overlapped at low field (92.4 and 95.3, 97.9 and 111.2
p.p.m.) identifying them as due to difluoromethylene groups

next to nitrogen and the third was to higher field (135.7 and
138.1 p.p.m.) in a region typical of difluoromethylene bonded to
carbon.

The 1H n.m.r. spectrum contained a broad singlet only (at

3.12 p.p.m.) and the i.r. spectrum contained a weak band at 2,979
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cm assigned to the aliphatic —C-H bond in the methoxy groups
and an intense absorption at 1,675 cm—1 was assigned to the

imino ( _C=N-) bond.

5.3C The Reation of Perfluoro-4-isopropyl-l-azacyclohexa-

1,3-diene (121 ) with Methanol

The -l-aza-1,3-diene (121) reacted with methanol in
1:1 stoichiometric amounts under the same conditions as the
dimer (160) to give the -2-methoxy derivative (&13) in good
yield (52%) and traces of two unidentified products. The
-2-methoxy derivative (213) was identified as such because its

1

mass spectrum gave a parent ion at m/e = 369 whilst its "H

n.m.r. spectrum consisted of a broad singlet only (3.13 p.p.m.)
and the 19F spectrum was similar to that of the starting diene
(121) except that there was no signal in the low field region
attributable to an imino fluorine ( -CF=N). A weak band at
2,960 cm*1 in the i.r. was assigned to =C-H stretches in the

methoxy substituent group and an intense band at 1,661 cm*1 with

a shoulder at 1,680 c:m"1 was assigned to the olefin and

imine bonds.
FICR), FICE
| N
F_ ]+ CHOH—= —
N 890 mins,20-457C N OCH3

(121)

Lt,0,Na,COq

N/

(213) 52%
Upon reacting (121 ) with methoxide ion in molar ratio

1:4, at room temperature, a complicated mixture of polysubstituted
products was obtained. The mixture was investigated by mass
spectroscopy/g.l.c. which indicated the following degrees of

substitution




Proportion of pro-

F(C FB)Z duct estimated

from g.l.c.

~ 20°C, 18 hr
F;/ " CHONa o “aM20%s 8%
N + C4NF, . (OCH.) 11%
87711 372
22%
+ CgNF, {OCH, ),
‘ 20%
+ C8NF10 (O(,HB)3
? 16%
+ CghFyg (OCHZ) 5
23%

+ CgNFg(OCH4) ,

None of the isomers were isolated in a pure state upon attempting
a separation by g.l.c.

The isolation of the monomethoxy derivative (213) of
diene (121) confirms the higher reactivity of the imino fluorine
at C-2 compared with the vinylic fluorine at C-3 in (121),

Whilst the low reactivity of C-3 to nucleophiles of the
unsubstituted -1,3-diene (193) could be explained by the necessity
for an unfavourable intermediate carbanion which would be
destabilised by the electron pair repulsions of the fluorine

bonded to the charged carbon atom thus:-
Nu ..)

\F + Nu 3 \F
N N

193) (214)

when C-4 bears a perfluoroisopropyl group the equivalent
anion would no longer be subject to such destabilisation. There-
fore the absence of a -3-methoxy derivative such as (215) in the

reaction of the -4-perfluoroisopropyl-1,3-diene (121) may rather
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be because the intermediate anion for a C-3 attack would be

sterically destabilised by the perfluoro—isopropyl
EPee

CHO. =

from C-3 substitution 3 F_—
~

N

(215)

Hypothetical product

An alternative explanation which seems equally plausible
is based on the observation that the unsubstituted -1,3-diene
(193), itself, is also reported to react exclusively at C—2192
although reaction at C-4 might have been predicted by analogy
with the behaviour of pentafluoropyridine, and other aza-
aromatics, which are usually most reactive at positions para to
nitrogen.190 Therefore, it might be that, in the -l-aza-1,3-
diene systems, attack occurs preferentially at C-2 because, in
the initial state, this site is highly polarised by the electro-
negative nitrogen. It is not possible to distinguish these

possibilities for the ~4-perfluoroisopropyl compound on the basis

of the available evidence.

9.3D The Reaction of Perfluoro-4,6-di-isopropyl-1,3-diaza-

cyclohexa-3,6-diene (153) with Methanol

The -~1,3-diaza-3,6-diene (153) was recovered unchanged
after refluxing it for an hour in ether with methanol in 1:1
stoichiometry. However, when reacted with sodium methoxide in
1:1 stoichiometry in methanol for 20 hrs a complicated mixture
of at least eight products was obtained. The steric problems of
attacking an imino group substituted by perfluoroisopropyl would
be great but, if achieved, rearrangements to render further sites

available could well occur.
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5.4 Reactions with Phenol

5.4A Reaction of Perfluoro-1,1'-bi-1,63-diazacyclohex-2-enyl

(160) with Phenol

The di-imine (160) was reacted with phenol in 1:2
stoichiometry in ether in the presence of triethylamine. The
product was a high melting solid for which no suitable solvent
for n.m.r. sbectroscopy could be found. A parent pealk at
m/e = 566 was consistent with the formation of a diphenoxy.
derivative. The i.r. spectrum contained weak bands at 3070 and
3098 cm_1 attributable to phenolicEC—H stretches, a strong broad
band at 1705 cm—1 attributable to _C=N- stretching and sharp
bands at 1590 em™ ! and 1603 cm™} attributable to phenolic _C=C{
stretches.

On the basis of this evidence the product was thought

likely to be the diphenoxy compound (216).

5.4B The Reaction of Perfluoro-4-isopropyl-1-azacyclohexa-

1,3~-diene (121) with Phenol

The product from the reaction between the aza-diene (121)
and phenol in 1:1 stoichiometry was identified as the -2-phenoxy
derivative (217), confirmed by a parent ion at m/e = 431 in its
mass spectrum and lH and 19F n.m.r. spectra. Thus, the 19F
n.m.r. spectrum was similar to that of the starting aza-diene
(121) except for the ahsence of a low-field signal attributable
to an imino fluorine (-FC=N-) whilst an envelope of unresolved
signals at 7.11 p.p.m. (from T.M.S.) in the aromatic region of
the 1H n.m.r. was attributed to the phenolic protons.

The reactions of the imines with phenol are hence very

similar to the reac¢tions with methanol and similar mechanisms

are thought to apply.


http://phen0li.c7.C-H

P

(216)

CFICR),  OH CFCRly
/ Et,0 N
\F J 25 to 35°C F/

N N 0
(121) (217)

9.5 Hydrolyses

5.5A The Hydrolysis of Perfluoro-1,1'-bi-1,3-diazacyclohex-

Z2-enyl (160)

Upon refluxing the dimer (160) with an excess of water
in acetone for 24 hours a single product was obtained in high

yvield which was found to be the tetraketo derivative (218).

m K\ O~ [/\‘ l/\l//o
F F HZO Ace’con_eD F F

MgCO,4 N—/N -
NQ/N N = Riflux 24hrs. H/N\/ \/N H

(1 L
G 0

The tetraketone (218) was identified as such by its

n.m.r. spectrum which consisted, simply, of two AB patterns, one

of which was to lowfield in a region typical of a CFZ group next
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to nitrogen (98.72 and 105.41 p.p.m.) whilst the other was to
higher ‘field in a region typical of a :CFZ bonded to carbon atoms
only (120.71 and 130.07 p.p.m.),.

The mass spectrum gave a parent ion at m/e = 370 which
together with the data from elemental analysis, confirmed the
empirical formula C8N4O4F8H2. Peaks due to the successive loss
of two HI' molecules from the parent ion were present at m/e =
350 and 330 and a peak at m/e = 328 was interpreted as due to
the loss of a hydrogen isocyanate (HNCO) molecule from the
parent ion.

A rmultiple band peaking at 3143 and 3239 cm—1 in the i.r.
spectrum was typical of the _N-H stretches of a lactam associated
in the solid state and a very strong multiple band with peaks at
1740 and 1795 cm_1 was assigned to the 2C=0 absorptions; These
latter were at shorter wavelengths than is typical for a lactam
but it is known that electron withdrawing groups on the adjacent
nitrogen, in this case a difluoromethylene group for one carbonyl
group and a carbonyl group for the othef, cause shifts to shorter

wavelengths.193

5.5B The Hydrolysis of Perfluoro-4-isopropyl-l-azacyclohexa-1,

3-diene (121) and -1,4-diene (122)

The diene (121) was hydrolysed with excess water in
acetone under similar conditions to those of the dimer (160).
The product, obtained in reasonable yield, was identified as

the amido compound (219).

CFCR), CFICE

~ Acetone ,MgCO4 =

F | + H > F
‘\\ 2 Reflux, 7 hrs

(219) 46%



Thus, the 19F n.m.r. spectrum contained, apart from signals

readily identifiable as those due to a perfluoroisopropyl group

by integration and chemical shifts (75.5 and 185.5 p.p.m.), two
sets of signals integrating to 2 and 1 respectively. Both

signals were at midfield (93.7 and 100.4 p.p.m.) and were identi-
fied as due to a ring difluoromethylene group ( :CFZ) and a

vinylic fluorine atom (F—b=C: ). Strong coupling between the
difluoromethylene group and the tertiary fluorine of the perfluoro-
isopropyl group confirmed the proximity of the former to C-4 whilst
the high field chemical shift of the vinylic fluorine confirmed
that it was not adjacent to nitrogen. The mass spectrum did not
give a discernible parent ion, however, and the highest m/e value
was at 314, interpreted as due to the P-F ion. Elemental analysis
confirmed the empirical formula as C8N02HF10. A prominent peak

at m/e 290 was interpreted as due to a loss of a hydrogen
isocyanate fragment (P-HNCO). The same fragmentation process was
noted, earlier, in the mass spectrum of the amido compound (218)
derived from the dimer (160) and this reflects the structural

similarities between the pyridine product (219) and the dimer

CFICR),

F K\K\

7 S NN
07 ~N770 e N7
H 0 0

(219) , (21§)‘
The lack of an observable parent ion peak in the mass

product (218).

spectrum of amide (219) is thought to reflect the ease with which
the parent ion would lose the tertiary fluorine atom ( ZCF) in
the substituent perfluoroisopropyl group to form a highly
delocalised cationic species (220)., The similarity of the

structures of the amides (218) and (219) was also reflected in



FHCR; )5+ +C(CR3)- +C(CRy
ast ’/ﬁ fast
F‘

some features of their i.r. spectra. Thus (219) also displayed
a multiple band of _N-H stretches (at 3118 and 3212 cm_l) and of
carbonyl stretches (at 1735 and 1778 cmnl) but, by contrast with
€18 ), the olefinic bond in (219) gave rise to an additional band
in the double bond region at 1685 em™L,

The -1,4-diene (122) when reacted under the same conditions

was also converted to the amide (219).

F(CF3)2 CF(C%)Z
/ cetone /
P e U F
N/ e ux 1rs O//, ’}J \\O
(122) H

(219)  32%
The -4-chloro-diene (123) was also reported to hydrolyse

to an amide.192
Cl Cl
N N
F o+ HZO - F
-~ 0~ N <0
(123) ﬁ* Ref: 192
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5.5C Attempted Hydrolysis of Perfluoro-4,6-di-isopropyl-1,3-

diazacyclohexa-3,6-diene (153)

The diene (153) appeared inert to reaction with water
under conditions similar to those in which the imines (1G0),

(121) and (122) were converted to amides.

(CEWLCF"~_CFCR)
3’2m 317

NN

(153)

5.5D Possible Mechanism for the Hydrolyses

The hydrolyses are thought to proceed via a series of

additions of water followed by the elimination of HTF as in:-

) () ) L {@
N M
0

N~ _N—N_ ~N — N N, |—
~" “H
> L;&

HZQ'. F

-HT
L o] [ Y ad
m,/ . + |
- W F = NN
N N. —1N N,
N H =N b
0 0 O

In the dienes (121) and (122), the imino fluorine is, once
more, seen to be more labile than the olefinic fluorine atom and,
again, it seems most likely that this is because the nitrogen

atom activates C-2 to attack by polarisation.



A similar mechanism is proposed for the -1,3-diene (121). The
failure of the dialkyl diene (153) to react is presﬁmably a result
of unfavourable steric interactions between the substituent

perfluoroisopropyl group and the incoming nucleophile.

5.5E Attempted Hydrolysis of Perfluoro-4,6-di-isopropyl-1,3-

diazacyclohexa-3,6-diene (153) in Sulphuric Acid

It was reported that the difluoromethylene groups of
the -1,4-diene (221) may be hydrolysed to carbonyl by hydrolysis
in fuming sulphuric acid followed by oxidation of the residue in

nitric acid.194

1) Fuming H2SO4 2) 50% HNO3
-+ : i

0

Ref: 194

(221)

The ~3,6-diene (153) has an analogous structure to the
-1,4-diene (221) but upon subjecting a sample to prolonged
heating and shaking with fuming sulphuric acid at 145°C for 17 hrs
the starting material was recovered unchanged. It is not known
whether this is because the -3,6-diene (153) is not reactive
towards sulphuric acid or whether the immisibility of the

reactants was responsible for the lack of reaction.
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5.6 Reactions with Fluoride Ion

5.6A Introduction

As described in Chapter 2 (Section 2.3B) fluoride ion,
when not solvated, behaves as a powerful nucleophile and it will
add to an olefin or an imine to generate a carbanion. An example
195

is the oligomerisation of hexafluoropropene.

— ——— &

CFa-CF=CF, + F g CF,-CF-CF,

l CFBCF=CF2

-

(CFB)ZCFCF2 CFCF3

) or

(CF3)2CFCF=CFCF3
1 L'H‘: etc.
Ref: 195
In the absence of a trapping agent and when oligomerisa-
tion is less favourable, rearrangements often occur and
perfluoro-olefins are converted into thermodynamically more

stable isomers.196

CF=CF4p~ O 0F p ?E"‘ﬁ‘:

=, i
CE=CF—CF, CR—CF—CR CR—CF—CF
2 2

| | | (1 F
C%"‘C‘—‘*CF Ref: 196
Similar fluoride ion induced reactions have been observed
with imines. The negative charge resides on the nitrogen in the
resultant anionic intermediate. An example of a fluoride ion

induced rearrangement of a perfluoroimine is:-
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Ch= N-CF(CE )CF(CF3) FZ

|+ S

CF3 C% {:3 /

N -F CF—C
CF— c"?: ./ \
CE-N-~ [N N N
3 I /13 CE NS
CFZ 3 CE’Z Ref: 197

The intermediate anion may be trapped by a suitable trapp-

ing agent such as a perfluoro-aromatic compound activated to
nucleophilic substitution. Cyanuric fluoride is a highly

suitable reagent in that respect,198

CE-N=CFE, + F == CR~

(C%5NT§N\T/
=~

N(C
N ]N S~

N—
N
F:3)2 l + F/ |
N
~N M (C%}ZN\(/N\\N\/
CEJ,N F

etc. Pi::://,hl
Ref: 198

5.6B Reaction of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl

°h

(160) with Fluoride Ion

The dimer (160) was reacted with caesium fluoride to
give, apart from recovered starting material, one of two isolated
products, or a mixture of the two, depending on the conditions.
Only one of the two new products was identified.

Thus, when the dimer (160) was heated with caesium fluoride,
in the absence of a solvent, the product consisted of recovered
(160) and a new compound (222) which has been tentatively
identified as perfluoro-4-methyl-1,2 ,5,7-tetra-azatricyclo-

[5.3.1.02’6]undec—h—ene (222,
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A parent ion at m/e = 418 and elemental analysis confirmed the
product (222) to be an isomer of the starting material (160).

The 19F n.m.r. spectrum contained five sets of signals attribu-
table to difluoromethylene ( :CF2) groups by their integrations
and mid-field shifts. 1In addition, four out of these five sets
of signals exhibited AB splitting patterns. The only signals not
attributable to difluoromethylene groups were a singlet integra-

ting to 3 at 58.6 p.p.m. and a signal, hidden under one

line of one of the AB patterns, integrating to 1 at 106.3 p.p.m.

The signal at 58.6 p.p.m. indicates the presence of a
trifluoromethyl (—CFB) group on the molecule which in turn
indicates a ring contraction to have occurred during the forma-
tion of the product. The absence of other signals in the low-
field region below 80 p.p.m. indicates the absence of imino
fluorine atoms (-CF=N-). The shift of the trifluoromethyl
signal (58.6 p.p.m.) is typical for a trifluoromethyl group

bonded to an unsaturated carbon, as the following models indicate:

52 p.p.m.
CF
CF.CF.CF CF(CF.,) N ~ N(CHg)y
CFB/ F e
CT,
56 p.p.m. 63.7 p.p.m.

Ref: 199 Ref: 200
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A strong absorption at 1740 cm_1 in the i.r. spectrum
confirmed the presence of an unsaturated bond. To accommodate
these data, the trifluoromethyl group (_CFB) must be situated
either on a carbon doubly bonded to nitrogen (CF3C=N—), as in
the preferred structure (222), or on a carbon doubly bonded to
carbon (CFB—C=C: ). The latter situation would imply the presence
of four bridgehead nitrogen atoms in structures such as (223),
but it is difficult to see how such compounds could have formed

from the starting material (3g0)-

NI

(223)

The experimental data does not appear to be consistent
with such structures, either, as only one of the difluoromethylene
( :CFZ) groups resonates at sufficiently lowfield, with lines at
88.3 and 98.6 p.p.m.

, to have two adjacent nitrogen atoms, as

the models below indicate:

(C CF CF(C

93 p.p.m. FZ N/

F’

274 p.p.m.
Ref:. Section 3.7 Ref: 163

The signal at 106.3 p.p.m., integrating to 1, could be
interpreted as due to a fluorine atom bonded to unsaturated
carbon (~CF=C3 ) as in the less favoured structure such as (223)
but it is argued on the basis of the model compound (198) that the
deshielding influence of three adjacent nitrogen atoms might well

be sufficient to reduce the chemical shift from the high field
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position usually observed when tertiary fluorines are adjacent

to carbon atoms only as in (224) and structure (222) remains

preferred.
NT,, \é,
y
NF, —C—F 139 p.p.m. *f —C—TF7 to120p.p.m. w.r.t

l I CF 4COOH
NT ~C~ =148 to 198 p.p.m7 w.r.t

2 | Crclq
(198) R24)

Ref: 185 Ref: 177

When the dimer (160) is heated with caesium fluoride in
the presence of sulpholan as a solvent at 14OOC for 2 hrs a new
product, (225) which was not identified, is obtained as well as

(222). With the same solvent at 180°C for 3 hrs the new compound

(225) is the onlyvolatile product apart from gaseous fragmentation
products.

The formation of (222) is only partially understood.
Intra-molecular reaction to form a tricyclic system could easily

occur via the following nucleophilic mechanism:

3
<:/éS:TQ Unknown _,Fr / \
}\)-< mechanism : F /\N F—-—-//N

(222)
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The ring contraction reaction, however, is not understood

at present.

5.6C The Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-1,

3-diene (121) and -1,4-diene (122) with Fluoride Ion

As already referred to in Section 2.5A, when either the
-1,3- or the -1,4-dienes (121) or (122) are heated with caesium
fluoride, in the presence of a solvent, a mixture of both
in molar ratio 7:3 is obtained.
RF - FQF.
AN Xy ~F X
F F
N

+F \
R.- CHCR)

By analogy with the behaviour of other nucleophiles it is

assumed that C-2 is the site of addition.

5.6D The Attempted Reaction of Perfluoro-4,6-di-isopropyl-1,

3-diazacyclohexa-3,6-diene (153) with Fluoride Iomn

Upon stirring the diene (153) with caesium fluoride in
tetraglyme at 50°C for 15 hrs, no new products could be
detected. It is unlikely that fluoride ion addition does not
take place under these conditions and hence it is concluded that
diene (153) is more stable than its possible isomers. This
conclusion was used to interpret the mechanism of its formation

from the pyrimidine (152 ) in Section 3.10.
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5.7 Reactions with Chloride Ion and Reactions of Chloride

Ion Derivatives

5.7A Reaction of Perfluoro-1,1'-bi-1 3-diazacyclohex-2-enyl (160)

with Chloride Ion

When the fluorination of tetrafluoropyrimidine (156)
with cobalt III fluoride was reported, the authors were not
prepared to completely dismiss the possibility of the alternative
structure (226) for the dimeric product although the 19F n.m.r.

evidence strongly favoured (153).163

%F\lc—lfi%(p\ m @ F

N N 17N NN N N NN N

(156) (153) (226)
Ref: 163

In view of the proven susceptibility of the imino fluorine
(~-CF=N~) in the dimer to nucleophilic substitution and the ease
with which the dimer may be defluorinated to regenerate a
pyrimidine (described in Section 7.3 ) it was anticipated that
an unambiguous proof of structure (153) might be obtained by the

following series of reactions:

N> _N
~ g N (227)

Nuclieophilic substitution, Defluorination

¥~ X Fo X
\\\//jd N~ ::l/”

———

(228)

S/

& = nucleophile
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Thus the symmetrical pyrimidine (227) would be readily

distinguished from (Z228) by 19

F n.m.r. spectroscopy.
Chloride ion was the chosen nrnucleophile on the grounds that
a chlorine atom would be less thermally labile at the necessary
defluorination temperature than other possible substituents.
Lithium chloride was chosen as the source of chloride ion
because, as was discussed in Section 2.3B (a), although when M
is a large cation such as Kt or Cs+,the equilibrium below tends

to the left,a reduction in the ionic radius of M reverses the

equilibrium to the right:
R-F + MCl &= R - C1 + MF

This has been attributed to the higher lattice energy of lithium
fluoride compared with the chloride.

Thus, upon stirring the dimer (160) with a slurry of
lithium chloride in sulpholan at 112°C for 12 hrs, a dichloro
derivative was obtained in 68% yield. The product was identified

as a dichloro derivative by its mass spectrum which gave a parent

ion at m/e 450 with a P:P+2:P+4 intensity ratio of 100:66:11.
The 19F n.m.r. spectrum contained three AB systems, one to high
field (131.76 and 141.43 p.p.m.) and two overlapping at low
field (91.05 and 129.98, 93.02 and 102.76 p.p.m.) suggesting

the presence of two non-equivalent difluoromethylene groups next
to nitrogens and one difluoromethylene in a position isolated
from nitrogen as in structure (229) rather than (230). The

absence of any other signals confirmed that the imino fluorines

(-CI'=N-) in the starting material had been substituted.

SOOI

N No ~N °* N N—N N
\/N \Cl/ N ~~
229y

=
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G.1l.c./mass spectroscopy of the crude product prior to
the isolation of the dichloro compound by recrystallisation
indicated, in addition to the dichloro compound, the presence
of a monochloro derivative (7% of the product), a trichloro
derivative (8% of the product) and traces of a tetrachloro
derivative.

The dichloro derivative (229) or (230) was then defluori-
nated by passing it, as the vapour in a stream of nitrogen, over
heated iron filings. The product contained only one major
component which, after isolation by g.l.c., was identified as
2-chlorotetrafluoropyrimidine (228) by its parent ion at
m/e = 168, with P:P+2 = 100:33 indicating one chlorine, and the
19 spectgum . . . . .

F n.m.r./which contained only two signals in the intensity
ratio 1:2. The more intense signal was a doublet at low field
in a typical (-CF=N-) region and the other signal was coupled to

it as a triplet to higher field.

() (7)) 2k, )

N~ _N—N_ .~N N~ N
T Y

(229) (228 ) 59%

Therefore the structure of the original dimer can be

confirmed as (160) and its dichloro derivative as (229).

>
;
D

F'
N

(160)

N

The pyrimidine (228) was proposed as an intermediate in

the reaction between tetrafluoropyrimidine and chlorine.201
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F L.A,[AJ_Z, (\Fm

N§/ N§/N l
Cl (228) Cl
$ +FC

e

N N
Nl

Cl

* = not isolated Ref: 201
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CHAPTER 6

THE PHOTOLYSIS OF SOME PERFLUORO-AZADIENES AND -IMINES

6.1 Introduction

In this chapter the results of a series of photolyses
of some of the new perfluoro-azadienes and -imines, whose
syntheses were described in Chapter 3, are discussed. These
reactions were performed in co-operation with R. Middleton.

The photolytic rearrangement of perfluoropolyalkylpyridines
and -pyridazines has been studied in detail recently,zoz_205
and, by trapping and identifying the intermediates of some un-
ambiguously labelled systems, Chambers et al. have elucidated
the reaction pathways of some of these reactions and have been
able, in some cases, to propose detailed mechanisms.

The reactions were found to proceed via Dewar benzene
intermediates, such as (231) or (232), and prismanes such as

(233):

(231)

FN~_R, A T
< II N
RFI\N HF o

(232)

RF:CF(C%)2 Ref: 203, 205
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N ¢&——— Z—tN

Y YN XA e Y
7 NN -2 N

X - C2F5 * not isolated (233)
Y = C]_;‘3

_ . Ref: 205
/ = CF(Cry),

The formation of para-bonded intermediates analogous
to the Dewar benzenes and subsequent rearrangement of azadienes,
such as (121), seemed possible therefore, although of course,
the formation of analogues of prismane intermediates is

impossible.

X £
| -
N

-~ hv FZ
F | —
NS F

N 2
(121) r A@
/

=

(liypothetical rearrangement)

R: = CFICR), SEANY

However, in no case was this process observed in practice
and quite different behaviour was encountered, as is described
below.

The photolyses were performed by irradiating silica tubes
into which small amounts of substrate had been sealed in vacuo.

The silica is transparent to the mercury emission at 253.7 nm
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but in several cases where the substrate contained only one
double bond, or was an unconjugated diene, its absorption
maximum was at much shorter wavelength than 253.7 nm and it was
necessary to include traces of mercury vapour in the reaction
vessels in order to sensitise the substrate to the radiation.
Mercury sensitisation is a well established technique in

206 and is based on the principle that molecules

photochemistry
whose absorption is very weak at a particular wavelength may still
be caused to absorb energy indirectly from excited mercury triplet
states.

Thus energy is initially absorbed by mercury vapour with
the formation of excited mercury triplet states and is
then transferred from the mercury triplet to the ground state
of the organic substrate by intersystem crossing. This generates

excited triplet states of the organic substrate which may then

proceed to further reaction.

1 hy 11

Hg ——— Hg

Intersystem Crossin
i 1

M 11
Hg + M > Hg + M

P411 > Chemical change

P4 = Organic molecule
The behaviour of -l-aza-1,3-dienes is described firstly, followed
by -diaza- analogues of -1,4-dienes and, finally, the behaviour of
perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl (160), in a sense a
-1,5-diene, and the imine perfluoro-l-azacyclohex-l-ene (161) is

described.
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6.2 The Photolysis of Perfluoro-4-isopropyl-l-azacylclohexa-1,

3-diene (121)

The -1,3-diene (121) gave a broad absorption in the
ultra-violet with a maximum at 228 nm (€ = 5.77 X 103) with
sufficient absorption at 253.7 nm for reaction to be possible
without the need for a sensitiser (see Section 6.1).

Upon irradiation in the vapour phase, (121) reacted to
give two new products and traces of other material. The major
product (70% of the mixture) was identified as perfluoro-6-
methyl-5-methylene-2-azahepta-1,3-diene (234) by its parent ion
at m/e = 357 in the mass spectrum, which indicated it to be an

19F n.m.r. and i.r.

spectroscopy. Thus, apart from signals in the 19F n.m.r.

isomer of the starting material, and by

spectrum readily identifiable as due to the perfluoroisopropyl
group there were six other signals, all integrating to 1. Two
were at very low field (32.9 and 51.2 p.p.m.) and were broad
and they indicate the presence of a difluoroimine group (—N=CF2).
Fluorine atoms in similar sites on the model compound (235) were
reported to resonate at 50.4 p.p.m. and 58.2 p.p.m. and were
also broad. /F

N—C\F

(235) Ref: 207

The remaining signals resonated in mid-field (96.1, 113.8,
114.3 and 136.7 p.p.m.) and can therefore be attributed to
fluorine atoms at olefinic sites as is consistent with the
assigned structure. The possibility of an alternative structure
namely the cyclobutene (236), was also considered. The
evidence presented so far does not eliminate the cyclobutene as

the non-equivalent geminal fluorine atoms and, plausibly, the
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tertiary fluorine atom, under the downfield influence of an

adjacent nitrogen atom, might also resonate at mid-field.

N=CFk
2
FL\C{/ l Pd__c:ﬁé

|
C F
F7oN A~ — [CE)CF
C=CE F
/ 2 3
CFICR),

(234) (2395)

Structure (235) was discounted however on the basis of i.r.
evidence which gave three absorptions in the .C=C{ and >C=N-
stretching region at 1680, 1767 and 1775 em™ 1,

Triene (234) was found to be the cis isomer because the
fluorine atoms on C-3 and C-4 were coupled to each other with a
coupling constant of 19 Hz, typical for cis olefins but well
below the range of values for trans olefins (Banks gives a range
of 0 to 58 Hz for cis coupling and 105 to 148 Hz for trans
coupling).177

The minor product was not isclated in a sufficiently pure
state to be identified.

The formation of triene (234) is thought to result from a
concerted electrocyclic ring opening mechanism which is consistent
with its retention of configuration:

ALFCE)
CF(CF3)2 CF2:C 32

= hv CF
20 , I

NPl CF
N CE=N

(121) (234)
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A similar reaction was noted when cyclohexa-1,3-diene

(237) was irradiated, a triene (238) being first formed. 208
oRY ™~ hvy
-
(237 ) (238) (239) (240)

Ref: 208
Upon further irradiation a compound (239) equivalent to (236)

was formed.

6.3 Attempted Photolysis of Perfluoro-2,3,4-tri-isopropyl-1-

azacyclohexa-1,3-diene (201)

By contrast with the -4- substituted -1,3-diene (121),
the -2,3,4- trisubstituted -1,3-diene (201) failed to react even
after irradiating under the same conditions as for (121) for
203 hrs. Its u.v. spectrum indicated Amax at 231 nm (e = 3.9

X 103) and at the exciting wavelength, 253.7 nm, & was

approximately 1.3 x 1O3 and therefore the molecule was sufficiently

absorbing for reaction to occur.

This may be understood if it is assumed that, as is
apparently the case with (201), any reaction would take place by
an electrocyclic triene formation. As was postulated in Section
5.2, the diene ring is probably deformed out of plane to relieve
the steric interactions between the substituent perfluorciso-
propyl group. It seems likely that the formation of a triene
would proceed through a planar transition state and in the case

of (201) this would be sterically destabilised.
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6.4 The Photolysis of Perfluoro-2,5-di-isopropyl-1,4-diaza-

cyclohexa-1,4-diene (185)

The u.v. spectrum of the unconjugated diene (185), did

not contain any significant absorptions above 215 nm and therefore,
it was irradiated in the presence of mercury vapour (see Section
6.1) to give, apart from recovered starting material (6% of
the product), two other components.

One (37% of the product) was identified as perfluoroiso-
butyronitrile by comparison of its i.r. and mass spectra with
those of an authentic Sample.203

The other component (57% of the product) was new and has
been characterised as perfluoro-4-methyl-3-methylene-2-azapent-
l-ene (241). 1Its mass spectrum contained a parent ion at m/e =
295 with Apax 2T 1,805 and 1,732 cm_1 in the i.r. indicating
the presence of a :C=Ci and _C=N- bond. Its 19F n.m.r. spectrum
consisted of six chemically shifted signals integrating in the
ratio 6:1:1:1:1:1. The signals at 78.9 p.p.m. (integrating to 6)
and at 187 p.p.m. (integrating to 1) were readily identifiable as
belonging to a perfluoroisopropyl group. Two of the other signals
were broad and at very low field (42.6 and 55.9 p.p.m.) and were
therefore, also by comparison with k235), the model employed in
Section 6.2, identifiable as due to the fluorine atoms of a di-
fluoroimine group (—N=CF2). The two remaining signals had chemi-
cal shifts typical of fluorine atoms bonded to unsaturated carbon

atoms (83.1 and 93.0 p.p.m.). The observed coupling was consis-

tent with the assigned structure: 29HZ"$F:” 59Hz

}

C F

Ne—ticr)
CICR),

F—
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The ring fission of (185) is considered unlikely to be a
concerted process as the Woodward-Hoffman rules for the
conservation of orbital symmetry indicate that a photochemical

retro-2m + 4w reaction is a disallowed process.208

Therefore
a process involving radical intermediates is suspected.

One such process would be:

RF\rﬁFo
Ji jR hy |2 Res 20K

c

(185) (241)

6.5 Photolysis of Perfluoro-4,6-di~isopropyl-1,3-diazacyclo-

hexa-3,6-diene (153)

The unconjugated -3,6-diene (153) reacted when
irradiated at 253.7 nm in the vapour phase, in the presence of
mercury vapour as a sensitiser to give, apart from recovered
starting material, three main products and traces of other
material.

The first two were identified from their i.r. and mass
spectra as (241) and (242), respectively, which were also produced
when (185) was irradiated as described earlier. The third
component was starting material.

The fourth component (48% of the mixture) was shown by mass
spectroscopy to be an isomer of the starting material. Signals
in the 19F n.m.r. spectrum at 76.6 and 77.9 p.p.m. both inte-
grating to 6, and,upfield,at 182.2 p.p.m. and 185.9. p.p.m., both
integrating to 1,were attributed to 2 non-equivalent perfluoro-
isopropyl groups. There were four other signals, two integrating

to 1 and two integrating to 2. Two of these had chemical shifts
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at 77.7 and 91.3 p.p.m. respectively, both typical of olefinic
( C=CF) fluorines and the other two were to low field, 41.8
p.-p.m. and were assigned as accidentally equivalent fluorine atoms
in a difluoroimine group (—N=CF2). The coupling constants
confirmed the structure:
AT
(C%)ZCF X Coupling constants in Hz
\ AN
/C——-C\ 26
N Fe’
N=C_ ¢ "y
(243) CF(C%)Z

The i.r. spectrum gave three absorptions at Amax = 1678, 1731
and 1799 cm_1 consistent with the presence of three double bonds.
The formation of (243)involves a 1,3 migration of fluorine

which could be part of a ring opening process such as:-

R
R..~CEk
Fz@[: ik > T"// 2|§FRF7
R, \?\J\ { (lig) N§F/N RFéCF(C%)Z

(241) and (242) are formed in a competing reaction which

has a similar mechanism to the reaction of (185) which gives

rise to the same products:

RF i /RF\
N o
GERCY )
& —_ —+

N C
(153

(Hg) E
R 5
53) (241)

+(CEJLCFCN Re =CFICR ),

(242)
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6.6 Attempted Photolysis of Perfluoro-1,1'-bi-1 3-diazacyclo-

hex-2-enyl (160 ) and Perfluoro-l-azacyclohex-l-ene (191 )

The photolyses described so far have apparently involved
mechanisms in which two double bonds are simultaneously involved.
Therefore it was of interest to see if any reaction would ensue
upon irradiating compounds with only one double bond as in the
case of (191) or a diene whose double bonds were so remote from
each other than reactions simultaneously involving both of them
would be unlikely, as in the case of (160).

Naturally, because isolated imine bonds do not absorb
significantly at 253.7 nm mercury vapour was included in the
reaction vessels as a sensitiser. However in neither case, even

after prolonged periods of irradiation, was any reaction detected.
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CHAPTER 7

SOME MISCELLANEOQUS REACTIONS OI' PERFLUORO-

CYCLIC-IMINES

7.1 Introduction

Most of the reactions performed on the fluorination
products described in Chapter 3 were either reactions with
nucleophilic reagents (Chapter 5) or photolyses (Chapter 7).
However a few reactions do not fit accurately into these

categories and they are described in this chapter.

7.2 The Defluorination of Perfluoro-1,1'-bi-1,3-diazacyclohex-

2-enyl (160)

Maslakiewicz noted tetrafluoropyrimidine (15%5) amongst
the products derived by pyrolysing the dimer (160) on passing it
through a heated silica tube containing glass wool.210 It was
of interest therefore to see if improved yields of (155) and,
more interestingly, other defluorination products, such as
the hypothetical dimeric tetraene (244), could be produced under

more efficient conditions, by passing the substrate over iron

filings rather than glass wool.

%F\ (F\ (244)

N NN eh

In the event, defluorination to tetrafluoropyrimidine was
shown to occur with high efficiency but upon lowering the reaction
temperature increased amounts of starting material were recovered

without the appearance of intermediate defluorination products,



Table 7.1 The Defluorination of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl (160)

Product Composition % Actual Yields %
Run Temp. °c Starting Material |Tetrafluoropyrimidine Starting Material Tetrafluoropyrimidine
(160) (155) (160) (155
!
Lo
0
i 1 345 S 75 1.4 28.0
2 257 70 15 35.5 10.5
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such as (244), in isolable amounts. The results of two typical

experiments are tabulated in Table 7.1.

N

@
INTNGEN A NN

(160) (155)

v

The materials described in Table 7.1 are the products remaining
liquid at room temperature, most of the starting material which
is unaccounted for having been converted to gaseous fragmentation
products.

The -2,2'-dichloro derivative of (160) was similarly
converted to the corresponding pyrimidiné as was described in

Section 5.7.

7.3 Attempted Radical Dissociation of Perfluoro-1,1'-bi-1,3-

diazacyclohex-2-enyl (160)

7.3A Attempted Reaction with Mercury

It seemed possible that the -1,1'- bond of the dimer
(160) might be easily cleaved, upon heating, to generate allylically

stabilised radicals in a hypothetical scheme such as:

OiIOE-—=N0

— 2
NQ/N N\¢N N\/N
(160) (162)

Indeed it has been argued that the radical species (162 ) must be
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relatively stable for dimer (160) to be produced, upon
fluorinating tetrafluoropyrimidine, at all.163

Therefore an attempt was made to trap any radicals produced
on heating (160) with mercury metal. Mercury has previously
Leen shown to form fairly stable covalent compounds containing
mercury-nitrogen bonds.211 However on heating dimer (160) and

mercury in Carius tubes at a series of temperatures (Table 7.2)

no covalent mercury compounds were formed.

Table 7.2 Attempted Reaction Between Mercury and Perfluoro-1,

1'-bi-1,3-diazacyclohex-2-enyl (160)

0 . . Mercury recovered
Run Temp. ~C Time hrs V\160) recovered % a
1 240 59 96 100
2 400 5.75 ~1 100

The unaccounted for starting material in Run 2 was converted to

a complicated mixture of mainly gaseous fragmentation products.

7.4B Attempted Reaction of Perfluoro-1,1'-bi-1,63-diazacyclohex-

2-enyl (160) with Nitric Oxide

Arguably, the dimer (160) might react more readily with
nitric oxide than mercury as the former is a stable free radical.
However, as with mercury, nitric oxide failed to react with the

dimer under a variety of conditions (Table 7.3).
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Table 7.3 Attempted Reaction of Perfluoro-1,1'-bi-1,3-diaza-

cyclohex-2-enyl (160) with Nitric Oxide

Run Temp. °c Time hrs Recovered (160) % Recovered NO %
1 180 12 >95 30
2 345 16 >90 40

7.4 The Defluorination of a Mixture of Cis- and Trans-Isomers

of Perfluoro-2,3,4,5-tetramethylhex-3-ene (168) and (169 )

The preparation of an inseparable mixture of (168 ) and

(169), in the ratio 7:3, from the fluorination of the di-
substituted pyridazine (167 ) was described in Section 3,10.
Further confirmation of the assignment of the structure of these
two compounds has been obtained by defluorinating the mixture
over heated iron filings to give a product containing only two
major components. One (15% of the product from g.l.c.) was not
isolated in a sufficiently pure state for identification but gave
a parent ion by g.l.c. mass spectroscopy at m/e = 462 indicating
it to have formed from the starting material by the loss of two
fluorine atoms.

The other component (70% of the product) was obtained, by
careful peak clopping during preparative g.l.c., as a fraction

19F n.m.r. to be 90% pure and was icdentified as

indicated by
perfluoro-2,3,4,5~tetramethylhexa-2,4~-diene (245). Thus it
contained two broad signals at 78,3 and 79,9 p.p.m, integrating
in the ratic 1:2, A product reported by Evans et 310209 had been
identified as either the -2,4-diene (245) or perfluoro-2,3-di-
methylcyclobut-2-ene (246) but the 194, n.m,r, spectrum of

their compound is different to that of ti.. P .. . .. wampound in
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that although they, also, observed two broad signals in the

ratio 1:2 the reported chemical shifts were 95.2 p,p.m. (adapted
from +18,7 p.p.m, w,r,.t, CFBCOOH) and 93.7 p.p.m. (adapted from
+17.2 p.p.m, w,r,t, CFBCOOH), respectively, Thus the compound
described by LEvans et al. has its most intense signal at lower
field than the other signal whilst for the defluorination product
the reverse is true, TFurther, in the case of the defluorinaticn
product the signal of integration 2, although not resolved,

was distinctly assymetric and was therefore due to two different
signals overlapping, consistent with the 2,4-diene (245) but not
with the cyclobutene (94g). Integration ruled out the

possibility that the assymetry is due to an impurity. The chemical
shifts are typical of trifluoromethyl (—CFS) groups.177 The mass
spectrum gave a parent ion at m/e = 462 and the i.,r. spectrum gave

a band at 1652 cm—l, assigned to the ( .C=C{ ) stretches.

Ch CF CE
CF c

|
C CE 310°C, ¥e C }:F
a\Vik N3
C% \C (+ Cis) CF3 ﬁ

| C
/C\F /7 \
CF3 C% C% C%

(169) (245)

CR ¢k
20°C, 24 hr C% 3
C=CICE : >

3 Copper Bronze CF

(247) 3 C% C%

(246)

CK)

3

2

Ref: 209
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It is, therefore, concluded that the compound observed
by Evans et al, was the cyclobutene (246)., The synthesis of
(246) was achieved by reaction of hexafluoro-2-iodo-3-trifluoro-

methylbut-2-ene (247 ) with copper bronze,
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CHAPTER 8

DESCRIPTION OF INSTRUMENTS AND EXPERIMENTAL

FOR CHAPTERS 3 and 4

8.1 Instrumentation

In this section the instruments employed in separations
and structure determinations in the work described in this thesis

are briefly described.

8.1A Gas-liquid Chromatography

Analytical chromatograms were obtained on either a
Pye 'Series 104' Instrument using a flame ionisation detector
or a Griffin and George Gas Density Balance.

Preparative separations were performed using either a
Perkin Elmer model F21 preparative scale instrument or an
Aerograph 'Autoprep' instrument. |

Most of the work was performed with one of two types of
column. The first contained a non-polar stationary phase,
silicone elastomer and the second a polar stationary phase di-
isodecylphthalate. ‘Chromosorb P' (80-100 mesh) was the

supporting material in both cases.

8.1B Distillations

Some separations were achieved using a Fischer Spaltrohr-
Column FB-MMS200 microstill with a concentric tube column of

extremely low hold up.

8.1C Infra-Red Spectrometry

I.r. spectra were obtained on a Perkin Elmer 157 instru-

ment with a range from 250 to 4000 cm~1. Samples were variously
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examined as either liquid films, vapours or KBr discs as stated

in the spectra presented in Appendix 2.

8.1D Ultra-Violet Spectrometry

U.v. spectra were obtained using a Unicam S.P. 800
instrument as dilute solutions in spectrograde cyclohexane.

The examined range was from 200 to 450 nm,

8.1E Nuclear Magnetic Resonance Spectroscopy

1H and 19F n.m.r. sSpectra were obtained using a

Varian A56/60D instrument operating at 56.4 MHz for fluorine
nuclei and 60 MHz for protoms. In some cases a Bruker HX90E
instrument was also used, as its higher operating frequency
(84.67 MHz for 19F) gave a usefully higher resolution.

Samples were run either neat or in solution and chemical
shifts, quoted in p.p.m., were measured, unless stated otherwise,

against external CFClB.

8.1F Mass Spectrometry

Mass spec£ra were obtained using an A.E.1I., M.S.9
instrument operating, unless stated otherwise, at 70 eV.
Difficult spectra were counted with the aid of added perfluoro-
kerozene. G.l.c./mass spectroscopy was performed on a Vacuum
Generator Micromass 12B instrument operating at 2.7 kV, coupled
to a Pye Series 104 chromatograph. Heptacosafluoro-tri-n-
butylamine, instead of perfluorokerozene, was used as a reference

compound for counting purposes.

8.2 The Cobalt III Fluoride Reactor

The CoF3 reactor is illustrated in diagram 8.1. The

reagent consisted of 300g of a 50:50 (w/w) mixture of cobalt III
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fluoride and calcium fluoride. The constructional materials

are indicated in the diagram. During a run the paddles were
rotated at a rate of about 4 r.p.m. The paddles were arranged
as illustrated so that the reagent stayed near the middle of the

reaction rather than drifting to one end.

8.3 The Fluorine Gas Generator

The fluorine used to regenerate the CoF3/CaF2 reagent
and for the direct fluorinations described in Chapter 4 was
generated by an I.C. Y. 10 amp fluorine cell, This generator
electrolyses an electrolyte of approximate composition KTF.Z2HF,
maintained as a liquid at 85°C. 1t produces 6.5 g (0.17 moles)
of fluorine per hour at 10 amps. The fluorine was transferred
to the reactor through passivated copper pipes (8 mm o.d.)
under the autogenous pressure of the generator (which is fitted
with a safety lute containing a head of approximately 5 cm
of fluorolube (a grade of perfluorokerozene) in case of blockages

developing downline.

8.4 Experimental Procedure for Cobalt III Fluoride Fluorinations

The same general procedure was employed for all the
cobalt III fluoride reactions described in Chapter 3. The re-
agent was regenerated no earlier than 24 hrs p?ior to use by
passing fluorine gas through the reactor whilst the latter was
maintained at a temperature above 300°C. The fluorine was
generated at 10 amps and was passed through the reactor for 90
mins. so that the reagent was exposed to approximately 9.5 g
of fluorine. The reagent contained 150 g of cobalt III fluoride
when fully regenerated which is equivalent to 24.6 g of

theoretically available fluorine and the amount of substrate



-191-

fluorinated before regenerating afresh was limited so that the
reagent was unlikely to lose more than 25% of the theoretically
available fluorine.

After regenerating the reagent, the reactor was purged
with dry nitrogen to expel residual elemental fluorine whilst
the reactor temperature was adjusted to that desired for the
reaction.

Substrates were then introduced into the reactor whilst
the nitrogen purge was maintained in order to carry the substrate
to the reagent and to purge the resultant products from the
reactor. Liquid substrates were dropped directly into the
reactor at a slow rate by using a modified burette as a dropping
funnel. The burette was, of course, equipped with a rubber tube
to equalise the carrier gas pressure either side of the tap.

It was attached to the reactor by a standard olive and union nut.

All the solid compounds fluorinated were sufficiently
volatile to be passed into the reactor by vaporising them in a
heated glass tube through which the carrier gas was conducted.

Products were collected by trapping them from the

effluent gases at either liquid air or cardice temperatures.
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8.5 The Reaction of Perfluoro-4-isopropylpyridine (120 ) with

Cobalt III Fluoride/Calcium TI'luoride

To the CoFB/Ca.F2 reactor, at an initial temperature

of 118OC, was added (120) (2.6 g., 30.1 m.moles). The addition
took 90 mins., after which the reactor temperature had risen to
122°C. The nitrogen flow was 300 mls.minhl. The product (9.2 g)
was collected over a period of 8 hrs and was found, by g.l.c.
analysis (G.D.B., silicone elastomer, 780C), to consist of three
major components in the ratio 9.7%, 64% and 19% in order of
decreasing retention times and a complicated mixture of more
volatile minor components. Separation of the major components
was achieved by preparative scale g.l.c. (F21, di-isodecyl-
phthalate, 60°C).

The first component (1.8 g) was identified as starting
material (120) by comparison of spectra. The second component

was lidentified as perfluoro-4-isopropyl-l-azacyclohexa-1,3-diene

(121) (4.9 g). [Found: T, 68.8%; M, 357, C8F13N requires

F, 69.27%; M, 357 1; b.pt. 112-113°C uncorr.

1, 19F n.m.r. spectrum No. 1, u.v. spectrum No., 1.

, i.r. spectrum No.

The third component (1.5 g) was identified as perfluoro-

4-isopropyl-l-azacyclohexa-1,4-diene (122) (1.5 g.). [Found:

F, 68.9%, M, 357, CgF,.N requires, F, 69.17%; M, 357 ]; b.pt.
19

103-104°C uncorr.; 1.r. spectrum No. 2, F n.m.r. spectrum No.

2

8.6 The Fluorination of Perfluoro-2,4-di-isopropylpyridine (126)

with Cobalt III Fluoride/Calcium Fluoride

The pyridine (126), (5.5 g, 11.7 m. moles) was dripped,
as the liquid, into the reactor (initial temperature 118OC,

nitrogen flow 100 mls.min—l), the addition taking 25 mins. The
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product was collected in the usual manner by trapping at liquid
air temperature. The receiving trap was removed after purging
the reactor for‘16 hours. A colourless liguid product (4.5 g)
was collected. Analysis by g.l.c. (G.D.B. silicone elastomer,
20°C) revealed three major components, 7%, 52% and 26% of the
product, respectively, in order of decreasing retention times.

A separation of the mixture was achieved by careful
preparative g.l.c. (Aerograph, silicone elastomer, ZOOC).

The first component (0.3 g) was identified as starting
material by comparison of spectra.

The second component (0.5 g) was not identified and was
thought to be a mixture of more than one compound. The highest
m/e in its mass spectrum was at 545.

The third component was identified as a 50:50 mixture of

perfluoro-2,4~-di-isopropyl-l-azacyclohexa-1,3-diene (127 ) and

perfluoro-2,4-di-isopropyl-l-azacyclohexa-1,4-diene (128) (2.1 g).

(Found: C, 25.8%; N, 2.7%; F, 71.5%; M, 507, CyqN T4

C, 26.05%; N, 2.76%; F, 71.18:, M, 507 1. i.r. spectrum No. 3,
19

requires

F n.m.r. spectrum No. 3.

8.7 The Fluorination of Perfluoro-3-methylpyridine (134)

with Cobalt III Tluoride/Calcium Fluoride

A sample of (134), also containing perfluoro-4-methyl-
pyridine (133) (10% w/w) from which it could not be separated,
(8.6 g, 39.3 m.moles of mixture) was dripped into the reactor
in the usual manner. The initial reactor temperature was 116°cC
rising to 127°C after addition of the substrate, which took an
hour. The nitrogen flow was 100 mls.min~1, and the product, a

liquid (8.8 g), was collected by trapping at liquid air tempera-

tures. Analysis by g.l.c. (G.D.B., silicone elastomer, 780C)
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of the product revealed three components. The mixture was
separated by distillation at atmospheric pressure using the
concentric tube microdistillation apparatus. The first component
(45% of the product) was collected between 61.5°C and 62.5°C.

It was identified as either perfluoro-3-methyl-l-azacyclyhex-l-ene-

or perfluoro~-5-methyl-l-azacyclohex-1l-ene, (135) or (136) (3.4 g).

[Found: C, 24.6%; N, 5.2% T, 71.2%; M, 295, C NF,, requires

6
19F n.m,r. spectrum No,

C, 24.42%; N, 4.75%; T, 70.83%, M, 295].

4. A satisfactory i.r. spectrum was not obtained owing to hydroly;
sis.

The second component (8% of the product) was collected as
an impure fraction between 62°C and 79°C, which was then purified

by preparative g.l.c. (Autoprep., silicone elastomer, 25OC).

It was identified as perfluoro-4-methyl-l-azacyclohexa-1, 6 3-diene

(140) (0.4 g). [Found: C, 27.6%; N, 5.6%; F, 66.5%; M, 257,
C6NF9 requires C, 28.03%; N, 5.45%; F, 66.52%, M, 257].
i.r. spectrum No. 4, 19F n.m.r. spectrum No. 5.

The third component (47% of the product) was identified
as unreacted starting material by comparison of its g.l.c.
retention time and i.r. spectrum. Itsnamr.spectrum indicated the

proportion of (133) in this recovered starting material to have

been reduced by about half.

8.8 The Fluorination of Perfluoro-4,6-di-isopropylpyrimidine

(152) with Cobalt III Fluoride/Calcium Fluoride

The pyrimidine (152), (10.4 g, 23 m.moles) was added to
the reactor by the usual method for a ligquid. The reactor was at
an initial temperature of 172°C and the nitrogen flow was 200 mls
min-l. The addition took one hour during which the air tempera-
ture rose to 176°C. The product (9.8 g) was collected by trapping

at liguid air temperature and appeared to have finished purging
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from the apparatus after 7 hrs. It was analysed by g.l.c.
(G.D.B., silicone elastomer, 7800) and consisted of one major
component with traces of both more and less volatile products.

The major component was isolated by distillation (concen-
tric tube column) as a fraction b.p. 126-127°C. It was identified

as perfluoro-4,6-di-isopropyl-1,3-diazacyclohexa-3,6-diene (153)

(8.5 g). [Found: F, 70.1%; M, 490, C10N2F18 requires T, 69.78%;
5 19

M, 490)]. i.r. spectrum No. F n.m.r. spectrum No. 6. A small
fraction (0.8 g) boiling below 126°C was collected which contained
an unidentified product. The pot residue (0.4 g) was found by
g.1l.c. and 19F n.m.r. spectroscopy to consist of (152) with

traces of (153).

8.9 The Fluorination of Perfluoro-4-isopropylpyrimidine (154 )

with Cobalt III Fluoride/Calcium Fluoride

8.9A IHigh Temperature Reaction

The pyrimidine (154) (9.3 g, 31 m.moles) was added to
the reactor in the liquid phase over a period of 1 hr. The
initial reactor temperature was 169°C rising to 174°C and the
nitrogen flow was 100 mls.min_l. The product, collected over 16
hrs, weighed 7.4 g, most of which was gaseous, only 2.0 g remain-
ing in the liquid phase on warming to room temperature.

The liguid fraction was found by g.l.c. (G.D.B., silicone
elastomer, 780C) to be composed of a complicated mixture of very
volatile components with only traces of material of the same
retention time or higher retention time than (154).

The gaseous fraction was not resolved on g.l.c. columns even

at low temperature (Pye 452, di-isodecylphthalate, -150C).
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8.9B Low Temperature Reaction

The reaction was repeated at a lower temperature. Thus
the pyrimidine (154) (4.5 g, 14.9 m.moles) was added to the
reactor (temperature 113°%C rising to 114OC) in the usual manner.
The addition time was 20 mins. and the nitrogen flow was 80 mls.
min ~. The product, a liquid (3.2 g) was collected after 20 hrs.
Analysis by g.l.c. (Pye 104, silicone elastomer, 15OOC)
demonstrated the absence of products with a higher retention time
than (154). The major component (1.4 g) was identified as (154)
by its g.1l.c. retention time and i.r. spectrum and the remainder
of the product was a mixture of at least six very volatile

components, poorly resolved from each other on available g.l.c.

columns.

8.10 The Fluorination of Trifluoro-5-chloropyrimidine (155) with

Cobalt III Fluoride/Calcium Fluoride

Three aliquots of (155) were fluorinated under the
conditions described below and the liquid products were combined
and distilled together. The first aliquot of (1595) (16 g, 59.4
m.moles) was reacted, ‘in the usual manner for liquids, with an
initial reactor temperature of 146°C rising to 154°cC. (Addition

time 60 mins; N, flow 120 mls.min—l). The product, collected over

2
night (18 hrs) consisted of a liquid fraction (8.8 g) and a
gaseous fraction (1.2 g) at room temperature. G.l.c. (Pye 104,
silicone elastomer, 150°C) indicated the product to consist mainly

of a component with the same retention time as starting material

with minor amounts of compounds with higher retention time.
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A 19F n.m.r. spectrum of the crude product confirmed that it

consisted mainly of (155) (>70%). The gaseous fraction was
extremely susceptible to hydrolysis and was not investigated
further.

A second aliquot of (155) (5.6 g, 3.3 m.moles) was reacted
at 170°C, rising to 182°C, (N, flow 100 mls.min ', addition time
40 mins). The product consisted, at room temperature, of 4.3 g,
of liquid and 1.0 g of gaseous material. G.1l.c. analysis (Pye
104, silicone elastomer, 1500C) indicated the proportion of
(155), in the liquid, to have dropped to approximately 15%, the
remainder of liquid consisting of a complex mixture of products
more volatile than (155) (40% of the liquid) and two less
volatile components (20% and 20%).

Finally, a third aliquot of (13155) (8.7 g, 51.6
m.moles) was fluorinated at 178°C rising to 183°C (N2 flow 80
mls.min—l, addition time 1.5 hrs). The product had a similar
composition to that of the second aliquot. The
liquid fraction was combined with those from the previous
fluorination (total 16.8 g) and the mixture was distilled
(concentric tube) to give:-

Fraction 1, b.p. <113.5°C (4.2 g) found by g.l.c. (G.D.B.,
silicone elastomer, 250C) to be a very complicated mixture of
components of short retention times.

Fraction 2, b.p. 113.5-115°C (3.1 g) identified by its
spectra and retention time as starting material (155).

Fraction 3, b.p. 78-79.5°C (at 18 mm Hg pressure, 0.7 g)
found by g.l.c. (Autoprep Col 0, 7OOC) to be a mixture of at
least three compounds and some starting material. An attempted
g.1l.c. separation was unsuccessful and these compounds were not

identified.

Fraction 4, 7.1 g collected from 90 to 92°C (18 mm Hg



-198-

pressure) and identified as a mixture of dimeric compounds

of empirical formula C8N4F12C12. [Found:

c, 21.5%; F, 50.5%; Cl, 15.5%; M, 450; P:P+2:P+4 = 100:66:11;
CgN,I,Cl, requires Cl, 15.72%; F, 50.55%; M, 450,
P:P+2:P+4 = 100:66:11], i.r. spectrum No. 6.

3.11 The Fluorination of Perfluoro-4,5-di-isopropylpyridazine

(167) with Cobalt III Fluoride/Calcium Fluoride

The pyridazine (167) (11.2 g, 24.8 m.moles) was sublimed
into the reactor in the manner described for solids (Section
8.4). The solid was heated to 108°C and passed into the reactor,
as the vapour, through @& delivery arm maintained at 143°C by a
heating tape. The N2 flow was 200 mls.min—1 and the reactor
temperature was 163°C rising to 1690C, the addition taking 3hrs.

The product, a liquid (10.1 g), was collected after a
further 14 hrs and was found by g.1l.c. (G.D.B., silicone elastomer
780C) to contain three components. The reaction was repeated
with three further aliquots of (167) under closely similar
conditions and the combined broduct (42.6 g) was separated into
its components by distillation (concentric tube microdistillation
apparatus) at atmospheric pressure. The first component (b.p.

74.5°C to 75.50C) was identified as perfluoro-2,3 dimethylpentane

(170) (4.0 g). [Found: C, 21.5%; F, 78.1%; P-F, 369, C,TFg

7z 19

requires 21.67%; ¥, 78.33%; M, 388], i.r. spectrum No. 7, F

n.m.r. spectrum No. 7.
The second component (24.2 g) (b.p. 118°C to 118.50C)

was identified as a .. 36:64 mixture of cis- and trans-

perfluoro-2,3.4,5-tetramethylhex-3-ene_ (168) and (169)

respectively. [Found: C, 23.8%; F, 75.8%; ©P-F, 481, C,.F

10720
requires C, 24.02%; ¥, 75.98%; M, 500], i.r. spectrum No. 8;

H

3
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19F n.m.r. spectrum No. 8.

The third component (7.2 g) b.p. 136°C to 138°C was identi-

fied as perfluoro-2,3,4,5-tetramethylhexane (171). [Found:

C, 22.0%; F, 77.3%; P-F, 519, C, F,, requires C, 22.32%;

, 19F n.m.r. spectrum

10

F, 77.68%; M, 538], i.r. spectrum No. 9

No. 9.

8.12 The Fluorination of Perfluoro-3,5-di-isopropylpyridazine

(174) with Cobalt III Fluoride/Calcium Fluoride

The pyridazine (174) (10.1 g, 22.3 m.moles) was fluorina-
ted in the usual manner for liquids with a reactor temperature
of 132°C rising, upon completion of the addition (50 mins) to
138°C (N, flow 150 mls.min 1),

The product, a liquid (8.5 g) was collected over a period
of 48 hrs. Analysis by g.l.c. (le, silicone elastomer, 2500)
revealed three components which were separated by preparative
g.1l.c. (F21, silicone elastomer, 25OC).

The first component (39% of the product by g.l.c.) was
identified as a mixture of either cis or trans-perfluoro-2,3,6-tri-
methylhept-3-ene (175) or (176) and at least one other unidentified
compound, also thought to be a perfluorodecene and.detectable
only by 19F n.m.r. spectroscopy which indicated it to be <15%
of the mixture. No difference in the composition of material
trapped as the first half of the g.l.c. peak compared with the

19

later half could be detected by I n.m.r. spectroscopy. [Found:

F, 76.2%; M, 500, Ci0Fqo requires F, 75.78%; M, 500}, i.r.

10, 19F n.m.r. spectrum No. 10.

spectrum No.
The second component (37% by g.l.c.) was also
found by 19F n.m.r. to contain one main compound and at least

(<10% of the mixture) one other, again thought to be a perfluoro-
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decene. The main compound was identified as either cis or trans
perfluoro-2,5,6-trimethylhept-3-ene (177 or 178). [Found: T

H

76.0%; M, 500, ClOFZO requires,F, 75.98%; M, 500], i.r. spectrum
No. 11, 19F n.m.r. spectrum No. 11.
The third component was identified as starting material

(174).

8.13 The TFluorination of Perfluoro-2,65-di-isopropylpyrazine (184)

with Cobalt III Fluoride/Calcium Fluoride

The pyrazine (184) (10.4 g, 22.9 m.moles) was sublimed
into the reactor in the usual manner for solids. The reactor

temperature was 1560C, rising to 159°C and the N, flow was 300

2
mls.min" L. Addition took 2 hrs and the product (9.6 g) was
collected after a further 15 hrs, as a colourless crystalline
solid at room temperature. Analysis by g.l.c. (G.D.B., silicone
elastomer, 780C) revealed two components, the minor of which was
identified by g.l.c./mass spectroscopy as starting material
(184) (10.7% of the product).

The major component (7.0 g) was isolated by recrystallising

from cyclohexane to give large, well-formed crystals of perfluoro-

2,5-di-isopropyl-1 4-diazacyclohexa-1,4-diene (185) (7.0g);

m.p. 43-45°C uncorr. [Found: C, 24.4%; N, 6.1%; T, 69.3%;
M, 490, C10N2F18 requires C, 24.51%;, N, 5.72%; F, 69.7%;, M, 490],
i.r. spectrum No. 12, 19F n.m.r. spectrum No. 12.

8.14 Attempted Fluorinations of Cyanuric Fluoride (188) with

Cobalt III Fluoride/Calcium Fluoride

Using the technique adopted for liquid substrates (188)
(12.4 g, 91.8 m.moles) was passed into the reactor which was at an

initial temperature of 110°C (temperature after addition 1100C,
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nitrogen flow 300 mls.min_l, addition time 2.25 hrs). After 20
hrs, 11.3 g of product had heen trapped, which was found upon
analysis by g.l.c. and i.r. spectroscopy to contain (188) only.

A second aliquot of (188), (9.7 g, 71.8 m.moles) was added
to the reactor at the higher initial temperature of 2190C, rising
to 220°C (addition time 1 hr, N, flow 300 mls.min ). The product
(8.9 g), collected after a further 18 hrs, was once again found
by g.l.c. analysis and i.r. spectroscopy to contain starting
material (188) only.

Finally, a third aliquot of (188) (9.6 g, 71.1 m.moles)
was added to the reactor at an initial temperature of 328°C
rising to 320°C (N, flow 300 mls.min” ", addition time 1.5 hrs).
The product (8.8 g), collected after a further 16 hrs, was found
by g.1l.c. analysis (G.D.B. silicone elastomer, 780C) and i.r.

spectroscopy to contain only traces (<2%) of new products, which

were of very short retention time.

8.15 Experimental Procedure for Direct Fluorinations

Direct fluorinations were performed by passing fluorine,
heavily diluted with dry nitrogen, through solutions of the
compound to be fluorinated, in 'Freon 113' (Freon 113 is the DuPont
trade name for 1,2,2-trifluvorotrichloroethane). The apparatus was
designed so that the fluorine did not come into contact with any
materials other than dry glass, passivated copper, brass and
'"Fliorolube' (a heavy fluorinated kerozene produced by 1.C.I.).

A drawing of the apparatus is presented below in Diagram 8.2,

The glassware was dried in the oven prior to use and allowed
to cool whilst being purged with nitrogen. The fluorine line was
then also connected to the glassware and the generator switched on

at 5 amps and allowed to produce fluorine gas for 30 mins in order
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to remove any ingressed moisture from the electrolyte. It was
suspected that oxygen difluoride produced from such moisture
might be the cause of the explosions that have been reported by
other workers when performing direct fluorinations and indeed,
severél explosions were experienced in the present work before
adopting these precautions. Tatlow has also suggested that
moisture in fluorine cell electrolytes is responsible for the
acid fluorides often present among the products of direct
fluorinations.186

As a secondary precaution, the trap in the fluorination
apparatus (see Figure 8.2) was cooled with a nitrogen/propane
slush bath maintained at -187°C in order to trap any remaining
oxygen containing species (FZ b.pt = —187OC; OF2 b.pt =
-145.3°C).

Blast screens, heavy gloves and protective clothing were
employed at all stages of these experiments, of course.

After this pre-electrolysis, the generating cell was
temporarily switched off and, after waiting 10 mins for the
nitrogen purge to remove fluorine gas from the apparatus, a flask,
containing a solution of the substrate in freon 113 and a magnetic
follower, was connected to the apparatus so that the nitrogen and
fluorine would pass through the liquid. A water cooled reflux
condenser and an acetone/cardice cooled, cold finger condenser
were placed at the flask exit, the latter above the former, in
order to minimise losses of solvent, substrate OrX products. The
final exit of the apparatus was guarded by a calcium chloride
tube.

After cooling the contents of the reaction flask in a
cooling bath and with vigorous stirring the fluorine generator
was switched on again (2 amps, 1.3 g. Fz.hr—l) and fluorine was

prassed through the solution, until an amount calculated to be
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equivalent to the addition of two fluorine atoms to the substrate
had been passed. The freon solvent functioned both as a diluent
of the substrate and also, by refluxing, as a heat sink for the
reaction. It was dried, prior to use, by distilling from P205,
in grease free apparatus, collecting the fraction at b.pt. 47°c.
The fluorolube trap through which the nitrogen entered the
line prevented back diffusion of fluorine. After passing
sufficient fluorine, the generator was switched off and the

apparatus was purged with the nitrogen flow for a further 10 min.

8.16 Direct Fluorination of Perfluoro-4-isopropylpyridine (189)

The pyridine (189) (4.1 g, 12.8 m.moles) was dissolved
in dry 1,1,2-~trifluorotrichloroethane (7.2 g) and the solution was
placed in the fluorination apparatus described above and cooled
(-20°C) in an acetone/cardice bath. Iluorine gas (1.3 g.hr-l,
12.6 mls,min_l, a generator current 2 amperes) mixed with dry
nitrogen (4.5 mls.min—l, 3.1 g hr—l) was bubbled through the
vigorously stirred solution. Crackling sounds thought to be due
to minor explosions were heard during the reaction.

After 24.4 mins (i.e. two equivalents of fluorine), the
current was switched off, whilst the nitrogen purged residual
fluorine from the apparatus. The flask was then removed and
allowed to attain room temperature behind the blast screen.
After standing for 30 mins the product (7.4 g) was analysed by
g.1l.c. (G.D.B., di-isodecylphthalate 78OC). The proportion of
solvent (30% of the mixture) had dropped as a result of evapora-
tion. Starting material (64% of the mixture by g.l.c.) was the
only other major component with traces of two other components
(1% and 2% respectively by g.l.c.). The first had identical

retention times to perfluoro-4-isopropyl-l-azacyclohexa-1,3-
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diene (121) on silicone gum rubber and di-isodecylphthalate
g.l.c. columns whilst the second had shorter retention times.
Material which had solidified on the cold finger during reaction

(1.5 g) was identified as solvent (248) only.

8.17 Direct Fluorination of Perfluoropyrimidine (15¢)

Into the fluorination apparatus was placed perfluoro-
pyrimidine (156) (5 g, 32.9 m.moles) and dry 1,1,2-trichloro-
trifluoroethane (10 g). Tollowing the usual procedure, fluorine
was bubbled through the vigorously stirred solution at a rate of
47.25 m.moles hr Y. The solution was maintained at -20°C
(generator set at 3 amps giving 18.75 mls.min—l). The fluorine
was diluted with dry nitrogen (30 mls min~1). The generator was
switched off after 50 mins equivalent to the passage of 46.7
m.moles of fluorine.

The product (9.6 g) was analysed by g.l.c. (Pye 104,
silicone gum rubber, IOQOC) which revealed only three major compo-
nents. - The first two were isolated by distillation through a

19F n.m.r.

short (15 cm x 1 cm) vigreux column and idéntified by
and g.l.c. as solvent (4.5 g) and starting material (156) (2.1 g).
The residue was a nearly colourless oil (2.0 g) which boiled above
150°C and was indicated by g.l.c. (Pye 104, silicone gum rubber,
1500C) to be mainly the third component. Most of the oil
crystallised on standing and the crystals were purified by subli-

mation onto a cold finger (40°C, 0.01 mm Hg) to give white

crystals of perfluoro-2,2'-bi-1,3-diazacyclohexa-3,6-dienyl (195)

(1.4 g), m.pt. 56°-57°C (uncorr.). Found: C, 27.7%; N, 16.8%;

F, 55.9%; M, 342. C,N,F requires C, 28.0%; N, 16.38%;

87410
¥, 55.54%, M 342. 19F n.m.r. spectrum No. 13, Owing to rapid

hydrolysis, a satisfactory i.r. spectrum was not obtained.

R SR
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8.18 Direct Fluorination of Perfluoro-4,6-di-isopropylpyrimidine

(1522

Into the fluorination apparatus was placed (152) (5 g,
11.1 m.moles) and 1,1,2-trifluorotrichloroethane (15 mls).
Following the described procedure, fluorine gas, generated at 3
amps (Z47.25 m.moles hr~1 or 18.75 mls.min_l) diluted with
nitrogen (30 mls.min~1), was bubbled into the vigorously stirred
solution which was maintained at -10°C. The fluorine was stopped
after 37 mins, equivalent to the passage of 29.1 m.moles of
fluorine. The product was examined by mass spectroscopy/g.l.c.
(silicone gum rubber, 1650C) and solvent (248) and starting
material (152) were the only components detected. The bulk of the
solvent was distilled off using a short vigreux (15 cm x 1 cm)

19F n.m.r. confirmed as

column to leave a residue (5.2 g) which
mainly (152) with traces of residual solvent. Also high
temperature g.1l.c. (Pye 104, silicone gum rubber, 2500C) did

not indicate the presence of components of higher retention

time than (152),

8.19 The Direct Fluorination of Perfluoro-4,5-di-isopropyl-

)

pyridazine (167)

The pyridazine (167), (2.9 g, 6.4 m.moles) and excess of
Freon 113 (210 mls) as solvent, were placed in an earlier form of
the fluorination apparatus, which differed from that already
described, in that it did not have an FZO trap. The solution
was cooled to -~5°C and stirred vigorously, with a 'teflon'--coated
magnetic follower, whilst fluorine (generated at 5 amps, -69.7
mls.min_l) diluted with dry nitrogen (46 mls.min_l) was bubbled
through it for a period of 60 mins (85.5 m.moles).

After the fluorine flow had ceased, the nitrogen flow was
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continued a further 15 mins in order to purge the apparatus,
after which the reaction flask was allowed to stand for 30 mins
and attain room temperature.

Material collected on the cold finger (1.4 g) consisted of
Freon 113 only, as revealed by g.l.c. (G.D.B., silicone gum
rubber, 4OOC) and i.r. The flask contents were distilled
(30 cm x 1.5 cm column packed with pyrex helices) and, after
removal of the solvent, a residue (1.7 g) was obtained which
gave only one major component on g.l.c. analysis (G.D.B.,
silicone gum rubber, 4OOC) with traces of products of higher
retention time. The major component was isolated by preparative
g.1l.c. (Autoprep., silicone gum rubber, BOOC) and was identified
as a 1:1.8 mixture of cis and trans perfluoro-2,3,4,5-tetra-
methylhex-3-enes (168) and (169) by comparison of its g.l.c.

19F n.m.r, spectrum with the product

retention times and
produced by fluorinating (167) with CoFB/CaF2 described in

Section 3.10.
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CHAPTER 9

EXPERIMENTAL FOR CHAPTER FIVE

9.1 Reaction of Perfluoro-4-isopropyl-l-azacychlohexa-1,3-diene

(121) with the Perfluoroisopropyl Carbanion

To a dry evacuated, round bottomed, three necked Ilask,
equipped with a gas inlet, a serum cap and communicating via
a condensing trap to a collapsible gas bladder was
added hexafluoropropene (249) (18 g, 120 m.moles). The hexa-
fluoropropene was condensed into the well, which was then isolated
from the flask. Dry nitrogen was admitted into the flask to
return it to atmospheric pressure. Against the nitrogen flow
was added . @« - CsF (c.a. 1.0 g), a magnetic stirrer and
dry tetraglyme (10 mls). The flask was re-evacuated and the
solvent de-gassed after which the hexafluoropropene was re-
admitted and (121) (4.5 g, 12.6 m.moles) was added by injecting
through the serum cap. The mixture was stirred vigorously at
room temperature for 17 hrs. The volatile product was removed
by distillation from the solvent at reduced pressure. The liquid
(22,5 g) was found by g.l.c. to consist of two components in
addition to dimers and trimers of hexafluoropropene. The mixture

was distilled at atmospheric pressure (concentric tube) to give:

(1) a complex mixture of oligomers of hexafluoropropene,
boiling below 112°C (11.6 g);

(2) a fraction (2.0 g) collected between 112 and 113°C,
which was identified by comparison of i.r. spectra as
‘starting material (121);

(3) a fraction (3.9 g) collected at 177°C which was

identified as perfluoro-2,3,4-tri-isopropyl-l-aza-
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cyclohexa-1,3-diene (201). [Found: F, 72.5%; M, 657, CigNFys
requires F, 72.28%; M, 657], A__ 231 nmn, € = 3.89 x 10°
cyclohexane, i.r. spectrum 13, 19F n.m.r. spectrum 14. U.v.

spectrum No. 2. B.pt. = 177°cC.

9.2 The Defluorination of Perfluoro-2,3,4-tri-isopropyl-1-

azacyclohexa-1,3-diene (201)

The diene (201) (3.5 g, 5.3 m.moles) was placed in a dry
flask equipped with a nitrogen inlet capillary and boiling chips.
The flask was placed at the end of a silica tube (16 m.m. o.d.)
which was packed along 45 cm of its length with coarse iron
filings heated to 340°C by an enveloping furnace. The diene
(201) was heated until it began to reflux in the apparatus and,
by passing dry nitrogen through it (50 mls.min—l), it was carried
as a vapour over the iron filings. The product (0.7 g) was
trapped at liquid air temperature and was found by g.l.c. to
consist of one major component (91%) and a less volatile minor
component (9%). The product partially crystallised on standing
and g.l.c. indicated that the crystals were the major component

which was identified as perfluoro-2,3,4-tri-isopropylpyridine

(203) (0.5 g). [Found: I', 70.5%; M, 619, C14NF23 requires
F, 70.58%; M, 619]). i.r. spectrum 14 19F n.m.r. spectrum 15.

The minor component has not been identified.

9.3 Tlie Reaction of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl

(160) with Methanol

In a dry 100 ml two-necked flask containing a magnetic
Stirrer, continuously purged with dry nitrogen and equipped with
a sérum cap, was added dry ether (5 mls) anhydrous sodium carbon-

ate (1 g, 9.4 m.moles) and (160) (1.0 g, 2.4 m.moles). Stirring
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vigorously, methanol (0.2 mli; 0.16 g, 5.2 m.moles) dissolved

in dry ether (5 mls) was added by injecting from a syringe over
a period of 10 mins. Stirring was continued at room temperature
for 30 mins after which the mixture was refluxed for 30 mins.
The solvent was then distilled off through a vigreux column (16
cm) to leave a crude white solid. The residue was sublimed onto

a cold finger (0.05 mm Hg, 70°C) to give white crystals of

1,1"-bi-2-methoxypentafluoro-1,3-diazacyclohex-2-enyl: (212)

(0.4 g). ([Found: C, 26.9%; N, 12.7%; T, 51.5%; M, 442

’

CyoN4HgO,Fy, requires C, 27.16%; N, 12.67%; T, 51.56%; M, 442},

i.r. spectrum 15, n.m.r. spectrum 16,

9.4 Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-1,3-diene

(121) with Methanol

In a dry 100 ml two-necked flask containing a magnetic
stirrer, continuously purged with dry nitrogen and equipped with
a serum cap and a reflux condenser, was placed dry ether (5 mls),
anhydrous sodium carbonate (1.0 g, 9.4 m.moles) and the -1,3-
diene (121) (2.2 g, 6.2 m.moles). Dry methanol (0.3 mls, 0.25 g,
7.7 m.moles) dissolved in dry ether (5 mls) was injected dropwise
from a syringe with stirring over a period of 15 min. Stirring
was continued for another 45 mins after which the mixture was
refluxed for a further 30 mins. After reaction, the solvent was
removed by distillation through a short (16 cm) vigreux column
and the residual ligquid was vacuum transferred from the sodium
salt fesidié. The transferred material was found, by g.l.c.,
to éoinsist of one major component (70%), two unidentified minor
components (10%) and methanol (20%). The mixture was separated
(G.D.B., silicone elastomer, 1200C) to give a pure sample of the

major component which was found to be 2-methoxy-44heptafluoro—
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isopropyllpentafluoro-l-azacyclohexa-1,3~-diene (1.2 g). [Found:

C, 29.5%; N, 3.9%; F, 61.5%; H, 1.1%;, M, 369. CgNOH,F,,

requires C, 29.28%;, N, 3.79%;, F, 61.77%; H, 0.82%; M, 369].

i.r. spectrum 18, 19F n.m.r. spectrum 17. Amax = 213 nm,
3

6.07 x 10°. U.v. spectrum No. 3.

il

€

9.5 The Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-1,3-

diene (121) with Methoxide Ion

In a dry three necked flask, equipped with a gas inlet,
a serum cap, a reflux condenser and a magnetic stirrer was placed,
against a flow of dry nitrogen, dry methanol (20 mls, an excess);
After a brief wash in methanol, sodium (0.6 g, 26 m.moles) was
added, piece by piece, against the nitrogen flow until a clear
solution, equivalent to 26 m.moles of methoxide ion, was obtained.
The diene (121) (2.3 g, 6.4 m.moles) was slowly added to the
solution whilst the latter was stirred vigorously. The stirring
was continued overnight after which the volatile contents of the
flask were transferred in vacuo. The transferred material was
found by g.l.¢. to consist of methancl only and the products,
which were relatively involatile, had remained in the flask. The
material in the flask was extracted into methylene chloride,
filtered and examined by g.l.c./mass spectroscopy (Micromass,
silicone elastomer, 1500C) and found to consist of a mixture of

at least six polysubstituted products.

9.6 Attempted Reaction of Perfluoro-4,6-di-isopropyl-1,3-

diazacyclohexa-3,6-diene (153) with Methanol

The apparatus described for experiment 9.4 was used. To
the dry flask, against a flow of dry nitrogen, was added (1953)

(2.0 g, 4.1 m.moles), sodium dried ether (20 mls), and anhydrous
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sodium carbonate (1 g). Methanol (0.165 mls, 4.0 m.moles)
dissolved in ether (5 mls) was added dropwise from a syringe
over a period of 10 mins. The mixture was magnetically stirred
throughout the reaction. After one hour, the mixture was
refluxed for a further hour, cooled and filtered. The solvent
and unreacted methanol were distilled off to leave a liquid
residue (1.9 g) which was shown by g.l.c. and i.r. to consist

of starting material only.

9.7 Reaction of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl

(160) with Phenol

To a dry, round bottomed, 100 ml, two-necked flask
equipped with a magnetic stirrer, a serum cap and a reflux
condenser was added, against a flow of dry nitrogen, the dimer
(160) (1.0 g, 2.5 m.moles) dissolved in dry ether (10 mls)
and triethylamine (0.4 g, 5 m.moles). The solution was stirred
vigorously whilst phenol (0.45 g, 5 m.moles), dissolved in ether
(10 mls),was added slowly through the serum cap. White material
precipitated slowly from the solution. The stirring was continued
for 12 hrs after which the solvent was removed by distillation.
The residue was extracted with an excess of ethylacetate from which
crystals (0.5 g) were deposited upon evaporation. The material
(m.pt. 177OC) was only sparingly soluble in a range of solvents

and a satisfactory 19

F n.m.r. spectrum was not obtained. On the
basis ©f mass spectral and i.r. evidence (i.r. spectrum No. 17)
it is thought 1likely that the material is 1,1'-bi-2-phenoxyhexa-

fluoro=1,3-diazacyclohex-2-enyl (216),
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9.8 Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-1,3-diene

(121) with Phenol

The same apparatus as for reaction 9.4 was used. Against
a flow of dry nitrogen, dry ether (5 mls), freshly distilled
triethylamine (0.21 mls, 2.85 m.moles) and (121) (1.0 g, 2.8
m.moles) were added to the flask. Stirring vigorously, phenol
(0.26 g, 2.8 m.moles) dissolved in dry ether (5 mls) was added
dropwise, from a syringe, over a period of 15 mins. The stirring
was continued for 30 mins and then the mixture was refluxed for
a further 30 mins. The contents of the flask were then washed
with water, dried (MgSO4) and the solvent was removed by
distillation. The remaining crude solid was then purified by
sublimation (0.05 m.m. Hg, 4OOC) to give a white crystal-

line solid identified as 2-phenoxy—4{heptafluoroisopropyn—

pentafluoro-l-azacyclohexa-1,3-diene (219) (0.8 g). (Found:

C, 40.1%; N, 3.3%;, H, 1.2%;, F, 52.9%; M, 431, C, ,NH.OF,,
requires C, 38.99%: N, 3.25%; H, 1.17%; F, 52.88%; M, 4311,

i.r. spectrum 18. N.m.r. spectrum 18.

9.9 Hydrolysis of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl (160

In a 20 ml round-bottomed flask equipped with a reflux
condenger and a magnetic stirrer, were placed (160) (1 g, 2.4
m.moles), water (1 g, 55.5 m.moles), acetone (5 mls) and magnesium
carbonate (0.35 g, 4.15 m.moles). The mixture was refluxed, with
stirring, for 24 hrs. The product was filtered ether (20 mls)
wis addded and the whole was washed twice with water. Upon removal
of the solvent, a solid (0.8 g) remained which was recrystallised

(CHC13) to yield 1,1'-bi-3H-2 «d-diketotetrafluoro-1,3-diazacyclo-

hexyl (218) (0.7 g). Found: C, 25.9%; N, 15.3%; F, 41.5%;

M, 370. C4N,0,H,F, requires, C

gN40,H, T , 25.96%; N, 15.14%; F

, 41.07%;
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19,

M, 370}, i.r. spectrum No. 19, F n.m.r. spectrum No. 19.

9.10 Hydrolysis of Perfluoro-4-isopropyl-l-azacyclohexa-1,3-diene

(121)

To a 10 ml, round-bottomed flask equipped with a reflux
condenser was added (121) (0.9 g, 2.6 m.moles), water ( 2 mls,
111 m.moles) and acetone (5 mls). The mixture was refluxed for
7 hrs after which the solvent and excess water were removed by
vacuum transference, leaving a white solid. The solid was
purified by sublimation onto a cold finger (0.005 mm Hg, QOOC)

to crystals (0.4 g) identified as 1H-2,6-diketo-4-4{heptafluoroiso—-

Apropyﬂtrifluoro—l—azacyclohex—B—ene (218 ). [Found: C, 27.7%;

F, 56.7%; M-F, 314, CgNO,HF,, requires C, 28.8%; F, 57.0%;

19

M, 333], i.r. spectrum 20, F n.m.r. spectrum 20.

9.11 Hydrolysis of Perfluoro-4-isopropyl-l-azacyclohexa-1,

4-diene (122)

Using the same method as for the -1,3-diene (121),(122)
(1.0 g., 2.8 m.moles) reacted with water (2 mls, 111 m.moles) in
acetone (5 mls)to give a crude white solid from which crystals
(0.3 g) were obtained by sublimation (0.005 mm Hg, 105°C).

19

Comparison of the i.r. and F n.m.r. spectra showed the product

to be identical to that produced from the -1,3-diene ( 121),

9.12 Attempted Hydrolysis of Perfluoro-4,6-di-isopropyl-1,3-

diazacyclohexa-3,6-diene (153)

Using the same method as described for the hydrolysis of
(121) in 9.10, the diene (153) (1.0 g, 2.0 m.moles) was refluxed

in aqueous acetone (acetone 10 mls, water 1 ml, 5.5 m.moles)
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for 16 hrs, Uwon distilling the product througan a vigreux column,

)

no involatile residue remained and the distillate (0.5

iQ

boiling at 126°C was indicated by g.1l.c. and comparison of

spectra to consist of starting material (153) only.

9.13 Attempted Acidic Hydrolyses of Perfluoro-4,6-di-isopropyl-1,

3-diazacyclohexa-3,6-diene (153)

To a 25 ml conical flask, equipped with a reflux
condenser and a magnetic stirrer, was added (153) (2.5 g, 5.1
m.moles) and concentrated sulphuric acid (10 mls, 7.7 molar).

The contents were refluxed for 16 hrs stirring vigorously to
emulsify, as much as possible, the two immiscible liquids.
The product still comprised two immiscible phases and the organic
layer (2.5 g), after separation in a dropping funnel, was shown
by comparison of the g.l.c. retention time and i.r. spectrum to
be unchanged (153).

The reaction was repeated under more vigorous conditions.
Thus, into a carius tube (10 mls) was placed (153) (2.8 g, 5.7
m.moles) and oleum (9.9 g) containing the equivalent of 25% free
SOS' The tube was sealed under vacuum and placed in a mechanical
shaker to mix the two immiscible phases. The tube was heated to
145°C for 17 hrs, with continuous shaking after which it was found
that two immiscible phases remained. The organic layer (2.7 g)
was shown by comparison of the respective i.r. spectra and g.l.c.
retention times to be identical to the starting material. Upon
adding the residual oleum to excess ice-water, no organic

matérial separated.
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9.14 Reactions of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl

(160) with Fluoride Ion

9.14A Reaction without a solvent

The dimer (160) (1.0 g, 2.25 m.moles) was transferred
under vacuum into a carius tube (35 mls capacity) containing dry
caesium fluoride (1 g, 6.5 m.moles). The tube was sealed under
vacuum and heated at 170°C for 3 hrs. The product (1.0g) was
removed from the tube by vacuum transference and was found, by
g.l.c. (silicone rubber 1OOOC, Pye 104) to consist of starting
material (62%), and one other product (32%) which was isolated
by preparative g.l.c. (Autoprep Col 'O', 4OOC) and identified as

2,

perfluoro-4-methyl-1,2,5,7-tetra-azatricyclol5.3.1.0 6]undec—4—

ene (222) (0.3 g). [Found: C, 23.1% N, 13.7%; F, 63.6%; M, 418,

C,N F requires C, 22.98%; N, 13.40%; F, 63.62%; M

gV4F14 , 418], i.r.
19

spectrum 21, F n.m.r. spectrum 21.

9.14B Reaction of (160) with Caesium Fluoride in Tetrahydrothio-

phendioxide at 140°C

The dimer (160) (4.1 g, 10.0 m.moles) was transferred
under vacuum into a carius tube (35 mls) containing dry caesium
fluoride (1 g) and dry tetrahydrothiophendioxide (15 mls). The
tube was sealed under vacuum and heated at 140°C for 2 hrs. After
reaction the products were removed by vacuum transference and
examined by g.1l.c. (G.D.B. Col A, 780C). Three components were
present. After separation by preparative g.l.c., the most abundant
compoeiient (50%) was shown by comparison of i.r. spectra to be
starting material. The second component (27% of the product)
could not be identified. Its mass spectrum gave a parent ion at

m/e = 423 and analysis indicated the empirical formula 08N3F15.
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Its i.r. spectrum contained a band at 1696 cm_1 and the 19F n.m.r.
spectrum gave six signals at 57.00, 95.46, 99.65, 101.95, 139.06
and 141.84 p.p.m.

The third component (23% of the product) was identified as

the tricyclic compound (222) by comparison of i.r. spectra.

9.14C Reaction of Dimer (1g0) with Fluoride Ion at 180°C in

Tetrahydrothiophendioxide

The dimer (160) (1.8 g, 4.3 m.moles) was transferred
under vacuum from a P205/MgCO3 mixture to a flat bottomed carius
tube equipped with a magnetic stirrer and containing tetra-
hydrothiophendioxide (10 mls) as a solvent. The tube was sealed
under vacuum and heated at 180°C for 3 hrs whilst vigorously stir-
ring its contents. Upon transferring the products from the
reaction vessel under vacuum a liquid (0.8 g) identified by
g.1l.c. and comparison of i.r. spectra as the unknown product
of experiment 9.14B was isolated. No water insoluble phases
remained in the residue apart from a fine white powder (0.3 g)
identified by i.r. as silica. Gaseous products (c.a, 0.5 g) were
also produced.

9.15 Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-1,3-diene

(121) with Caesium IFluoride

Into a dry, flat bottomed carius tube (80 mls capacity)
containing a magnetic stirrer, was placed dry caesium fluoride
(0.5 ¢) and tetraglyme (15 mls). (121) (2 g, 5.6 m.moles) was
véclitim t¥ansfefred into the tube which was then sealed under
vaetum and heated at 75°C for 2 hrs, stirring the contents
vigorously. The product, obtained by vacuum transference,
was shown by g.l.c. to consist of two components in the ratio

71:29. After separating by preparative g.l.c. (F21, Col 'O', ZOOC)
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the major component was identified as starting material

(0.9 g) and the second component as the -1,4-diene (122) (0.2 g)

19

by comparison of the respective i.r. and F n.m.r. spectra.

9.16 Reaction of Perfluoro-4-isopropyl-1-azacyclohexa-1,4-diene

(122) with Caesium Fluoride

(122) (1.0 g, 2.8 m.moles) was reacted with caesium
fluoride in the same manner as (121) at 80°C for 2 hrs. The

product was found by g.l.c. and 19

F n.m.r. spectroscopy to consist
of a mixture of (121) and (122 ) in approximately the same ratio

as when the -1,3-diene had been the starting material.

9.17 Attempted Reaction of Perfluoro-4,6-di-isopropyl-1,3-

diazacyclohexa-3,6-diene (153) with Caesium Fluoride

Into a dry flat-bottomed carius tube containing a
magnetic stirrer (85 mls capacity), was placed dry tetraglyme
(10 mls) and caesium fluoride (1 g). The diene (153) (0.9 g,
1.8 m.moles) was added by vacuum transference and the tube was
sealed under vacuum and reacted at 50°C for 15 hrs. After
vacuum transferring the product (0.9 g) from the solvent it
was, found by comparing its g.l.c. retention time and i.r.
spectrum with those of authentic material, that it consisted

of unchanged (153).

9.18 Reaction of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl (160)

with Chloride Ion

In a dry, flat-bottomed carius tube (60 mls capacity),
was placed a magnetic stirrer, dry lithium chloride (1.0 g, 23.6
m.moles) and dry tetrahydrothiophendioxide (15 mls). The tube was

evacuated and the solvent allowed to de-gas, after which (160)
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(3.3 g, 7.9 m.moles) was added by vacuum transference from a
mixture of P205 and NaF. The tube was sealed under vacuum and
heated at 112°C for 12 hrs whilst its contents were stirred
vigorously. The product (3.1 g) was isolated by vacuum
transference from the solvent and lithium salts. It was a liquid
which partially crystallised on standing (2.4 g of crystals were
isolated by recrystallising at 0°C and the product was identified

as 1,1'-bi-Z2-chlorohexafluoro-1,3-diazacyclohex-Z-enyl (229).

[Found: C, 21.5%; N, 12.1%: F, 50.2%; Cl, 15.8%; M, 450,

C8N4F12C12 requires C, 21.30%; N, 12.42%; F, 50.55%; Cl, 15.72%;,

M, 450}, i.r. spectrum 23, 19

Fn.my. spectrum 22, m.pt. 38-39°C
(uncorrected).

Using the same method (160) was reacted with a slightly lower
proportion of LiCl, Thus (160) (4.6 g, 11 m.moles) was reacted
with LiCl (1.0 g, 23.6 m.moles) in tetrahydrothiophendioxide
(15 mls) at 130°C for 18 hrs. The product (4.8 g) was combined
with the mother liguor of the Ifirst reaction and contained four
components (g.l.c.). The most abundant (35%) was isolated by
fractionation under reduced pressure collecting at 92-94°C
(22 mm Hg) and was shown by comparison of its i.r. spectrum with
that of a sample from the first experiment to be (229). The
other components were not isolated in a pure state. Of these,
the most abundant was less volatile than (229) and comprised
8% of the product. M.s/g.l.c. of fractions rich in this
component indicated a parent ion at m/e = 466 and the isotope
ratio P:P+2:P+4 was 10:10:3, indicating the presence of three
chlorine atoms. The remaining component (7%) was more volatile
than (229) and gave a parent ion at m/e = 434 and its isotope
ratio P:P+2 = 3:1 indicated one chlorine atom. Traces of a

compound with P = 482 and intensity ratio P:P:2:P+4:P+6 =
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10:13:6:1, indicating a tetrachloro compound, were also detected.

9.19 Defluorination of 1,1'-bi-2-chlorohexafluoro-1,3-diaza-

cyclohex-2-enyl (229)

(229) (1.8 g, 4 m.moles) was placed in a dry flask
where it was vaporised at 85°C into a stream of dry nitrogen
(50 mls.min_l). The gas stream was fed through a silica tube
(16 m.m. i.d.) packed along 45 cm of its length with coarse
iron filings which were heated to 445°C by an enveloping furnace.
The product was removed from the nitrogen at liquid air
temperature. After a day, all the material had passed through
the tube. A liquid product (0.8 g) was obtained. It consisted
of one major component (85%) and two unidentified minor
components. The major component was isolated by g.l.c. (G.D.B.,

Col O, 800C) and was identified as 2—chlorotrifluoropyrimidinem

(228) (0.4 g). [Found: C, 28.8%; N, 16.3%; F, 33.5%; Cl, 21.5%;

M, 168, C4N,F4C1 requires C, 28.51%; N, 16.62%; T, 33.82%;
Cl, 21.04%; M, 168], Mpax = 212 nm, € = 9.76 x 103 cyclohexane,
19

i.r. spectrum No. 24, F n.m.r. spectrum No. 23, u.v. spectrum

No, 4.
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CHAPTER 10

EXPERIMENTAL TO CHAPTERS 6 and 7

10.1 Introduction

In this chapter the experimental for Chapters 6
(photolyses) and 7 (miscellaneous reactions) is given. The
photolytic work was, as mentioned in Chapter 6, performed in
co~operation with R, Middleton. All the photolyses were carried
out with a 120 watt Hanovia low-pressure mercury arc which gives

virtually monochromatic radiation of 253.7 nm wavelength.

10.2 Photolysis of Perfluoro-4-isopropyl-l-azacyclohexa-1, 3~

diene (121)

Perfluoro-4-isopropyl-l-azacyclohexa-1,3-diene (121)
(4.3 g, 12,0 m.moles) was placed in clean dry silica tube
and de-gassed, prior to sealing the tube under vacuum. The
tube (25 cm long and 2 cm in diameterj was then irradiated at
253.7 nm for 116 hours,

The product (3.9 g) was removed from tube by vacuum
transference. It was a colourless liquid at room temperature and
analysis by g.l.c. (G.D.B., silicone gum rubber, 78°C) indicated
the presence of two major components and some minor components.
The mixture was separated by distillation (concentric tube).

The major component (70%, b.pt. 98.50C) was identified as

perfluoro-6-methyl-5-methylene-2-azahepta-1,3-diene (234).

[Found: Analysis results inconsistent; M, 357, C8F13N requires
C, 26.91%; N, 3,92%; T, 69.17%;: M, 357). Y9F n.m.r. spectrum
No. 24, i.r. spectrum No. 25,

None of the other components were isolated in a pure enough

state to be identified.



10.3 Photolysis of Perfluoro-2,3,4-tri-isopropyl-l-azacyclohexa-

1,3-diene (201)

Into a clean dry silica tube (29 cm x 2,8 cm dimensions)
was placed (201) (0,5 g, 0.81 m,moles). After de-gassing the
contents, the tube was sealed under vacuum and irradiated at
253.7 n.m, for 203 hrs. The tube was then opened and the product
(0.5 g) removed by vacuum transference, It was shown by g.loc.'

and i.r. spectroscopy to consist of starting material only.

10.4 Mercury Sensitized Photolysis of Perfluoro-2,5-di-iso-

propyl-1,4-diazacyclohexa-1,4-diene (185)

To a clean dry silica tube, of dimensions 22 cm by 2.8
cm was added a small drop (c.a. 0.5 g) of mercury. .Perfluoro-
2,5-di-isopropyl-1,4-diazacyclohexa-1,4-diene (185) (1.0 g,

2,0 m,moles) was then transferréd to the tube under vacuum,

After de-gassing the contents to exclude oxygen, the tube

was sealed under vacuum and irradiated, in the usual manner, at
253.7 nm with a 120 watt source, for a period of 335 hrs., Slight
tarring of the tube contents, after this time, indicated that
some reaction had taken place,

The tube was opened and the products were trgnsferred under
vacuum, Upon warming to room temperature some of the material
volatilized and was collected in a gas storage bulb. The volatile
product was identified as perfluoroisobutyronitrile (242) from
its mass spectrum and by comparison of its i.r. spectrum with
that of an authentic sample‘,z03

The material remaining in the liquid phase (0.6 g) was
analysed by g.l.c. and was found to contain one major (80%)
component and two minor components. The two minor components

(together <10%) were identified as (242) and starting material
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(185) by comparison of g.l.c.,/mass spectra with those of
authentic samples, The major component was isolated from the
mixture by preparative g.l.c. (Autoprep.,, di-isodecylphthalate,
40°C), It was identified as perfluoro-4-methyl-3-methylene-2-
azapent-l-ene (241) although a pure sample was not obtained
because of its extreme susceptibility to hydrolysis, Analysis
indicated the presence of hydrolysed material, M, 295,

C6F11N requires M, 295 (but a peak at m/e = 272 also indicated

the presence of the isocyanate hydrolysis product) 19r n.m.,r.

spectrum No. 28,

10.5 Mercury Sensitized Photolysis of Perfluoro-4,6-di-isopropyl-

1,3-diazacyclohexa-3,6~diene (153)

To a clean dry silica tube (28 cm high, 2.7 cm wide)
was added perfluoro—4,6—di—isopropyl—1,3—diazacyclohe£a—3,6—diene
(153) (1.5 g, 3.1 m.moles) and a small drop of mercury. The
liquid was dé-gassed, to remove atmospheric oxygen and then
irradiated at 253.7 nm, using a 120 watt source, for 117 hrs,
After reaction the contents of the tube had discoloured and the
volatile products (1.5 g) were removed by vacuum transference,
a colourless liquid being obtained,

Analysis by g.l,c. revealed four major components and traces
of other material., The mixture was separated by preparative
g.l.c. (Autoprep. silicone gum rubber, 8OOC) and the first two
components were identified as (242) (9%) and (241) (15%) by
comparison of their g.l.c. retention times, i.r. spectra and mass
spectra with those of authentic samples., The third component
(24%) was identified as starting material (153) in the

same way. The fourth component (48%) was identified as perfluoro-

2,8-dimethyl-7-methylene-4,6-di-azabona-3,5-diene (243), [Found
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F, 69.6%; M, 490, C, F. N, requires F, 69.8%; M, 490]. F n.m.r.

107182

spectrum No, 25, i.r. spectrum No. 2¢.

10.6 Mercury Sensitized Photolysis of Perfluoro-1,1'-bi-1, 3-

diazacyclohex-2-enyl (160)

Into a clean dry silica tube (21,0 cm x 2,7 cm), contain-
ing a small drop (c.a, 0.5 g) of mercury, was placed perfluoro-
1,1'-bi-1,3-diazacyclohex-2-enyl (160) (1.0 g, 2.5 m,moles). The
contents of the tube were thoroughly de-gassed before it was
sealed under vacuum. The tube was then irradiated at 273.,7 nm
using a 120 watt source for a period of 227 hrs, The product
(1.0 g) was then transferred from the tube under vacuum and
analysis by g.l.c. and i.r. indicated it to contain starting

material (160) only.

10.7 Mercury Sensitized Photolysis of Perfluoro-l-azacyclohex-

l-ene (161)

Into a clean dry silica tube (22 cm long, 2.8 cm
diameter) was placed a small drop of mercury (c.a. 0.25 g) and
(161y (2.6 g, 10,6 m.moles). After de-gassing the contents, to
remove dissolved oxygen, the tube was sealed under vacuum and
irradiated under the usual conditions (253.7 mm, 120 watt source)
for 357 hrs, The tube was then opened and its contents removed
by vacuum transference. They were found to consist solely of
starting material, by comparison of the g.l.c, retention times

and 1,r. spectra,

10.8 Defluorinations of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-

enyl (160)

The defluorinating apparatus consisted of a silica tube
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(internal bore 16 m.m,) packed for 45 cm of its length with
coarse iron filings (283 g), heated externally by an enveloping
electric furnace and purged with dry nitrogen. The starting
material (160) (4.1 g, 9.8 m.moles) was passed over the iron
filings (at 3450C) as a vapour in the nitrogen flow (46 mls.min_1
contact time 118 sec). The product (1.1 g), a liquid, was
trapped from the gas flow at liquid air temperature. Two days
were required to pass all compound (160) by this method,
Analysis of the product by g.l.c. revealed one major component,
which was shown, by comparison of its i.r. spectrum with that of
an authentic sample, to be tetrafluoropyrimidine (1.0 g) (156),
The same experiment was performed at a lower temperature.
Thus (160) (1.7 g, 4.1 m.moles) was passed over iron filings at
257°C in a stream of dry nitrogen (43 mlsomin—l) to give, after
two days, a liquid product (0.9 g). The product was found to
contain two major components, by g.l.c., with small amounts of
other components. Upon separation (F21 Col 4, 7OOC), the major
components were identified as starting material (160) (0.5 g)
and tetrafluoropyrimidine (156) (0.2 g), by comparison of their
i.r. spectra with those of authentic samples. The most
abundant of the minor components was indicated by its gfl.c. peak
area to comprise c.a. 5% of the product and was indicated, by

mass spectroscopy/g.l.c., to have a parent ion at m/e = 380.

10.9 Attempted Reaction of Perfluoro-1,1'-bi-1,63-diazacyclohex-

2-enyl (160) with Mercury

Into a clean dry carius tube (10 mls) was placed (160)
(1.0 g, 2.4 m.moles) with mercury (1.4 g, 7.0 m.moles). The tube
was sealed under vacuum and heated at 240°C for 59 hrs. Upon

opening the tube a liquid product (0.9 g) was obtained by vacuum



transference, 1t was found by g.l.c. and i.r., to consist of
unchanged (160),

The reaction was attempted at a higher temperature. Thus
into a clean dry carius tube of 12 mls capacity was placed (160)
(1.2 g, 2.9 m.moles) and mercury (1.2 g, 6.0 m.moles), The tube
was sealed under vacuum and heated at 400°C for 4.75 hrs. Upon
opening the tube volatile products were recovered by vacuum
transference., On warming to room temperature the bulk of the
product vaporised only 0.2 g remained in the liquid phase. The
ligquid was found by g.l.c./mass spectroscopy to consist of a
complicated mixture of products of lower molecular weight than
(160). The gas was unresolved by g.l.c. Recovered mercury

weighed 1.2g,

10.10 Attempted Reactions of Perfluoro-1,1'-bi-1,3-diazacyclohex-

2-enyl (160 with Nitric¢ Oxide

The dimer (160) (2.3 g, 5.5 m.moles) was placed in a
carius tube (232 mls) by vacuum transference from P205 and de-
gassed, Nitric oxide (0.3 g, 10.5 m,moles) was then admitted to
the tube which was then sealed under vacuum and heated at 180°C
for 12 hrs. The product consisted of 0.1 g of gas,’identified
as unreacted nitric oxide by i.r. spectroscopy, and 2.2 g of
liquid indicated by g.l.c., and i.r. to be unreacted (160) only,

At a higher temperature (3450C for 16 hrs) in the same

tube 2 g (6.3 m.moles) of (160) similarly failed to react with

0.33 g (11.2 m.moles) of nitric oxide.



10.11 Defluorination of a Mixture of Cis and Trans-perfluoro-

2,3,4,5-tetramethylhex-3-ene (168) and (169)

Into a 25 ml, two-necked, p ear-shaped flask was placed
a mixture of cis and trans-perfluoro-2,3,4,5-tetramethylhex-3-ene
(168 and 169, 3.5 g,7m mole The liquid was slowly vaporised
by dry nitrogen (24 mls.min—l) and the vapour was then passed
through a silica tube (45 cm by 1.4 cm) which contained loosely
packed coarse iron filings (c.a. 230 g) maintained at 310°C by
an enveloping furnace. The evaporation took 9 hrs, 45 mins and
the product (2.0 g) was collected by trapping at liquid air
temperature. G.l.c. analysis (G.D.B., silicone gum rubber,
250C) indicated two major components and at least six minor
components., The mixture was separated by preparative g.l.c,
(F21, silicone gum rubber, ZOOC) but an insufficient amount
of the first major (15%) component was recovered for it to be
identified. The second major component (70%) was obtained as
a 90% pure fraction by careful peak chopping and identified as
as perfluoro-2,3,4,5-hexa-2,4~-diene (245), [Found: F, 74.4%;

19

462, C10F18 requires ¥, 74.0%; M, 462]. F n.m.r. spectrum

No, 27, i,r., spectrum No. 27,

M

?
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-229-

The following abbreviations have been used in Appendix

ax, = axial

eq., = equatorial
D = doublet

T = triplet

Q = quartet

Sp = sgeptet
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1. Perfluoro-4-isopropyl-l-azacyclohexa-1,3-diene (121)

Shift Fine Structure Coupling Relative
p.p.m, Constants in Hz Intensity Assignment
52.55 D(J2“3 = 20) 1 2
76.76 D(J4b°3 = 17.,5) of 6 4b
Plyp,aa = ©
Tgp,5 = ©)
102,68 D(J6°4a = 5,5) 2 6
107.5 D(JB.Z = 20) of 1 3
D(J3.4a = 20) of
Sp(JB“le = 17.95)
114,62 D(J5.4a = 35) of 2 5
multiplets
185.08 Broad 1 4a
CHR ,CER-4b
3 3
\C{'—'AQ Recorded neat at 40°C
with external CFCl3
B—F ~ F reference

2

-5
2-F Xy 56

2
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2, Perfluoro-4-isopropyl-l-azacyclohexa-1,4-diene (122)

Shift Fine Structure Coupling Relative .
p.p.m, Constants in Hz Intensity Assignment
58,12 T(J2.3 = 26) 1 2
78.44 D(J4b°4a = 24) of 6 4b
multiplets
88.2 D(J6.5 = 24) 2 6
101,06 Broad 1 5
103.1 Broad 2 3
188.67 Broad 1 4a
CF La
5 — F'/// Eé — 3 Recorded neat at 40°C
6 F _ F 2 with external CFCl3
hl reference,
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3. An Equimolar Mixture of Perfluoro-2,4-di-isopropyl-1-

azacyclohexa~1,4-diene (128) and Perfluoro-2,4-di-isopropyl-

1,3-diene (127)

Shift | Tine Structure Coupling Relative  hssigmment
75.46 D(J = 7) of 6 2, 2b',
D(J = 6.5) 4b or 4b!
76,45 D(J = 5) of 6 2b, 2b',
T(J = 3.5) 4b or 4b'
76.88 D(J = 20) of 6 2b, 2b',
D(J = 11.5) of 4b or 4b!
77.58 D(J = 24) of 6 2b, 2b',
D(J = 6) of 4b or 4b!
T(J = 3.5)
91,02 D<J6'.5‘ = 26) 2 6'
98,42 D(Jgy 5a OF Jgu 4,1 = 37.5) ot 2 3!
D(JB‘.Za' or J3'.4a' = 37.5)
101.26 Multiplet 1 3 or 5
c.a, 103 Broad c.a, 1 3 or 5°
100,72 T(JG.B = 8) 2 6
111,76 Multiplet 2 5
c.a, 184 Broad c.a, 1 4a
186,61 D(J2a°3 = 68) of 1 2a
Multiplets
187,87 T(JZa'.S' or J4a'°3' = 37) 1 2a' or 4a'
191.74 T(Jza'_gv or J4a',3' = 39) 1 2a' or 4a’
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La Lb

CFICR

3
S
—_— -~ /
P RNNTNCETCR)

4d Lb

CF(C R

(127) >—h

Recorded neat at 40°C

with external CFCl3

reference
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4, Perfluoro-3-methyl-l-azacyclohex-1l-ene (135)
Shift Fine Structure Coupling Relative .
p.p.m, Constants in Hz Intensity Assignment
41,0 Broad 1 2
72,23 Broad 3 3a
93.16 D(J6aX°6€q = 242) 1 6 ax.
101,10 D(J6eq°6ax = 242) 1 6 eq.
127.63 D(J4ax.4eq or J5ax.5eq 1 ax. or
= 313) 5 ax,
-
132.59 D(J4aX°4eq or JSax.5eq 1 4 ax. or
= 293) 5 ax,
137.51 D(J4eq°4ax or J5eq.5ax 1 4 eq. oOr
= 293) > eq.
148.64 D(J4eq°4ax or JSeq°5ax 1 4 eq. or
= 313) 5 eq,
177.43 Partially resolved 1 3
doublet (J3n2 = 24)
4 Run neat at 40°C with
l external CFCl, reference
EANY 2
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5, Perfluoro-4-methyl-l1-azacyclohexa-1,3-diene (140)

Shift Fine Structure Coupling Relative .
p.p.m, Constants in Hz Intensity Assignment
92,26 D(J2°3 = 18.95) 1 2
61.93 =
9 D(J%LB 22) of 3 4a
T(J4a.5 = 6.5)
103.95 Broad 2 6
114,83 Q(J3 4 = 22) of 1 3
D(J3'2 = 18.5) of
’1‘(J3“5 = 16)
= 2
117.83 D(JS.B 16) of 5
Q(J5 4a = 6.5)
Run neat at 40°C with
external CFCl3 reference
5—Fy NN —3
6——F) N\ F —2

(140)
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6. Perfluoro-4,6-di-isopropyl-1,63-diazacyclohexa~3,6~diene (153)

Shift Fine Structure Coupling Relative

p.p.m. Constants in Hz Intensity Assignment

74,33 Singlet 2 2

77.92 D(J4b.4a = 6) of 12 4b and 6b
Tgp,5 = 3)

114,32 T(J5.4a = 31) of 2 5
multiplets

184.72 T(J4a.5 = 31) of 2 4a and 6a
SP(J4a . ap = 6)

Run neat at 4OOC with

external CFCl3 reference

6b 5 Lb
C L

(CF3)CF-' CF(CF3)
e
6a N\/N La

%
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7. Perfluoro-2,3-dimethylpentane (170)
Shift Fine Structure Coupling Relative Assipgnment
pP.p.m Constants in Hz Intensity g
72,62 Broad, assymetrical 9 la overlapping
3a
83.19 Multiplet 3 5
115,44 Multiplet 2 4
177,93 Broad 1 2 or 3
181,99 Multiplet 1 2 or 3
Run neat at 40°C with
3Cl external CF013
I reference
1a —CH (|3F3
~N
~CF—CF—CE—CR—5
1C1‘—“”(;E§ l l I

{170)
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8. A Mixture of Cis- and Trans-perfluoro-2,3,4,5-tetramethylhex-

3-ene (168) and (169) (Cis:trans = 36:64)

Shift Fine Structure Coupling Relative .
p.p.m, Constants in Hz Intensity Assignment
57.0 D(J = J 3' and 4!

31,5 4v, 21 =
12 combined

57.64 Broad 3 and 4

lapping 1' and 6°

159, 34 Broad 2 and 5

4 combined*
161.45 Q(Jz,'4, =J = 50)

5131 2' and 95!

72.25 Broad, assymetric } 24 i 1 and 6 over-

*Intensity ratio (2+5):(2'+5') = 36:64
1/ s Run neat at 40°C

2

I with external

CFCl3 reference

U:F%)Z(SEi //C;Fé'-—_-'B

| (169)

I (170)
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9. Perfluoro-2,3,4,5-tetramethylhexane (171)

Shift Fine Structure Coupling Relative ASSi £
P.p.m, Constants in Hz Intensity ssignmen
69,52 Broad 12 and 1°
72,62 Broad 6 and 4! ‘
166,5 Broad 2 and 2' or
and 3!
170,32 Broad 2 and 2' or
and 3°
Run neat at 40°C with
external CFCl3 reference
I'4
A A
CE, CE
| 3 73
[CFy), CF-CF~CF~CF(CRyl,
‘ l I |/ I Vd
1 2 3 3 1
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10, Cis- or Trans-perfluoro-2,3,6-trimethylhept-3-ene (175)
or (176)
Shift Fine Structure Coupling Relative Assi €
p.p.m, Constants in Hz Intensity sslgnmen
62.41 Multiplet 3 4
75.82 Multiplet 6 8
77 .32 D(Jl 5 = 29). 5] 1
89,11 Broad 1 5
107.18 Broad 2 6
180.83 Q(J2 4= 30) 1 2
184,73 Broad 1 7
Run neat at 40°C with
external CFCl3 reference
f ?
(IZF(CF3)2
CE
5 F .~ 2
II 6 (or cis)
C
(CE cé Nk
3)2 l 3
1 2 b

(176)
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11 Cis or Trans-perfluoro-2,5,6-trimethylhept-3-ene (177) or

(178)
Shift - Fine Structure Coupling Relative Assi t
p.p.m Constants in Hz Intensity ssilgnhmen
70,9 Broad, assymetric 9 6 overlapped by
1l or 8
73.9 Broad 6 1 or 8
126.5 Broad 1 3 or 4
128.7 Broad 1 3 or 4
194.5 Broad 1 2 or 5 or 7
201,2 Broad 1 2 or 5 or 7
207.6 Multiplet 1 2 or 5or 7
Run neat at 400C with
2 1
I | external CFCl3 reference
(IDF(CF3)2
/C__F_-___3 (or cis)
L—F—C
/CF——S
CF)ZCF CkE,—Db
(CF ’ 3
8 7

(178)
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12 Perfluoro-2,5-di-isopropyl-1,4-diazacyclohexa-1,4-diene

(185)
Shift Fine Structure Cougling Relative .
pP.p.m, Constants in Hz Intensity Assignment
74,02 D(J2b°2a = J5b.5a = 6) of 12 2b and 5b
T3p,3 = J5p.6 = 3)
85.70 D(J3.2a = J6.5a = 29) of 4 3 and ©
Sp(J3 op % Jg,5p = 3)
189.09 T(JZa.B = J5a.6 = 29) of 2 2a and 5a
SP(Joa.2b = Isa.50 = &)
Recorded as a solution
in hexadeuteroacetone at
40°C with external CFC1,
reference
6 2a 2b
DYRAN (CF3);
SN-F
5b ba 3
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13. Perfluoro-2,2'-bi-1,3~diazacyclohexa-3,6-dienyl (195)

Shift FFine Structure Coupling Relative Assienment
p.p.m. Constants in Hz Intensity €
= = 1
_60.39 D(J4.5b J4’.5b‘ 24) of 4 4 an@ 4
D(J4.Sa = J4,°5a, = 24) of
Tg,2 5 Jg 00 = 3)
118,33 Broad 2 2 and 2'
= = ]
120,93 T<J5b.4 J5b',4' 24) of 2 5b and 5b
D5y 0 = dppr o0 = 4)
2} = ’ = 1
121,22 1(J5a.4 J5a'.4' 24) 2 5a and ba
Recorded as
a solution
in hexadeut-
eroacetone
at 40°C with
, external
l , CFCl3 as
' F [’ reference
*—F EN=F—5b
5a F N
e— Ve
b —N N \F 5a
" 3 F—

(195)
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14, Perfluoro-2,3,4-tri-isopropyl-l-azacyclohexa~1,3~-diene (201)

Shift Fine Structure Coupling Relative .
p.p.m, Constants in Hz Intensity Assignment
66,93 Multiplet 3
68.92 Multiplet 3 2b, 2c¢, 3b, 3c
72.55 Multiplet 3 4b and 4c
76.54 Broad, assymetric 9
107.88 D(JGax.Geq. = 220) 1 6 ax,
117.42 D(JGeq.Gax. = 220) 1 6 eq.
121,73 D(JSaX.Seq. = 316) 1 S5 ax.
131.38 D(J5eq.5ax. = 316) 1 5 eq.
154.52 Multiplet 1
170.99  Multiplet 1 2a, 3a and
182.62 Multiplet 1 4a
Recorded neat at 40°C
with external CIC1l
3
ba &4
l as reference
C “:Fé)z;//////’:BG
5 —F, Xy CFICR),
\
RN NereR), P
2a 2b

(201)
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15. Perfluoro-2,3,4-tri-isopropylpyridine (203)
Shift Fine Structure Coupling Relative Assienment
p.p.m, Constants in Hz Intensity &
69.33 Multiplet 6 3b or 2b
71.03 Multiplet 4] 3b or 2b
72 65 D(J4b.5 = 25) 6 4b
76.71 D(JG.S = 25) 1 6
125.64 D(JS.G = 25) of 1 5
Sp(J5 4p = 25)
143,14 Multiplet 1
2a, 3a and
170.32 Multiplet 1
4a
172.42 Multiplet 1

4

Recorded as a solution

in CFCl, at 40°C

c14b

CF(CF3)2/3G

5'———“F7 -

6 —F Ny

CFCE.)
3))
| ~~3p
CFICE,),

|

2 2b

(203)
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16. 1,1'-bi-2-methoxyhexafluoro-1,3-diazacyclohex-2-enyl (212)

Shift I'ine Structure Coupling Relative s onment
p.p.m. Constants in Hz Intensity Assign
92.4 D(J4ax.4eq. or JGax.Geq. = 570) 1 4 ax, or 6 ax,
95.3 D(J4eq.4ax. or J6eq.6ax° = 570) 1 4 eq, or 6 eq.
97.9 D(J4ax.4eq. or J6ax.6eq. = 196) 1 4 ax. or 6 ax.
111.2 D(J4eq.4ax. or JGeq.Gax. = 196) 1 4 eq, or 6 eq.
135.,7 D(JSax.Seq. = 254) of 1 5 ax,.
multiplets
138.1 D(JSeq,Sax. = 254) of 1 5 eq.
multiplets
1H = Singlet at 3.12 p.p.m. Recorded as a
solution in d6—ace-
tone at 40°C with
external CFCl3 and
T.M.S. references

(212)
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17. 2—methoxy—4—(heptafluoroisopropyﬂpentafluoro~1—azacyclo—

hexa-1,3-diene (213)

Shift Fine Structure Coupling

Relative

p.p.m, Constants in Hz Intensity Assignment
79.2 D(J 4y 3 = 18.5) of 6 4b
Ddyp, 4 = 1) of
Tgp.5 = )
99.5 T(J6.5 = 6) 2 6
105.9 D(J3.4a = 14) of 1 3
Sp(J4 4p = 18.5)
115.3 D(J5.4a = 27) of 2 5
Sp(J5 4p = 5) of
T(J5.6 = 6)
177.2 T(J4a.5 = 27) of 1 4a

SP(Jgp .4 = 1)

1H = singlet at 3.13 p.p.m.

La 4b
|
CFICR),
5— R, \\F —3
6 — PN\ o
2 >N OCH,

(213)

Recorded neat at 4OOC

with external CFCl3

and T,M.S, references,



-248-

18, 2-phenoxy-4-(heptafluoroisopropyl)pentafluoro-1-

azacyclohexa-1,3-diene (217)

Shift F'ine Structure‘Coupling Relat@ve Assignment
p.p.m. Constants in Hgz Intensity
77.6 D(J4b°3 = 16) of 6 4b
Dlyp,4a = ©) of
T4p.5 = )
100.1 T(J6.5 = 7) 2 6
105.1 Sp(J?).4b = 16) of 1 3
D(J3 45 = 11
115.4 Multiplet 2 5
177.0 Multiplet 1 da

1H = broad 7.11 p.p.m,

Recorded as a solution
in diethylether at 40°C
with external CFCl3 and

T.M.S. reference

A,la Zl.b

CFICR),
5'—”——‘F12 \\\ F?—_—_—“:B
6—F N/ 0

(217)
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19, 1,1'-bi-3H-2,4-diketotetrafluoro-1,3-diazacyclohexyl (218)

Shift Fine Structure Coupling Relative Assienment
pP.p.m. Constants in Hz Intensity gnme
98.72 D(J6ax.6eq. = 187) 1 6 ax
105.41 D(J6eq.6ax. = 187) 1 6 eq.
120,71 D(JSax.Seq. = 285) 1 5 ax,
130,07 D(JSeq.Sax. = 285) 1 5 eq.
Recorded as a solution
in tetraglyme at 40°cC
with external CFCl3
reference
~
N 5 -0
Fl/' \77,/ \77// \F{
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20, 1-H-2,6~-diketo-4-(hentafluoroisopropyl)trifluoro-l-azacyclo-

hex-3-ene (219)

Shift Fine Structure Coupling Relative .
p.p.m, Constants in Hz Intensity Assignment
75,49 D(J4b,3 = 23) of 6 4p
D(J4b.4a = 7) of
Typ.5 = 3)
93.69 D(J5.4a = 34) of 2 5
Multiplets
c.a,100.4 Broad c.a, 1 3
185,51 T(J4a.5 = 34) of 1 4a
Multiplets
Recorded as a solution
in tetraglyme at 40°cC
with external CFCl3
AG [’b reference
0N “~0
{

(219)



21, Perfluoro-4-methyl-1," ,

~251-

2,6

,7-tetraazatricyclo[5.3.1,07’ " ]-

undec~4-ene (222)

Shift Fine Structure Coupling Relative ,

p.p.m. Constants in Hz Intensity Assignment

58,6 Singlet 4a

88.3 D(Jllax.lleq. = 234) llax.

98.6 D(Jlleq.llax. = 234) lleq.

93.8 D(J = 139)

115.1 D(J = 139) 3,8,10 or 11

105.3 D(J = 90)

106.3 D(J = 90) over 6 overlain by

3,8,10 or 11

a Singlet o

125.1 Singlet 3,8,10 or- 11

130.0 D(Jan.Qeq. = 260) 9ax, .

137.0 D(J9eq.9ax, = 260) 9eq.

La—CHh

N
o
N

AN
N
_/

i

5
|
8

M ;:2——10

%
| (222)
g
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22, lJl‘—bi—2—chlorohexaf1uoro—1,3—diazaqyclohex—2-eny1 (229)

Shift Fine Structure Coupling Relative

p.p.m. Constants in Hz Intensity Assignment
91,05 D(J4ax.4equ or J6ax.6eq. 1 4 ax, or 6 ax.
= 198)
93.02 D(J4ax.4eq. or J6ax.6eq, 1 4 ax, or 6 ax
= 237)
102,76 D(J4eq.4ax. or J6eq.6ax. 1 4 eq, or 6 eq.
= 237)
129.98 D(J4eq.4ax..Or J6eq06ax° : 4 eq. or 6 eq
= 198)
131,76 D(JSax.Seq. = 266) 1 5 ax.,
141.43 D(JSeq.5ax. = 266) 1 5 eq.
Recorded as neat liquid at
40°C with external CFClg
5 6 6 5 reference
N NN N
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23. 2-chlorotrifluoropyrimidine (228)

Shift Fine Structure Coupling Relative Assienment

p.p.m. Constants in Hz Intensity &
74,52 D(J4.5 = 20) 2 4
172.61 T(J = 20) 1 5

5.4

Recorded neat at 4OOC

with external CFC1

3
reference
5
|
F’
b—F = | F—2b
N>~ N

hd

Cl
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24, Perfluoro-6-methyl-5-methylene-2-azahepta~1,3-diene (234)

Shift FFine Structure Coupling Relative

P.p.m. Constants in Hz Intensity Assignment
32.9 Broad 1 1 or 1
51.2 Broad 1 1l or 1
78.19 Multiplet 6 6b
96.12 Broad 1 5a or 5a'
113.8 Broad D(J4’3 = 18) 1 4
114.3 Broad 1 5a or Sa'
136,7 D(J3,4 = 18) of 1 3
T(J3,1 = 7.5)
186.4 Broad 1 6a

Recorded at 4OOC with

external CFCl3 reference

1/ bb ba 5d
| | |
(CR)CE

F\ BZC \ /F
_C=N =C

F \C_"C NF

l F/ — \F

1 3 4 ba

(234)



25. Perfluoro-4-methyl-3-methylene-2-aza-pent-l-ene (241)
Shift Fine Structure Coupling Relative .
p.p.m, Constants in Hz Intensity Assignment
42 .6 Broad 1 1 or 1!
55.9 Broad 1 1 or 1
78.88 Singlet 6 3b
83.05 D(J4‘4, = 29) of 1 4

T(ch'1 or J4‘1, = 15)
— 1
92.99 D(J4‘,3a = 59) of 1 4
D(J4,.4 = 29)

187.0 Broad D<J3a.4' = 59) 1 3a
Recorded neat at 40°cC
with external CFCl3
reference

1/
C=N c—~c/F )
1—F | SF—4
3a 3b

(247)
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26, Perfluoro-2,8-dimethyl-7-methylene-4,6-diazanona-3,5-

diene (243)

Shift Fine Structure Coupling

Relative

p.p.m Constants in Hz Intensity Assignment
41,78 Singlet 2 2 and 4
76.62 Multiplet 6 1b or 6b
77.67 D(Jy, a1 = 26) 1 7a
77.93 Multiplet 6 1b or 6b
91,32 D(J7a'.6a = 62) of 1 7at
D(J7a'.7a = 26)
182.2 SP(Jy, 1p = V) 1 la
185.9 D(Jg, 740 = 62) Of 1 6a
SP{Iga,6p = ©)
Recorded neat at
40°C with exter-
nal CFCl3
']b 1(1 Tb GG reference
|
(C%)ZCF\ /F——-7C1
CELCF C:C\;:——m
_C=N-CF=N
I |
2 b

(245)
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27, Perfluoro-2,3,4,5-tetramethylhexa-2,4-diene (245)
Shift Fine Structure Coupling Relative Assi £
p.p.m Constants in Hz Intensity ssignmen
78.33 Broad 3 3
79.89 Broad, assymetric 6 1 and 2
Recorded neat at 40°C
with external CFCl3
reference
2 3 1
CE
///C;:::(:\\\ //4:E§
Chy C=C
o’ cE
3 3
1 3 2
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APPENDIX 2

Infra Red Spectra
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APPENDIX 3

Ultra Violet Spectra
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APPENDIX FOUR

Comparisons of Infra Red and Ultra Violet Spectra.

a) Infra Red Spectra

Upon comparing the infra red spectra of a series of polyfluoro -1 - azacyclohexa
-1,3-and -1,4 -dienes (table A4d-1 below) it becomes apparent that both types of
diene give rise to either one or two strong absorptions between 1600 and 1800cm™1.
However, it may be significant that in the cases 1,2 and 3 where a- 1,3 - diene
may be compared with the analogous - 1,4 -diene bearing the same substituents,
the - 1,3 -diene has an absorption at lower frequency than either of the absorptions
of the - 1,4 -diene, presumably arising from a vibration mode affected by the lowering
of bond orders on conjugating the two TT bonds. A similar effect is noted for
perfluorccyclohexa - 1,3 ~and - 1,4 - dienes as in case 6 and it appears therefore that
infra red data may be used to distinguish polyfluoro -1 - azacyclohexa - 1,3 -and
- 1,4 -dienes provided they bear identical substituents.

It would be of interest to see if this diagnostic criterion is applicable to
case 4, the - 4 -methyl - diene, which, although unambiguously indentified as a
-1,3 -diene by other means, has it's lowest energy absorption at 1745cm—l. It is
therefore required that the equivalent, as yet unknown, - 1,4 - diene would have two
absorptions at even higher frequency.

TABLE A4-1

Diene Infra Red Absorption Frequencies (cm—1)

_
Case ~1,3 -dienes - 1,4 - dienes
1
1700,1750; - 1750, 1750, ~
Ref: 192 N Ref: 192
N -~
) C\l
1660,1705; [if;\w 1715,1754;
Ref: 163 Ref: 163
NG N,/ e 6]
3 1687,1775; CFKCFJ)Z 1742,1767,
this thesis ~ this thesis o’
F F
N -
N N
4 CF,
1745,1756; -
this thesis F Not known
N
N
5 CE(CF,),
1657, - X\~ CF (CF,)
this thesis F 2 Not known
N CF(CF,),
6
1713,1753; Ref: D.E.M. Evans 1739,1739; Ref: D.E.M. Evans
and J. C. Tatlow; J.C.S.,'54, and J.C. Tatlow; J.C.S.'54,
3779 3779




b) Ultra Violet Spectra

The limited data in table A4-2 below indicate that polyfluoro-1-

azacyclohexa
ultra violet spectra.
strong absorptions

-1,3 - and -1,4 - dienes may be readily distinguished by their
Thus, in every case,the -1,3-dienes give reasonably
(& > 1800) at wavelengths between 228 and 248nm whereas,

at least where the data is reported, the corresponding -1,4-dienes do not
appear to absorb significantly above 228nm.

TABLE A4-2

Ultra-violet Spectra of Dienes

-1,3-dienes

-1,4-dienes

Case (Absorptions in nm's) (Absorptions in nm's)
1 N
F F
Amax = 233nm \\N fﬁj
€ = 1800; Cyclohexane N
Ref: D.E.M. Evans and J.C. Tatlow; Spectrum not reported
J.C.S., '54, 3779
2
c1 Cl
Amax 248nm )\ max 217nm 72
€ = 9380 - (end absorption?) F
Cyclohexane F Cyclohexane -~
Ref: 163 N € = not reported N
Ref: 163
> CF (CF, )
3/
CF(CF, ), No maximum at bz
Nmax = 228nm ~ longer wave- F
. F length than
& = 5770 092 ] -
Cyclohexane \\N ; -nr: Cyc:o- N
Ref: This thesis exane Ref:
this thesis
4
CF (CF
-F(CF, ), Not known
CF (CF,)
\ 32
Amax = 231nm F
4 F
Cyclohexane N CF(CFs)a
Ref: This thesis
5 e
P
P

Amax = 256nm

€ = 3160

Diethylether

Ref: D.E.M. Evans and J.C. Tatlow;
J.C.s., '54, 3779

No absorbtion in the
250nm region.
Diethylether

Ref: D.E.M. Evans and
J.C. Tatlow; J.C.S.,
'54,3779




-275-

REFERENCES

1. J.M. Tedder, Advances in Fluorine Chemistry, 1962, 2, 105,

J

2, W.A., Sheppard and C.J, Sharts, Organic Fluorine Chemistry,
Benjamin New York, 1969,

3. A.E, Pavlath and A.,J. Leffler, Aromatic Fluorine Compounds,
Amer, Chem, Soc. Monograph Ser., 155, New York, 1962,

4, T, Smith, M, Stacey, J.C. Tatlow, J.K, Dawson and B.R.J.
Thomas, J. Appl., Chem., 1952, 2, 97,

&. J.M, Tedder, Chemistry and Industry, 1955, 508,

6. A.,S. Rogers, J. Phys, Chem., 1963, 67, 2799,

7. N.N. Semenov, Problems in Chemical Kinetics and Reactivity,
Volume 2, page 65, Princeton University Press, 1959.

8. Reference 1, page 107,

9. W.T. Miller, J. Amer, Chem. Soc., 1956, 78, 2793,

10. A.S. Rogers, J, Phys, Chem,, 1963, 67, 2799,

11, A.S. Rogers, J, Phys, Chem,, 1965, 69 (1), 254,

12, J.M, Tedder and P.C. Anson, J.C,S,, 1957, 4391,

13, W.T, Miller, R.L, Ehrenfeld, J.M. Phelan, M, Prober and S.K,
Reed, Industrial and Engineering Chem,, 1947, 39, 401,

14, B.C., Bishop, J.B. Hynes and L.,A. Bigelow, J. Amer, Chem, Soc.
1960, 82, 5827,

15, L,A, Bigelow and E,A, Tyczkowski, J. Amer. Chem. Soc., 1955,
77, 3007,

16, G.H. Cady, A,V, Grosse, E.J. Barber, L,L, Burger and 7%.D,
Sheldon, Industrial and Engineering Chem., 1947, 39, 290.

17, W.K.R. Musgrave and I', Smith, J,C.,S., 1949, 3026,

18. A.S. Rogers, J, Phys. Chem,, 1968, 72 (10), 3400,

19, Reference 16,

20, L.A. Tyczkowski and L.,A, Bigelow, J. Amer., Chem, Soc,, 1955,
77, 3007,

21, J.L. Margrave and R.J, Lagow, Chem. Eng. News, Jan, 12th, 1970,
40,

22. A,J, Otsuka and R.J. Lagow, J, Fluorine Chem., 1974, 4(4), 371,

23, R.J. Lagow and J.L. Margrave, J, Polymer Sci. - Polymer Letts.,
1974, 12, 177,




-276-

24, H. Shinohara, J. Polymer Sci., Al, 1972, 2129,

25, D.D, Dixon and D.G. Manly, Ger. Offen, 2,411, 908 (U,C08f
19th Sept. 1974) Chem. Abstr, 83:115449,

26. J.M, Tedder and P.S. Fredericks, J,C.S., 1960, 144,

27. W, Bockemuller, W, Annalen, 1933, 506, 20,

28, W.T. Miller, J, Amer, Chem, Soc., 1956, 78

, 4992,

29, R.F. Merritt, J. Org. Chem., 1966, 31 (11), 3871,

30, R.F., Merritt, J., Amer. Chem. Soc., 1967, 89(3), 609.

31. S.P. Von Halasz, Ger. Offen., 2,332,097 (U.C07c 16 Jun, 1971).

32. W,T. Miller, R.L. Ehrenfeld, J,M, Phelan, M, Prober and
S.K. Reed, Ind. Eng., Chem., 1947, 31, 401,

33. L.A, Bigelow and N, Fukuhara, J., Amer, Chem, Soc,, 1963,
41, 2792,

34. V. Grakauskas, J. Org, Chem,, 1970, 35(3), 723,

35, A.H. Vasek and L.C., Sams, J. Fluorine Chem., 1973, 3(3-4),
397.

36. A.H., Vasek and L.C, Sams, J. Fluorine Chem,, 1973, 2(3), 257,

37. N.B. Kazmina, L.S, German, I.D, Rubin and I.L. Knunyants,
Chem. Abstrs., 74:124631, Dokl Akad Nauk. SSSR, 1970,
194(6), 1329,

38, J.C, Tatlow, R, Stephens and I.J., Hotchkiss, J. Fluorine
Chem. 1975, 6(2), 135,

39. V. Grakauskas, J., Org. Chem., 1969, 34(10), 2835.

40. G,M. Brooke, R.D, Chambers, J. Heyes and W.K.R, Musgrave,
J.C.S., 1964, 729, '

41, H. Meinert, Z,Chem., 1965, 5(2), 64.

42, R.E, Banks, Fluorocarbons and their Derivatives, Oldburnt Chem,
Ser. 2nd London 1970.

43, L.,A, Bigelow and J.B, Hynes, J. Amer. Chem. Soc., 1962, 84
2751,

44, J.A. Young, W.S, Durrell and R.D. Dresiner, J. Amer, Chem,
Soc., 1960, 82, 4553.

45, L.A, Bigelow, L.,A. Hynes, B.C. Bishop and P. Banbyopadhyay,
J. Amer, Chem, Soc., 1963, 85, 83.

46, V,A. Ginsburg, A.S. Filatov, G.E. Zelenin, S.P, Makarov and A,
Yu., Yakubovich, Zh, Obsch, Khim,, 1966, 36(1), 129 Chem.,
Abstr. 1966, 64:6455¢c,

47. K.B., Kellog and G.H. Cady, J. Amer. Chem, Soc., 1948, 70,
3986,



-277-

48, F.F, Holub and L.A, Bigelow, J. Amer, Chem, Soc., 1950, 72,
4879,

49, R,L., Talbott, J. Org. Chem., 1967, 32, 834,

50. R.,J. Lagow, J.L. Adcock, B,D, Catsikis and J.W. Thompson,
J. Fluorine Chem., 1976, 7, 197,

51. G.A. Silvey and G.,H., Cady, J. Amer, Chem, Soc., 1950, 72,
3624,

52, M, Stacey and J.C, Tatlow, Advances in Fluorine Chemistry,
1, 169,

53, A, Hoshi, M, Saneyoshi and K, Kuretami, Oyio Yakuri, 1971,
5(3), 441, Chem., Abstr, 76: 68252,

54, M.,P, Mertes and S.E, Salieb, J. Pharm, Sci., 1963, 52, 508,

4899,

)

55, W.F. Edgell and L. Parts, J. Amer. Chem. Soc,, 1955, 77

56. G, Olah, S, Kuhn and S, Beke, Chem. Ber., 1956, 89, 862,
57, F. Seel and J. Langer, Chem, Ber,, 1958, 91, 25533,

58. A.J. Sharpe, Quart, Rev., 1957, 11, 58,

59, A.J., Parker, Advances in Organic Chemistry., Methods and
Results, 5, 10 Wiley 1965.

60, R.D. Chambers, Fluorine in Organic Chemistry, Interscience
Monograms on Organic Chemistry Ed. G. Olah, Wiley, New York,
1973,

61, W.T. Maynard, J., Org. Chem.,, 1968, 28, 112,

62, I.,N, Rozhkov and I.L. Knunyants, Doklady Chem,, 1971, 199, 622,

——

63. W,T, Miller, J.H., Fried and H. Goldwhite, J, Amer., Chem, Soc.,
1960, 82, 3091.

64, F.L.M, Pattison and J.J, Norman, J. Amer. Chem. Soc.,, 1957,
79, 2311,

65, C. Chapman and M.,A, Phillips, B.,P.757,610, 1956, Chem. Abstr,
51:11648,

66, C,G, Finger and C.W, Kruse, J. Amer. Chem, Soc., 1956, 78,

67. G.W, Holbrook, L.A. Loree and O.R, Pierce, J. Org., Chem,,
1966, 31, 1259,

68. R.D, Chambers, J. Hutchinson and W,K.R, Musgrave, J.C.S.,
1964, 3573,

69. R.D, Chambers, J. Hutchinson and W,K.R. Musgrave, Proc., Chem,
Soc., 1964, 83,

. Kazeroonian and J.P.B., Sandall, J. Fluorine
1, 9,

70, R, Bolton, S.M
Chem., 1978, 1



71,

72,

73.

74.

75,
76.

77.

78.

79,

80.

81,

82,

83.

34,

85,

86.
87.

88.

89.

90.

p1,

92,

-278-

C,L, Liotta and H.P, Harris, J., Amer. Chem. Soc., 1974,
96(7), 2250.

M. Gross and F., Peter, Bull. Soc, Chim, Fr., 1975, 3-4 Pt 2,
871,

H.,C, Fielding, L.P. Gallimore, M.L. Roberts and B, Tittle,
J.C,S.(C), 1966, 2142,

W. Sheppard and A,E, Feiring, J. Org, Chem,, 1975, 40(17),
2543,

F. Mathey and J. Bensoam, Tetrahedron, 1971, 27, 3965.

¥. Mathey and J. Bensoam, Tetrahedron, 1975, 31, 391.

)

C.M, Sharts and W,A. Sheppard, Organic Reactions Vol. 21,
158 Wiley 1974,

N.N. Yarovenko and M.A, Rashka, J, Gen, Chem, U.S.S.R,,
Engl. Trans,, 1959, 21, 2125,

E.L. Eliel and R.J.L, Martin, J. Amer, Chem, Soc,, 1968, 90,
682,

Y., Kobayashi, C, Akashi and K. Morinaga, Chem, Pharm, Bull,
(Tokyo), 1968, 16, 1784,

Y. Kobayashi and C. Akashi, Chem, Pharm., Bull, (Tokyo),
1968, 16(6), 1009,

Y. Kobayashi, I, Kumadaki, A, Ohsawa, M, Honda and Y.
Hanzawa, Chem,Pharm. Bull., (Tokyo), 1975, 23(1), 196.

R.H. Hesse, Isr, J, Chem., 1978, 17 (1-2), 60.

J. Kollonitsch, L. Barash and G.A, Doldouras, J, Amer, Chem,
Soc., 1970, 12(25), 7494,

N.P, Jensen, J. Kollonitsch and T.Y. Shen, U.S. 3,775,444,
1975, Chem. Abstr., 80:36835.

J. Kollonitsch, Isr. J, Chem, , 1978, 17(1-2), 54.

M.S. Toy and R.S. Stringham, J., Fluorine Chem.,, 1975, 5, 481,

D.H.R, Barton, R,H, Hesse, R.E. Markwell, M.M, Pechet and
H,T., Toh, J. Amer, Chem. Soc., 1976, 98(10), 3034,

G.A, Boswell, Jr., W.C. Ripka, R.M. Scribner and C.W,
Tullock, Organic Reactions Vol., 21, 1, Wiley, 1974,

H.J. Ache, D.R. Christman and A,P. Wolf, Radiochim, Acta,,
1969, 12, 121,

D.R. Strobach and G,A. Boswell, Jr,, J. Org., Chem,, 1971,
36, 818,

W.R. Hasek and A.C, Haven, Jr,, U.S. 2,980,741, 1961,
Chem, Abstr., 55:23342.




93.

94,

95,

96.

97,

98,

99,

100’
101.
102,

103.

104,

105,

1060

107,

108.
109.

110.

111,
112,

113.

114,

115.
116.

117,

-279-

W.R. Hasek, W.C, Smith and V,A. Engelhardt, J., Amer. Chem,
Soc., 1960, 82, 543.

W.J. Middleton, J. Org. Chem,, 1975, 40(5), 575.

L.N, Markowski, V.E. Pashimik and A.V. Kirsanov, Synthesis,
1973, 787.

G, Olah, M, Nojima and I, Kerkes, J. Amer, Chem, Soc., 1974,
96(3), 925.

H. Gershon, J,A.A, Renwick, W.K, Wynn and R,D, Ascoli,
J. Org. Chem,, 1966, 31, 916,

A.S, Kende, Tetrahedron Letters, 1959, 14, 13,

3

1.V, Vigalok, Yu, A, Fedotov and L,S. Aforskaya,
Khim, Geterosikl. Soedin, 1974, 4, 552, Chem. Abstr, 81:49644.

H, Schecter and J. Roberson, J. Org. Chem., 1960, 25, 175,

T.E. Stevens, J. Org. Chem,, 1961, 26, 1627,

?

Reference 2, page 179,

T,W, Bastock, A.E, Pedler,and J,C, Tatlow, J. TFluorine
Chem,, 1976, 8, 11.

O. Dimroth and W. Bockemuller, Chem. Ber,, 1931, 64, 516,

J. Bornstein, M,R, Borden, F, Nunes and H.,I., Tarlin,
J. Amer. Chem. Soc., 1963, 85, 1609.

M. Zupan and M, Pollak, J. Fluorine Chem,, 1976, 7, 445,

M,J, Shaw, R, Filler and H,H. Hyman, J. Amer, Chem, Soc.,
1969, 91, 1563,

R. Filler, J, Org, Chem., 1971, 36(20), 2917,

R, Filler, Isr, J. Chem., 1973, 17(1-2), 78,

M.Y. Turkina, I.P., Gragerov, J. Gen. Chem, U.S,S.R., 1975,
11, 335,

M. Zupan and A, Pollak, J.C.S, Chem., Comm,, 1973, 22, 845,

M. Zupan and A, Pollak, J. Org, Chem,, 1974, 39(17), 2646.

T.C, Shieh, N,C. Young and C.L., Chernick, J, Amer, Chem. Soc.,
1964, 86, 5022,

A.K. Barbour, L.J. Belf and M,W. Buxton, Advances in Fluorine
Chemistry, 1963, 3, 181,

A,J. Leffler, J. Org. Chem.,, 1959, 24, 1132,

)

A. Latif, J, Ind., Chem. Soc., 1953, 30, 524,

N,N, Vorozhtsov, V.,E, Platonov and G.G., Yakobson, Bull, Acad,
Sci, U.S,S.R, Div, Chem. Sci. (Engl, Trans.), 1963, 1389.




-280-

118, N.,N, Vorozhtsov, K.V, Dvorhikova, V.F, Kollegov, V,E, Platonov,
L.N, Pushkina, S.V, Sokolov, G.P., Tatanov and G,G, Yakobson,
Zh, Vses, Khim. Obshchest., 1969, 14(1), 114, Chem, Abstr.,
70:114726,

119, J.H. Simons, J, Electrochem, Soc., 1949, 95, 47,

?

120, J, Burdon and J.C. Tatlow, Advances in Fluorine Chem,, 1960,
1, 129,

121. S, Nagase, Fluorine Chem. Revs., 1967, 1, 77 Edward Arnold
Ltd., Editor, P, Tarrant.

122, N.L., Weinberg, Techniques of Chemistry (New York) 1975, 5(5),
1. (Techniques of Electro Organic Synthesis).

123, V.J. Davis, R.N, Haszeldine and A,E, Tipping, J.C.S. Perkin

Trans, I, 1975, 13, 1263,

124, S, Nagase, Y. Inone, K., Kodaira, H., Baba and T, Abe,
Bull, Chem. Soc. Jap., 1973, 46(7), 2204,

125, B.D. Ashe, Jr,, H.M, TFox, F.N, Ruehlen, K.A, Williams and
W.V, Childs, B.,P, 758492 (Oct. 3, 1956) Chem. Abstr. 1970,
72, 96107,

126, E.A, Kauck and J.H, Simons, U.S. 2,500,388, 1950,
127, E,A., Kauck and J.H, Simons, B.P, 672,720, 1956,
128, S. Nagase, Bull, Chem, Soc. Jap., 1976, 49(7), 1888,

129, A, Engelbrecht, Monatsch, 1964, 95, 633,

130, G. Zuliani and G, Pizzalotto, Nuova Chim,, 1972, 48(2), 47.

131, H.M, Fox, F.,N. Ruehlen and W.V., Childs, J. Electro. Chem,
Soc.,, 1971, 118(7), 1246,

132, J.D. Donijan, C,J. Ludman, E.M, McCarron, R.F. O'Malley and
V.J., Roman, Inorg. Chem., 1969, 8, 1534,

hasiy }

133. R.D. Fowler, U.,B, Burford, J.M. Hamilton, C.E. Weber,
and R.G., Sweet, Ind, Eng. Chem,, 1947, 39, 292,

134, P.L, Coe, R.G. Plevey and J.C. Tatlow, J.C.S. (C), 1969, 1060,

135, R.D. TFowler, Preparation, Properties and Technology of
Fluorine and Fluoro Organic Compounds, McGraw Hill, 1951, 357,

136, R.N, Haszeldine and F. Smith, J.C.S., 1950, 3617,

137, G.H. Cady, J. Amer. Chem. Soc., 1951, 73, 4241,

jA O\'IVQ-—{‘—
138, J.C., Tatlow, R, Stephens and JsG—Eiver, J. Fluorine Chem,,
1975, 6(1), 19,

139, J. Battersby, R. Stephens and J.C. Tatlow, Tetrahedron Letts,,
1970, 58, 5041.




140.

141,

142,

143,

144,

145.

146,

147,

148,

149,

156,

157,

158,

160,
161,

162,

-281-

J, Burdon, J.R. Knights, I.,W. Parsons and J.C. Tatlow,
Tetrahedron, 1976, 32, 1041,

J, Burdon, T.N. Huckerby and R, Stephens, J. Fluorine Chem.,
1977, 10, 523,

R. Fuller, M., Stacey, J.C, Tatlow, and R.M, Thomas,
Tetrahedron, 1962, 18, 123,

A.E, Pedler, R,C., Smith and J.C, Tatlow, J. Fluorine
Chem., 1971-72, 1, 387,

R.N. Haszeldine and F. Smith, J.C.S., 1950, 3623,

A.J. Edwards, R.G, Plevey, I.J. Sallomi, and J,C., Tatlow,
J.C,S. Chem, Comm,, 1972, 1028,

pP.L. Coe, R,M, Habib and J.C, Tatlow, J, Fluorine Chemn,,
1975, 5(1), 19,

J. Burdon, J.R., Knights, I.W. Parson and J.C, Tatlow,
Tetrahedron, 1974, 30, 3499.

J. Riera and R, Stephens, Tetrahedron, 1966, 22, 2555,

J. Burdon, I.W, Parsons and J.C, Tatlow, Tetrahedron,
1972, 28, 43,

S. Andreades and E.W, Zahnow, J. Amer, Chem, Soc., 1969, 91,
4181,

J. Burdon, I.W, Parsons and J.C, Tatlow, Tetrahedron, 1972,
28, 43,

R.N. Haszeldine, J.C.S.,, 1950, 1966,

’

R. Montgomery and F. Smith, J.C.S., 1952, 258,

J. Schultz and M. Hauptschein, J. Amer, Chem, Soc., 1952,
74, 848,

J. Burdon, G.E. Chivers, E.,F. Mooney and J.C, Tatlow,
J.C.3. (C), 1969, 1739,

I.w, Parsons, P.M, Smith and J.C, Tatlow, J, Fluorine Chem,,
1971-72, 1, 141,

2

J. Burdon and I.W. Parsons, Tetrahedron, 1971, 27, 4533,

J. Burdon, I.W. Parsons and J.C, Tatlow, J.C.S.(C), 1971, 346.

I.W, Parsons, P.M, Smith and J.C. Tatlow, J, Fluorine Chem.,
1975, 5, 269,

J. Burdon and I.W. Parsons, J, Chem, Soc.(C), 1971, 2, 355,

b

R.N., Haszeldine, J.C.S,, 1950, 1638,

P.L, Coe, J,C. Tatlow and M, Wyatt, J.C.S. Perkin I, 1974,
1732,




163,

164,

165,

166,

167.

168,

169,

170.

171,

172,

173,

174.

175,

176.

177,

178.

179.

180.

181,

182,

-282-

R.D. Chambers, D.T. Clark, T.F. Holmes, W.K.R, Musgrave
and, the late, I. Ritchie, J.C,S, Perkin I, 1974, 114,

J.C, Tatlow and P.,L. Coe, Gen. Offen. 2,104,756, 1971,
Chem, Abstr.,, 75:109841,

A.B. Clayton, R. Stephens and J.,C, Tatlow, J,C.S., 1965,
7370.

R.D. Bagnall, P.L, Coe and J.C, Tatlow, J.C.S. Perkin I,
1972, 2277.

R.D, Bagnall, P.L., Coe and J.C, Tatlow, J. Fluorine Chem,,
1973-74, 3, 329,

H

J. Thompson and H.J. Imeleus, J.C.S., 1949, 3080,

V.S. Plashkin, G.P, Tataurov and S,V, Sokolov, Zh, Obsch
Obshchest, Khim., 1966, 36(9), 1708, Chem, Abstr, 66:55354,

G.A. Silver and G.H., Cady, J.Amer, Chem. Soc., 1950, 72
3624,

?

R.D. Chambers, J.A, Jackson, W.K.R. Musgrave, L.H, Sutcliffe
and G.J,.,J, Tiddy, Tetrahedron, 1970, 26, 71,

C.J., Drayton, W,T. Flowers and R.N. Haszeldine, J.C.S.(C),
1971, 2750,

R.D, Chambers, J.A., Jackson, W.K.R. Musgrave and R. Storey,

J.C.S8,(C), 1968, 2221,

R.D. Chambers, R, Corbally, T.F. Holmes and W.K.R. Musgrave,
J,C.S, Perkin Trans, (I), 1974, 108,

J.D, Roberts and M.C, Caserio, Basic Principles of Organic
Chemistry, W.A. Benjamin Inc., New York, 1965,

E. Klingsberg, Heterocyclic Compounds, Pyridine and
Derivatives, Part I, p.77., Interscience, 1960,

R.E. Banks, Fluorocarbons and their Derivatives, McDonald,
London, 1970.

T.A. Geissman, Principles of Organic Chemistry 2nd Ed.
W.H. Freeman & Co., San Francisco and London, 1962, p.472,

H.W, Thompson and R.B. Temple, J,C.S., 1948, 1432-1436,

T. Martini and S.P. von Halasz, Tetrahedron Lett., 1974, 24
2129,

’

J.M, Brown, M,T.P., International Review Science., Organic
Chemistry, Series One, Vol. 5, Alicyclic Compounds, p.172

)

(Volume editor W, Parker), Butterworths, 1973,

The Chemistry of Heterocyclic Compounds. A series of
Monographs Ed. A. Weissberger Pyrazoles, pyrazolines,
pyrazolidines, indazoles and condensed rings. Ed. R.H,
Wiley, Authors L.C. Behr, R. Fusco and C.H. Jarboe 1967

Wiley, New York, 209,

’



183.

184,

185.

186,

187,

188,

189,

190,
191,
192,
193,

194,

195.

196,

197,

198,

199,

200,

201,

202,

203.

204,

-283~

E.L. Allred and A.L, Johnson, J, Amer, Chem, Soc., 1971, 93,
1300,

I.J. Hotchkiss, R, Stephens and J.,C, Tatlow, J. Fluorine
Chem., 1977, 10, 544,

R.J. Koshar, D,R., Musted and C.D, Wright, J. Org. Chem,,
1967, 32, 3839,

I.J. Hotchkiss, R, Stephens and J.C., Tatlow, J. Fluorine
Chem,, 1975, 6, 135.

K.N, Kakarov, B,L, Dyatkin and I.L. Kunuyants, Izv, Akad.
Nauk. U,S.S.R. Ser. Khim,, 1968, 8, 1924,

R.D, Chambers, R.P. Corbally and W,K.R, Musgrave,
J.C,S., Perkin Trans, I, 1972, 1281,

H

Spectrometric Identification of Organic Compounds,
R.M. Silverstein and C.S, Bassler,

Reference 60,

D.A. Barr and R.N, Haszeldine, J.C.S., 1955, 1881,
T.F. Holmes, M,Sc. Thesis, Durham, 1971,

Reference 189,

38.

J

J.C. Tatlow, Tetrahedron, 1960, 8

J.A. Young, Fluorine Chem, Rev, I, 359, 1967,

R.D. Dresdner, F.N, Tlumac and J,A., Young, J, Org, Chem.,
1965, 30, 3524,

P.H. Ogden and R.A, Mitsch, J. Amer. Chem. Soc.,, 1967, 89,
5007.

R.L. Dresdner and J.A. Young, J., Org. Chem.,, 1967, (32),
2004,

T. Martini and S.P. Von Halasz, Tetrahedron Lett,, 1974, 24
2129-2132,

3

C.D. Wright and J.L, Zollinger, J. Org, Chem,, 1973, 38(6),
1065,

R.D. Chambers, W.K.R. Musgrave and P.G, Urben,
J. Fluorine Chem,., 1975, 5, 275.

?

R.D, Chambers, W.K.R. Musgrave and K.C, Srivastava,
J,C.S.,, Chem, Comm., 1971, 264,

J.R. Maslakiewicz, Ph.D, Thesis, Durham University, 1974,

M.G. Barlow, J.G, Dingwall and R.N, Haszeldine, J,C.S. Chem,

Comm., 1970, 1580.

———t2 T



205,

206,

207,

208,

209.

210,

211,

-284-

R.D, Chambers, R. Middleton and (in part) R.P, Corbally,
J.,C.S. Chem, Comm., 1975, 731,

Photochemistry, J.G. Calvert and J.N, Pitts, Jr., Wiley
and Sons, 1966, p.68,

W.A., Sheppard, J. Amer. Chem. Soc., 1965, 87, 4338,

R.B, Woodward and R, Hoffman, Angew, Chem. Int. Ed.
Engl, 1969, 8(11), 781.

H.H. Evans, R. Fields, R.N. Haszeldine and M. Illingworth,
J.C.S. Perkin I, 1973, 649.

J.R. Maslakiewicz, unpublished results,

C.,W., Tullock, D,D, Coffman and E.L. Muetterties,
J.A.C.S. 1964, 86, 357,




