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ABSTRACT

The Synthesis and Reactions of Some Fluorinated Polycvclic Polyenes

Perfluorocyclohexa-1,3~diene gave the expected 1,4-adducts with cyclo-
hexene, cyclopentene, 1H,2H-octafluorocyclohexene, 1H,2H-hexafluorocyclopentene
and 1H,2H~tetrafluorocyclobutene; reaction with 1H,2H-tetrafluorocyclobutene
also yielded two 2,2-difluorovinyldecafluorobicyclo[4,2,0]oct-2-enes and the
dimer 3,3,4,4,7,7,8,8-octaf1uorotricyclo[3,3,0,02’4]octane. Dehydrofluorination
of the adducts from 1H,2H-octafluorocyclohexene and 1lH,2H-hexafluorocyclopentene

gave the trienes, perfluorotricyclo[6,2,2,02’7

2

]dodeca-2,6,9-triene and-
perfluorotricyclo[5,2,2,0 ’6]undeca-2,5,8—triene respectively.
Perfluorotricyclo[S,Z,2,02’6]undeca-2,5,8-triene reacted as a diene in
Diels-Alder reactions with ethylene, propyne and but-2-yne. The l,4-adducts
with alkynes could be pyrolysed selectively to either polyfluorobenzobicyclo-
[2,2,2]octa~2,5-dienes or 2,3-disubstituted hexafluoronaphthalenes.

2

Irradiation of perfluorotricyclo[6,2,2,0 ’7]dodeca-2,6,9-triene and

perfluorotricyclo[S,2,2,02’6]undeca-2,5,8-triene in the vapour phase with UV

radiation resulted in their isomerisation to perfluorotetracyclo[G,2,2,02’705’7

-
. . 2,6

dodeca-2,9-dienes and perfluorotricyclo[5,2,2,07° Jundeca-2,3,8-triene

respectively. Arguments presented support the latter isomerisation being a

photochemical 1,5-sigmatropic migration of a fluorine atom. Vacuum pyrolysis of

perfluorotricyclo[S,Z,2,02

’6]undeca—2,5,8-triene provides perfluoroindene in
good yield., Irradiation of 2H-heptafluorocyclohexa-1,3-diene in the vapour
phase with UV radiation yielded 2H-heptafluorobicyclo[2,2,0}hex-2-ene, the
isomerisation proceeding in the reverse direction on pyrolysis; the-photo-

isomer was of the same order of dienophilicity as perfluorobicyclo[2,2,0]-

hex-2-ene towards furan.
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Perfluoroindene reacted readily with the nucleophiles sodium boxohydride,
sodium methoxide and lithium methyl replacing initially one of the vinylic
fluorines in the five-membered ring. Its olefinic character was evident from
the formation of a mixture of hydrazones on reaction with hydrazine hydrate
and the isolation of 1,1,3,4,5,6,7-heptafluoroindan-2-one from its reaction
with oleum; intermediate unstable compounds formed in the latter transformation
suggest that the initial stage in the reaction is the formation of the B sultone

of perfluoroindene,
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CHAPTER 1

ADDITION OF CYCLOALKENES TO OCTAFLUOROCYCLOHEXA-1, 3-DIENE
AND DEHYDROFLUORINATION OF SOME OF THE ADDUCTS

INTRODUCTION




The Diels-Alder Reactionl’2

The formation of a six-membered ring by the 1,4~addition of an
unsaturated system to a conjugated diene, discovered by Diels and Alder,3 is one
of the most versatile reactions of organic chemistry. The synthetic utility of
the reaction is due to the range of dienes (abcd) and dienophiles (ef) which
can combine together; interest in its mechanism has stemmed from the often

strict stereochemical requirements of the process,

7 1]/\3
| |
N N

|

| +

1,1 The Stereochemistry and Mechanism of the Diels-Alder Reaction

Only nine years after the first Diels-Alder reaction had been reported
sufficient experimental data was available for Alder and Stein to formulate
the "CIS" principle,4 which states that the configurational relationship of the
diene and dienophile is retained in the adduct. The consequences of this rule

are shown for the gensral case below., The absence of evidence of free rotation

A
E F
Z N3
+ —p
X
H G

about the dienophile double or triple bond in the overwhelming majority of
examples studied suggests a concerted rather than a two-step cycloaddition.
An essential requirement of Diels-Alder addition is that the diene must

be cisoid and planar and the reactivity of a diene is drastically reduced when



these two conditions are not realisable (see section 1.2). Cyclic dienes with
near planar rings satisfy these requirements. BSuch cyclic dienes may react with
non-centrosymmetric dienophiles to give two possible stereoisomeric products,
endo and exo isomers, although generally the isomer with endo configuration
predominates. An example of a reaction of this type is the formation of the
endo adduct in the Diels-Alder reaction of cyclopentadiene with maleic

anhydride,1 see below,

exo adduct

O
[
H
H
_— s endo adduct
(o

primary interaction xxxxxX  secondary interaction

Alder and Stein rationalised the predominance of endo isomers in reactions
of this type on the assumption that the reactants arrange themselves in
parallel planes and that addition proceeds from the orientation with the
"maximum accumulation" of double-=bonds in the transition state, this secondary
interaction being assumed to extend to m-bonds not directly involved in the
cycloaddition.#

Apart from a few isolated examples5 the Diels-Alder reaction ocan only be
regarded as a concerted process and as such the orbitals of the reactants must

be transformed into those of the product in a continuous manner, Woodward and




3

6
Hoffmann, using the Principle of Conse%;tion of Orbital Symmetry have derived a
set of selectimrules for the concerted terminal cycloaddition of an m m-electron
system to an n m-electron system in both the ground and the excited states.

These are tabulated below.

Table 1. Woodward-Hoffmann Selection Rules for m + n Cycloadditions

———— — e ——

D en Allowed in Ground State Allowed in Excited State
Forbidden in Excited State Forbidden in Ground State
hq m + na ms + ns
m +n m + n
a s a a
g + 2 m, + N m, + B
m +n m +n
a a a s

qQ is an integer,

The subscripts s and a refer to suprafacial and antarafacial processes,
the former where bonds are made or broken on the same face of the system under-
going reaction and the latter where newly formed or broken bonds lie on
opposite faces of the reacting system.

The "CIS" principle means that the Diels-Alder reaction is the [“4s + nZS]
process; however the sterically much less favourable [nAa + nza] process,
predicted to be an allowed thermal process by Woodward and Hoffmann, has been
observed to occur when the reacting -systems are suitably constrained, as in

the example below,




b

Y 0N
LY — S

Photochemical 1,4~cycloadditiors between dienes and dienophiles are also
known, the stereochemical consequences of the [n4s + n2a] concerted process being
evident in the conversion of cis hexatrienes to bicyclo[},l,O] hexenes (see
Chapter 3).6

Orbital symmetry arguments have been extended to explain the predominance
of endo isomers in Diels-Alder reactions of cyclic dienes by invoking secondary

orbital interaction5,7’

evidence of interactions of this type being provided by
extended Hilickel calculations.9 However, like the explanation of Alder and
Stein,# these arguments are unable to account for predominant endo addition of
monoolefinic dienophiles such as cyclopropene, cyclopentene and norbornene to
cyclic dienes, The relative importance of secondary orbital interactions is
questionable., Calculations by Herndon and Hall have suggested that the
stabilities of endo and exo transition stateé are governed mainly by the
overlap of the nm=orbitals at the primary centres where bonds are actually
developing. They calculated that over 90% of the difference in the—
stabilisation energies f'or the exo and endo transition states for dicyclo-
pentadiene could be gocounted for by these primary interactions, and that there
was no need to invoke secondary orbital interactionS.lo

Secondary orbital interaction, if it is importent, will be a function of

both the difference in energy between the highest occupied molecular orbital of



e

the diene and the lowest vacant molecular orbital of the dienophile and the
symmetry of these two orbitals, the smaller the energy difference between the
two orbitals the more favourable will be the interaction, as an energetically
favourable interaction between two molecular orbitals requires that they have
eppropriate symmetriss and similar energies, The reaction between cyclopenta-
diene and acenaphthylene (l) yields endo and exo adducts in the ratio of 3:1
reSpectivel;y,11 whereas pyracycloquinone (2) and cyclopentadiene produce only
the endo isamer,12 see helow., This supports the secondary orbital interaction

theory, as the energy gap between the relevant occupied and vacant molecular

H H
- 27N — K-
(1) endo exo

endo

(2)

orbitals will be greater for acenaphthylene than for pyracycloguinone, resulting
in greater secondary orbital interaction for the latter and hence a pre-
dominance of the endo isomer.11 In contrast Trost found that in the reaction

of pyracycloquinone (2) with diphenylisobenzofuran the high endo stereo-
specificity was no longer apparent and both endo and exo isomers were formed in
the ratio of 3:1 respectively, a result which he interpreted as contrary to

12
the secondary orbital interaction theory.




Although the endo adduct is generally the major reaction product,there are
instances in which the exo adduct is the predominant isomer, for example 3=
chlorocyclopropene, 1,3-dichlorocyclopropene and 1,2,3=trichlorocyclopropene
produce mainly or exclusively the exo adducts with diphenylisobenzofuran,13
and cyclopropene itself yields both endo and exo adducts in equal amount on
reaction with furan. However, cyclopropene and cyclopentadiene yield
predominantly the endo Diels-Alder adduct. The ratio of endo and exo isomers
produced with these two dienes has been attributed to steric hindrance to the
dienophile on replacing an oxygen atom by a methylene bridge.lh The prediction
of endo/exo isomer ratios is somewhat hazardous as it is known that small
changes in the energetics of a reaction may result in large variations in
isomer distribution, a 99/1 isomer ratio corresponding to less than 3 kcals
mole-1 difference in the activation energies of the two competing reactions.l5

Reaction of an unsymmetrical diene with an unsymmetrical dienophile often
tends to produce one of the possible adducts in major a.mount.15 The
preferred orientation of addition of some substituted butadienes with
unsymme trical dienophiles has been accurately predicted by Herndon and Hall
by using a full perturbation calculation or by considering the interaction of
the highest occupied molecular orbital of the diene with the lowest vacant -

16
molecular orbital of the dienophile.

2
1,2 Factors Governing the Rates of Diels-Alder Reggﬁionsl’

. 1,2,1
A surprising number of compounds undergo the Diels-Alder reaction. ’’ 5

Dienes can be cyclic or acyclic, "electron-poor" as in hexafluorocyclopentadiene
or "electron-rich" as in cyclopentadiene, may contain heteroatoms as in ¢, B~
unsaturated ketones and furan or may be aromatic, when particularly active
dienophiles are needed to compensate for the loss of aromaticity which must

result. Similarly a vast range of dienophiles are available,both cyclic and




7o

acyclic, for example alkenes, alkynes, allenes, maleic anhydride and
cyclobutenes, as well as those containing heteroatoms such as Schiff's bases,
azodicarboxylic ester, nitriles, cyclic azo compounds, ketones and sulphur
trioxide; they may be "electron-poor" as for tetracyanoethylene or "electron-
rich" as for ethy'lene.l’z’15

As mentioned in section 1.1, the Diels-Alder reaction requires the diene
to adopt a cis-coplanar configuration, In open-chain dienes bulky substituents
caen displace the conformational equilibrium either towards the cisoid form,
increasing reactivity, or towards the transoid form, reducing reactivity,
In 1,2-bismethylenecycloalkenes the double bonds are necessarily cis oriented
and coplanar making these exocyclic 1,3-dienes extremely reactive in 1,4~
cycloadditions., An interesting exception to this generalisation is 1,2~
bismethylene-3,4=diphenylcyclobut-3=ene (3) which reacts with the powerful

dienophile tetracyancethylene in 1,2-fashion thus avoiding the formation of a

cyclobutadiene system.

Ph
NC CN 7’
, (o)
NC CN Ph K

(3) (86),

\

COR

Some cyclic-1l,3-dienes are also good dienes in the Diels-Alder reaction

2
due to their cisoid configuration, Both cyclopentadienel’ and hexafluorocyclo-

penta.dienel7 dimerise very readily (one molecule acting as the diene and the
other as the dienophile in a 1,4~cycloaddition), and form 1,4-adducts with a
variety of dienophiles., Perchlorocyclopentadiene which is stable as a monomer

because of the steric effect of the bulky chlorine atoms on the double boénd

which would act as the dienophile, readily forms 1l,4-adducts with a large




number of dienophiles, As ring size increases the reactivity of a cyclic~l,3-
diene falls, cyclohexa-l,3-diene is much less reactive than cyclopentadiene and
cycloocta-l,3~diene is comparatively inert towards dienophiles; an increase in
reactivity occurs again with cyclic 1,3-dienes containing l4- and l5-membered
rings. The drop in reactivity on going from cyclopentadiene to cyclohexa-1l,3-
diene is probably meinly accounted for by an increase in the distance between
the termini of the respective m-systems, for larger rings ring conformation
affecting coplanarity and conjugation of the m-system in addition to hindering
the approach of the dienophile will be more important.l’2

In his pioneering work Alder recognised that the presence of electron-
donating substituents in the diene [N(CHB)Z, ocn}, CH

3
withdrawing substituents in the dienophile [CN, COZCH3’ CHO, NO, etc.J

s etc.] and electron-

increased the rate of the Diels-Alder reaction;18 kinetic measurements have
since verified the so-called 'Alder rule'.1 For example the order of
reactivity of cyanoethylenes towards cyclopentadiene and 9,10=dimethylanthracene
is (NC)2=C(CN)2 > (NC)20=CH(CN) b (NC)2C=CH2 > CH2=CH(CN), and the order of
reactivity of butadienes towards tetracyanocethylene and maleic anhydride is
2,3~dimethylbutadiene ? 2-methylbutadiene ) butadiene.1 It is possible to

draw up a table of the dienophilicity of unsaturated compounds towards dienes
such as cyclopentadiene and 9,10-dimethylanthracene based on rate

measurements, the order of dienophilic properties varying little from one diene
to another and the most powerful dienophile appearing to be tetracyanoethylene,
However, although hexachlorocyclopentadiene due to its "electron-poor" nature
would be expected to be a poor diene according to the ‘Alder rule', it reacts
quite readily with a large number of simple hydrocarbon olefins and

acetylenes but not at all with tetracyanoethylene. The unusual behaviour of
hexachlorocyclopentadiene led to the concept of the Diels-Alder reaction "with

inverse electron demand", the diene acting as an "electron-poor" compound and
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reacting with relatively "electron-rich dienophiles, a reversal of the 'normal'
Diels-Alder reaction discussed above., Kinetic measurements have verified that
the reactivity of a dienophile towards hexachlorocyclopentadiene is enhanced by
the presence of electron-donating substituents as is seen from the order of
reactivity of a series of styrenes towards this diene, p-methoxystyrene?
styrene ) p-nitrostyrene.19 It is now recognised that the Diels-Alder reaction
"with inverse electron demand" is almost as general as the 'normal'! Diels

Alder reaction. BReaction in which both the diene and dienophile are of

similar character, either both "electron-rich" or "electron-poor", are not very
successful in contrast to the case of dienes and dienophiles of opposite
character,which undergo rapid reaction.l’2 Recently Eisenstein and Anh have
shown that the 'Alder rule' and its inverse can be rationalised by considering
the interactions between the frontier orbitals of the diene and the dienophile,
They found that the interaction energy of the frontier orbitals of a diene and
dienophile undergoing reaction increased when both reactants contained
substituents of opposite electronic character, 'electron-releasing’or 'electron-
withdrawing, relative to the unsubstituted reactants, By calculating the
interaction energies for two series of Diels-Alder reactions they found that
their calculated energies fitted in well with rate constants previously
measured by Sauer.

Ring strain and steric effects can also markedly influence the facility of
Diels-Alder reactions, The sp hybridisation of acetylenes prevents strain-free
inclusion of a triple bond in rings of less than nine-members, Lowver
cycloalkynes have however been trapped as their Diels-Alder adduots, the angle
deformation meking these compounds powerful dienophiles. An example is the

trapping of cyclopentyne to form a bis adduct (4) with diphenylisobenzofuran,
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Ph
X
Ph

(&)

Arynes are of the same order of reactivity and they will combine with
aromatic compounds under very mild conditions, Both tetrafluorobenzynez1 and
benzyne act as dienophiles towards benzene under very similar conditions.
Electronic factors are less important than ring strain and both these benzynes
have a similar high reactivity and lack of selectivity in their reactions.
Similarly cyclopropenes and to a lesser extent cyclobutenes are reactive
dienophiles due to ring strain, reacting readily with both "electron-poor" and
"electron-rich" dienes. Norbornene is a more powerful dienophile than cyclo-
pentene and octafluorobicyclo[2,2,0]hex—2-ene and hexafluorobicyclo[Q,Z,OJhexa-
2,5-diene are far more dienophilic than perfluorocyclobutene, the fusion of an
extra small ring to a cycloalkene increasing ring strain (see section 1.7).

The Diels-Alder reaction is particularly sensitive to steric effects and
these may often override electronic factors. Volume activation studies on some
Diels-Alder reactions of maleic anhydride have shown that the transition states
were actually smeller in volume than the corresponding adducts, a result
consistent with secondary interactions in the transition states of the type
proposed by Woodward and Hoffmann to account for the predominance of endo
isomers in reactions with cyclic dienes, and suggesting that steric effects
should be of great influence in these reactions.22 A steric effect of this
type accounts for the low reactivity of 2,2-dimethylcyclopent-4-ene-1,3-dione

(5,R=CH,) as a dienophile compared with cyclopentenedione (5,R=H), the former
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yielding the adduct (6,R=CH3) in 48% yield on refluxing with cyclopentadiene
in benzene for 16 hours whereas the latter reacted readily with the same diene

at room temperature yielding (6,R=H), Similarly both maleic anhydride and

O
1 W
R /
- It
R

R
R
(5) R = H,CH, (6) R = H, CH,

(5,R=H) react readily with trans-penta-2,4-dien-1-ol at room temperature whereas
(5,R=CH3) failed to react with this diene on refluxing in benzene or toluene,
The lower dienophilicity of (5,R=CH3) as against (5,R=H) results from the

steric hindrance caused by the gem dimethyl system.23

1.3 "Electron-poor" Dienes

Since Diels-Alder reactions'with inverse electron demand were first
recognised there has been considerable interest in the reactions of "electron-
poor" dienes with suitably chosen dienophiles., In hydrocarbon dienes
activation towards attack by relatively "electron-rich" dienophiles is
achieved by the carbonyl groups in orthoquinones, also 1,2,4,5-tetrazines (7
undergo Diels-Alder reactions "with inverse electron demand" with olefins
forming eventually 1,4-dihydropyridazines by the sequence shown below, the
rate of reaction being increased on substituting the molecule with electron-
attracting groups R.15 There are many other examples of "electron-poor"
dienes in the literature some recent ones being the 1,2,4~triazines (8),2#
and tropone (9) which undergoes reaction with ethylene and other unsaturated

2
hydrocarbons, > see below,
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R = CH,, CH,CH,
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24

(9)

The most extensively studied "electron-poor" dienes have been highly
halogenated systems, A great many Diels-Alder reactions of hexachlorocyclo-~
pentadiene and its derivatives are known and the work has been extensively

26,2
227 In addition to their intrinsic chemical interest these Diels~

reviewed.
Alder adducts and/or derived compounds are used as fungicides, plant-growth
regulators and insecticides.26 The Diels-Alder reactions of hexachlorocyclo-
pentadiene take place between 20° and 200° with "electron-rich" dienophiles,
simple hydrocarbon alkenes and alkynes, and polynuclear aromatic

25,2
hydrocarbons, 5,26

Recent work with 1,3-alkadienes has shown that hexachloro-
cyclopentadiene is more reactive towards conjugated rather than isolated
olefins and towards terminal rather than internal olefins, also alkyl

substitution does not increase the reactivity of these dienophiles as steric
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factors are more important than electronic factors, As conjugation of the
dienophilic double bond will decrease electron density this might have been
expected to reduce reactivity, the observed increase in reactivity is
attributed to an increase in polarizability due to conjugation,resulting in
stabilization of the polar transition state.28
Whereas hexachlorocyclopentadiene is stable as the monomer at room
temperature compounds such as 1,2,3,4,5-pentachlorocyclopentadiene and 1,2,3,4~
tetrachlorocyclopentadiene dimerise on standing or gentle warming; they can
however be regenerated on heating the dimer, as is the case for cyclopentadiene.
1,2,3,4~tetrachloro-5,5-difluorocyclopentadiene dimerises even more readily
than its gem dihydro analogue. The ease of dimerisation varies with the 5=
substituents in the order F2'> Hé') HCl, an explanatidn of this observation
would probably involve an interplay of both steric and electronic factors.29
Recently an elegant investigation of the Diels-Alder reactioms of 1,2,3,4,5-
pentachlorocyclopentadiene has been disclosed, The relative amounts of syn
and anti, and exo and endo isomers were recorded for reactions with a large
number of dienophiles, and on the basis of these results it has been proposed
that syn-anti isomerisation is controlled by interactions of the ven der Waal's-

London type, whereas endo-exo isomerisation is determined by secondary

orbital intera.ctions.30

l.4 Fluorinated Acyclic Dienes

Vg -

Unlike butadiene perfluorobutadiene shows little tendency to partake in
the Diels-Alder reaction,31 the only substantiated Diels-Alder adduct being
formed with trifluoronitrosamethane.32 With butediene and acrylonitrile
compounds believed to be cyclobutane derivatives were isola.tedj1 suggesting
that the double-bonds act in isolation; acyclic fluoroolefins containing the

:C=CF2 group are known to readily form four-membered ring compounds when
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heated alone or with other unsaturated compounds., A rationglisation of

the low reactivity of the molecule towards 1,4-cycloaddition has been offered

in terms of "the inductive effect of the fluorines tending to localise the

double-bonds, thus inhibiting conjugation", or a "loss of planar cisoid

conformation due to steric interaction between fluorine atoms at C-1 and C--l;.."55’56

The molecule has recently been shown to be non-planar by photoelectron and

optical spectroscopy, a cis-bent geometry being in agreement with unpublished

electron-diffraction data.37
On heating perfluorobutadiene to temperatures of between 150° and 180° in

a steel bomb for up to 44 hours the isolated products were hexafluorocyclo-

butene, and dimers, trimers and polymers of the reactant.38 The dimer

fraction was not characterised but formed a hexabromide and on heating yielded

a saturated dimer (m.p. AOO, b.p.80°) which was originally assigned structure

(10) in agreement with preliminary X-ray studies,38 later X-ray work assigned

the more symmetrical structure (11) to this compound.39
F2 F F F F F
F2 F2
F F
F, F F F 2 1
2 F F
(10) (11)

On increasing the reaction temperature the amount of hexafluorocyclobutene
produced increased considerably, quantitative conversion of hexafluorobutadiene
to hexafluorocyclobutene being achieved at 500o under atmospheric pressure.

On heating 2,3-dichloroperfluoro-1,3~butadiene in a closed steel bomb at
-170° for 4l hours a saturated dimer CSCthS’ assumed to have a structure like

(11), was obtained together with several unsaturated dimers. It was also
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noted that this butadiene when heated for 89 hours at 176o led to 1,2-dichloro-
perfluoro-l-cyclobutene (no yield quo‘l:ed).l*o

1,1,2=Trifluoro-1,3-butadiene dimerises at temperatures between 150° and
200° yielding (12) and (13), and reacts readily with fluoroolefins,hl the
products being consistent with the formation of a bifunctional diradical

5

intermediate as the first step in the cycloaddition process,

F [—
F F
F F
F e
(12)
H H
CH2=CHCF=CF2 H CF:CF2
+ ——li
CH:CH2
CF2=CFCH=CH2 y—
F F

(13)

Like perfluorobutadiene 1,1,4,4~tetrafluorobutadiene is unreactive in the
Diels-Alder reaction., It produced a formal Diels-Alder adduct with trifluoro-
nitrosomethane but attempts to add dienophiles such as maleic anhydride were
unsuccessful and with acrylonitrile, azodiformic ester and tetrafluoroethylene
only cyclobutane derivatives were f'ormx-zd.l"2 On heating to 178o it yielded a
single dimer, identified as a divinylcyclobutane (14), optical isomers of a

L3

single trimer and higher polymers; no tetrafluorocyclobutene was recorded,
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CH=CF

C].i‘2=CH-CH=CF2 —

CH:CF2

(24)

The monofluorinated diene fluoroprene (2-fluorobuta—l,3-diene) forms
42,44

Diels-Alder adducts with "electron-rich" and "electron-poor" dienophiles.

l.5 Fluorinated Cyclopentadienes

Perfluorocyclopentadiene is a very reactive "electron-poor" diene. Like
cyclopentadiene it undergoes dimerisation in l,4~fashion extremely readily
(9% dimerisation in 24 hours even at -220) although it can be stored as the
monomer at liquid nitrogen temperatures. This behaviour is in marked contrast
to its perchloro analogue, Unlike dicyclopentadiene the dimer of perfluoro-
cyclopentadiene is very thermally stable, but on heating to temperatures as
high as 680° under vacuum the. monomer is regenerated in 22% yield, the major
product resulting from expulsion of difluorocarbene.l7 The high reactivity of
perfluorocyclopentadiene towards "electron-rich" dienophiles enables the
isolation of 1,4~adducts formed from a wide range of olefins and acetylenes
under the mild conditions essential if dimerisation is to be kept to a minimum,
The reported Diels-Alder reactions are tabulated below.

With "electron-poor" dienophiles, tetrafluoroethylene, tetracyanoethylene,
perfluorobutadiene, perchlorobutadiene, perchloroqyclopentadien936 and per—
f‘luorocyclohex.s.—l,3-dienelf'5 no reaction was observed, as expected for Diels~
Alder reactions with“inverse electron demand: Perfluorocyclopentadiene

36

reacted as a dienophile with anthracene, in contrast to perchlorocyclopentadiene
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Table 2, Thermal Diels-Alder Reactions of Perfluorocyclopentadiene

s | il | S o [ acter e
H,C0,0=CC0,CH, 50 22 133°, 3a. 36
HC=CH 22 42 115°, 65h. 36
diethyl maleate 3 66 110°, 3a. 47
diethyl fumarate 50 50 110°, 3a. 7
N-allyltrifluoroacetamide | c.70 30 50°, 64h. 50
H,C=CH, IR 51 106°, 8a. 36
maleic anhydride 53 41 110°, 2a. 36
butadiene 25 6l 110°,4-54. 36
norbornadiene 0 99 100°, 64. 36
anthracene - 27 1200, 54. 36
cyclopentadiene 0 98 120-125°,44. 36
CF3N0 0 98 room temp., 36

overnight

for which no dienophilic properties have been obsez‘ved,l"6 as both a diene and a
dienophile with cyclopentadieneh5 and as a diene with the other reactants in
Table 2. The reactions with diethyl maleate and diethyl fumarate show that
the "cis" principle is applicable to this diene and the adduct with diethyl

b7 A detailed

maleate was assigned the endo configuration from n.m.r. evidence.
investigation of the n.m.r. spectrum of perfluorocyclopentadiene dimer suggests
that this compound also has the endo configura.t:ion;“'8 support for this

assignment is found in the fact that this dimer and endo-dicyclopentadiene give

49

the same product on fluorination with cobalt trifluoride. The reaction with
. . 6
norbornadiene produced two stereoisomeric 1l:1 adducts (15)3 whereas perchloro-

26
cyclopentadiene only produced one. Irradiation of the endo-endo isomsr (16)
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would have been expected to yield the cage compound shown below; one of the
isomeric adducts (15) did undergo reaction on irradiation but the resulting

product could not be characterised.36

2. O — Q0

(15)

2 Fy
F

A

(16)
A further attempt to apply the photocyclisation technique to determine the
stereochemistry of the Diels-Alder adduct of perfluorocyclopentadiene with p-
benzoquinone was not possible as the isolated adduct possessed the enol form,

By reacting perfluorocyclopentadiene with N-allyltrifluoroacetamide and then

releasing the free amine intramolecular cyclisation took placé pro&ing the endo
nature of this adduct, see below. An exo adduct would have been expected to

undergo intermolecular nucleophilic attack leading to a polymeric product.
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Perfluorocyclopentadiene reacted with cyclopentadiene36 and cyclohexa~l, 3=
diene51 to yield two 1,4~ adducts in each case,one in which the fluorodiene
acted as the diene and the other in which it acted as the dienophile, the
relative amount of these l,4~adducts being independent of reaction conditions,
This led to the conclusion that a concerted but non-synchronous mechanism of the
type proposed by Woodward and K'a.tz52 was operating, involving a single transition
state leading to a common transient intermediate which collapses in stebs of
low activation energy to the products.53
The 1- and 5=chloropentafluorocyclopentadienes have recently been prepared,
the l-chloro compound dimerising more readily than its 5-chloro isomer at
room temperature; the order of stability of these cyclopentadienes parallels
that for perchlorocyclopentadienes substituted in the geminal positions,
Pyrolysis of the dimer of l-chloropentafiuorocyclopentadiene at 6000 resulted
in monomerisation. 5=chloropentafluorocyclopentadiene readily reacted with
trifiluoronitrosomethane to produce two isomeric 1l,4-adducts of structure (17)
in the ratio of 1:7; the major product isolated when trifluoronitrosomethane
reacted with the l-chloro diene was (18), Reaction of 5-chloropentafluorocyclo-
pentadiene with dimethylacetylenedicarboxylate at 135° produced two isomeric

1,4-adduct (19) in the ratio of he1, ot

F F
F _ F F ¢0.CH
(I N-CF ¢35
F o 2l 3 €O, CH
F 0 F oCH;
F c1 F
a7 (18) (19)

Some pentafluorocyclopentadienes are also known, <2H-pentafluorocyclo-
55,56

pentadiene dimerises extremely rapidly to yield one main dimer (20),

L8

assigned the endo configuration on the basis of its 19F nem,r. spectrum,
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Reaction of 2H-pentafluorocyclopentadiene containing some of its SH-isomer as

impurity with trifluoronitrosomethane at -780 led to adducts (21), (22) ana

(23), the latter being formed from the 5H—diene.56

F
F N~CF F N-CF
2| 3 | 3
H 0 F
F F
(22) (23)

1lH~pentafluorocyclopentadiene is more stable to dimerisation than its
2H-isomer, gives no 1,4-adducts with tetracyanoethylene or ethyl vinylether
as expected, and yields one main dimer whose structure is not known.55
Perfluoro~(2-methylcyclopentadiens) on standing at 80° for 2 days yields a
mixture of dimeric products (60%) and is partly transformed to the isomeric
l-perfluoromethyl diene. Perfluoro-(l-methylcyclopentadiene) under the same

conditions yielded dimer (24) in 40% yield; (24) was assigned the endo

configuration on the basis of its 19F NeM,eT, sPectrum.57
Fa
T CF3 .
P T
F
Fz CF

(24)
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1.6 Fluarinated Cyclohexa-),3=dienes
Like perfluorocyclopentadiene, perfluorocyclohexa-l,3-diene reacts with
"electron-rich" dienophiles to produce 1,4~adducts. Reactions proceed smoothly
with olefins and acetylenes and the diene shows a markedly reduced tendency to
dimerise as compared with perfluorocyclopentadiene, consequently forcing
conditions may be used to effect reaction with unreactive dienophiles. The
reported Diels-Alder reactions with alkynes and alkenes are tabulated below.
(Table 3). As can be seen from the table, the more "electron-rich" the
dienophile the more readily will it react with perfluorocyclohexasl,3-diene,
in accord with the concept of Diels-Alder reactions with“inverse electron
demand. Thus but-2-yne produces a higher yield of 1,4-adduct and under
milder conditions than 1,1,l~trifluorobut~2=yne or perfluorobut-Z-yne.58
The reaction with butadiene produced three major products (25), (26) and
(27). Both (25) and (26) are 1,4-adducts, in the former the fluorinated
compound behaves as the diene and in the latter as the dienophile, (27) is a

6
l.2-adduct of perfluorocyclohexa-l,3-diene and butadiene,59’ 0

the only other
example of perfluorocyclohexa~l,3-diene forming a 1,2-adduct is in its reaction

with tetrafluoroethylene, 61

F
F - F | 2 .
F F[:::::ii:::::] ; “
F F, . F N\ -
F F2 F

(25) (26) (27)

Perfluorocyclohexa~l,3~diene resembles perfluorocyclopentadiene in behaving

59,60 and a8 both a diene and a

as a dienophile in its reaction with anthracene,
dienophile in its reaction with both cyclopentadiene and cyclohexa-l,3-diene.

In the major adduct from reaction with cyclopentadiene, the fluorocarbon behaved
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Table 3. Thermal Diels-Alder Reactions of Perfluorocyclohexa-1,3-diene
with Alkynes and Alkenes

% Yield of Reaction
Reactant 1:1 Adduct Conditions Reference
H,0=CH, 80 200°, 4,5h. 66
H,0=CHCOCH, 73 114°, 2,5h, 59,60
H,C=CHOEt 78 114°, 2,5h, 59,60
H,C=CHPh 9% 97°, 7h. 59,60
(o]

H,0=CHCO, CH, 3l 100°, 6h. 59,60
H,,0=CHCN 65 170°, 5h. 59,60
maleic anhydride 68 190°, 7h. 59,60
* butadiene 90 100°, 8h. 59,60
anthracene 7 99°, 48h. 59,60
N-allyltrifluoroacetamide 50 110°, 48h. 45
® cyclopentadiene 86 75°, 24h. 45
®* cyclohexa-1,3-diene 61 600, - 45
H,0=C=CH, 57 190°, 1uh. 66
HC=CCH s 180°, 40h. 61
HC=CCF 92 200°, 100h. 61
HC=CCH,C1 88 180°%, 17h. 61
H,CC=CCH, 7 200°, 19h. 61
G1H,,0C2CH,C1 62 200°, 40h. 61
HC=CPh 54 175°, 20h 61
H{C=GCF 49 220°, 63n 61
Et0,CC=CCO,Et W7 215°, 18h 61
F,CC=CCF, 36(90) | 225°, 18n. (264°, 22h.) 61(67)

% more than one adduct was isolated,
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as the dienophile whereas reaction with cyclohexa-l,3-diene yielded predominantly
the adduct in which the fluorocarbon behaved as the diene. As for perfluorocyclo-
pentadiene the reaction of perfluorocyclohexa-l,3-diene with Neallyltrifluoro-
acetamide produced the endo 1l,4~adduct for on releasing the free amine intra=-
molecular nucleophilic attack took place. No reaction occurred with perfluoro-
cyclopentadiene due to its ready <1:'|.mer:'|.s:a.t.ion.l"’5

Under the conditions necessary for 1,4-cycloaddition to alkenes and alkynes
perfluorocyclohexa-l, 3-diene shows no tendency to dimerise. On heating at
390o for 14 hours however a 40% yield of a mixture of two compounds was
formed these were deduced to be endo and exo dimers and were formed in the ratio
of 9:1 resPectively.61

Nitriles, which are generally regarded as unreactive dienophiles, will
react with perfluorocyclohexa-l,3-diene at temperatures of around 4000
producing 2-substituted pyridines together with diene dimers, The intermediate
Diels-Alder adducts have been isolated in two instances using less drastic
conditions, and although nitriles must be of high thermal stability and the
pyridines are formed in low yield ,this route allows access to 2-substituted

62,63

pyridines, which are not readily available by other routes. The results

are tabulated in Table i

1H-heptafluorocyclohexa~l,3-diene when heated at 130o for 15 hours with
methyl acrylate forms two isomeric products in 68% yield; these were assigned
the endo structures (28) and (29).61+ Ethylene forms the expected 1,4-adducts
with 2-methyl-and 2-methoxyheptafluorocyclohexa-l,3-dienes when heated to 250°

65

for 42 hours,

66
216°, An attempt to prepare the ethylene adduct of 2,3-dimethoxyhexafluoro-

and also with 2, 3=~dimethylhexafluorocyclohexa=-l,3~diene at

cyclohexa-l,3~diene by reaction at 200° for 16 hours was unsuccessful due to

the thermal instability of this diene.67

-
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Table 4o Thermal Diels-Alder Reactions of

Perfluorocyclohexa-1,3-diene with nitriles62’65

o Molar Ratio Reaction % Yield
Nitrile Diene:Nitrile | Conditions | (A) (B)
CF N 1:1 400°, 16h, | = 40
BrCN 1:3 400°, 15h, | = 10
(o]
2:3 380°%, 12h, | 9 18
CgFON 1:1 390°, 64h, | - L
NC(CF,) ;N 1:2 350°, 16h. | & 1
1:2 350°, 6Lh. 10
R
| F
¢ F R F ¥
+ m — 2l — + CF
N F N F b
N
" R
(4) (B)

Several Diels-Alder adducts have been prepared from ZH,3H~hexafluoro-
cyclohexa-1,3-diene. The 1:1 adducts of this diene are formed in lower yields
than the corresponding adducts of perfluorocyclohexa-l,3-diene, when reactions
are carried out under similar conditions. This is ascribed to the formation of
polyaddition products reducing yields, as the primary Diels-Alder adduct
possesses a dienophilic ~CH=CH=- double bond which can compete with the initial
dienophile for the remaining diene. In the reaction of 2H,3H-hexafluorocyclo-

hexa-1,3-diene with but-2-yne a mixture of 2:1 adducts was isolated and
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(28) (29)

characterised as isomers (30). 2H, 3H=~-hexafluorocyclohexa-1,3-diene is stable

indefinitely in the dark at room temperature; its Diels-Alder reactions are

tabulated below.66’67 (Table 5).

F H F
H CH
H CH
3
F g 7
(30)

In contrast to its 2H,3H-isomer, 1H,2H-hexafluorocyclohexa-l,3~diene
dimerises at room temperature to the extent of 66% after 3 months and is
transformed to a single dimer of structure (31) or (32). It forms a single
1,4-adduct on reaction with 3,3,3-trifluoropropyne at 200° for 1 day and also
forms an adduct with perfluorobut-2-yne. The unsymmetrical adduct formed from
3,3,3-trifluoropropyne was shown to have structure (33) by pyrolytic
elimination of tetrafluoroethylene to give 3,4=difluorobenzotrifluoride which
was identical with a sample prepared by an alternative unambiguous synthesis,
The stereospecific outcome of this Diels-Alder reaction was accounted for in
terms of a preferred orientation of the diene and dienophile prior to

67,68

reaction,
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Table 5. Thermal Diels-Alder Reactions of
2H,§H-hexafludrocxclohexa-l,}-—diene66

. . Reaction .
Dienophile Conditions % 1:1 Adduct
CH,,=CH, 200°, 1k4.5h, 91
GH,,=C=CH,) 196°, 47.5h. 50
CH, C=CCH, 200°, 22,5h. 30
cn}c;cn 212°, 19n. 58
CF ,C=CCF 175°, 41n. 3
CF3CECCH3 210°, 14h. 37
CF ,C=CH 208°, 18n. 75
H H Fy
H F H F,
PO F2 F F
F F, F F
(31) (32) (33)

There have been no publications on the Diels-Alder reactions of perfluoro-
cycloalka-l,3~-dienes containing rings of greater than six-members, It would
be expected that trends in reactivity would parallel those of hydrocarbon

69 and perfluorocycloocta-l,3-diene should

dienes, and perfluorocyclohepta-
partake in the Diels-Alder reaction with greater difficulty than perfluoro-

cyclohexa-1,3-diene.
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1.7 Cycloolefins as Dienophiles

A large number of small-ring cycloalkenes have been extensively used as
dienophiles. They possess high reactivity because the reduction of angular
deformation in the transition state compared with the free dienophile acts as
the driving force for the reactions In the case of cyclopropenes reactivity
depends almost solely on ring-strain as a particular cyclopropene is often
equally reactive towards 'normal' dienes and dienes which usually exercise

"inverse electron demand", and the effect of substituents on the reactivity
of a cyclopropene cannot be rationalised in terms of electronic effects,
Cyclobutenes are also good dienophiles but the practically strain-free
cyclopentenes and cyclohexenes are much less reactive.

Both cyclopropene70 and per'fluorocyclopropene71 react readily with
cyclopentadiene giving the endo 1,4-adducts at 0° and room temperature,
respectively, The effect of ring-strain on the dienophilicity of the double
bond in cyclopropene is evident from a comparison of the reactivities of
ethylene and cyclopropene in 1,4-addition with butadiene, the former giving an

2
18% yield of the Diels-Alder adduct at 200°7

vield of 1,h-adduct at 0%,/

whilst the latter gave a 37%

Law and Tobey have recently investigated the reactions of six fully
halogenated cyclopropenes with cyclopentadiene, furan and butadiene. The
isolated products were either the endo Diels-Alder adducts or compounds derived
from them, In some cases the initial Diels-Alder adducts were thermally
unstable and isomerised to ring-opened compounds by a mechanism involving
stereospecific ionisation of the labile halide and disrotatory ring-opening of the
resulting cyclopropyl cation to the corresponding allyl cation which then
yielded the final product. The observed stereochemical results of this process
are in agreement with the prediction of Woodward and Hoffmann for such a

concerted electrocyclic reaction, illustrated below for the reaction of furan

with compound (34).
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(36) X

The rearrangement involves disrotatory ring-opening together with
ionisation of the halogen at carbon®*syn to the double bond. In the reaction
above the isolated products were the adduct (35) and the rearranged compound
(36); (35) did not rearrange due to the strength of the C-F bond which would
have to be broken in the ionisation process, the C~Cl bond is far more easily

73

oleaved. An alternative mechanism which would also account for Law and
Tobey's observation, recently suggested by Magid and Wilson, involves
ionisation of the cyclopropene prior to its Diels-Alder addition., An
investigation of the validity of this mechanism was undertaken for cyclopenta-
diene as the 4m-system and it was concluded that the results obtained ﬁere more
consistent with the simple direct cycloaddition mechanism.74

The exclusive formation of endo adducts or compounds derived from these

adducts in reactions of fully halogenated cyclopropenes has been mentioned

above; in some chlorocyclopropenes reaction with diphenylisobenzofuran produced
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mainly the exo adducts. 3-chlorocyclopropene yielded exo and endo adducts in
the ratio of 4.5:1 respectively whereas the equilibrating dichlorocyclopropenes

(37) and trichlorocyclopropenes (38) yielded only the exo adducts of the

cyclopropene containing no gem dichloro grou.p.l3
C1
C1
c1 C1 c1 c1 c1
C1
[[><°1
— m—
T =
H
H
H
H
(37) (38)

The reduction in ring strain makes cyclobutenes markedly less dienophilic
than cyclopropenes, although they are still more reactive than simple olefins
towards 1,4-cycloaddition. Cyclobutene itself forms endo and exo 1,4-adducts with
diphenylisobenzofuran on reaction at room temperature (60% yield)75 and cis
3,4-dichlorocyclobutene (39) forms 1,4-adducts with both "electron-rich" and
"electron-poor" dienes examples being with cyclopentadiene (73% yield at lhoo),76
furan (10% yield at 120°),76 diphenylisobenzofuran (83% yield at 1oo°),77
anthracene and 9,10-dimethylanthracene (yields of 74% and 90% respectively at
1500),78 tetraphenylcyclopentadienone (80% yield at 1#00)79 and hexachloro-

cyclopentadiene (33% yield at 1L+o°).76

Cis 3,4-dichlorocyclobutene (39)
reacted with 2,5-dimethyl=3,4-diphenylcyclopenta=2,4-dienone (40) at 60° to
give an 85% yield of a 4:1 mixture of the exo anti- (41) and endo anti- (42)
1,4~adducts,

These 1,4-adducts possess the anti-structures due to attack taking place
from the least hindered side of the dienophile, possible secondary orbital
stabilization due to the lone-pairs of the chlorine atoms being insufficient

).79

to overcome the steric interaction of the 3,4-substituents in (40
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o
| . 2 3
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Cl
(39) (40)

The reactions of a number of highly fluorinated cyclobutenes with "electron-

rich" dienes have also been investigated.so’81

3,3,4,4=Tetrafluorocyclobutene
has been found to be an active dienophile forming 1,4~adducts with butadiene
(75% yield after 40 h, at 100-150°), 2,3-dimethylbutadiene (96% yield after 17h.
at 100°) and cyclopentadiene (60% yield of an equimolar mixture of endo and

exo adducts after 24 h, at 900). Reaction with furan at 100° for 40 hoﬁrs gave
a 77% yield of a 1:1 adduct (43) together with a mixture of two compounds (44)
which were 2:1 adducts, formed by the Diels-Alder reaction of furan with adduct
(43)s This was proved by heating furan and the 1:1 adduct (43) to 100° for

22 hours when the two 231 adducts were obtained in a yield of 4O0%; a similar
reaction of adduct (43) with 2,3-dimethylbutadiene gave a 93% yield of the
expected 1,4-adduct (45). When 3,3,k4,4-tetrafluorocyclobutene was heated with
2,5~dimethylfuran at 100° for 49 hours the expected 1l:1 adduct was isolated in
a yield of only 40%, the poor yield being ascribed to steric interactions.80
The greater yield of 1,4~addﬁct from reaction with 2,3-dimethylbutadiene
compared with butadiene, even though milder conditions were used, is in
agreement with the 'Alder rule', 3,3,4,h-tetrafluorocyclobuteﬁe,due to the

allylic fluorines,behaves as a typical "electron-poor" dienophile reacting more

readily with "electron-rich" dienes,
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Link has studied the dienophilicities of a series of highly fluorinated
cyclobutenes towards the "electron-rich" dienes butadiene, isoprene and 2,3-
dimethylbutadiene., The cyclobutenes studied were fluorinated at the allyl
positions and contained combinations of hydrogen, fluorine and chlorine atoms

on the double bond. His results are tabulated below,

Table 6. Thermal Diels-Alder Reactions of Fluorinated Cyclobutenes

with Butadienessl

A B
) ,\ A B | x y | % Yield of 1,k~Adduct
28 (after 48 h. at 170°)
+ H H|F @ 3
H Cl 28
P
CH H F c1 20
3 H € 8L
CH, CH | F F 77
3 3l a 2
X c1 H 88
F Cl 89

The reactivities of all the cyclobutenes investigatedwere less than that

of 3,3,4k,4-tetrafluorocyclobutene and as all the compounds in the above table
are more "electron-poor" than 3,3,4,4~tetrafluorocyclobutene electronic factors

cannot be of prime importance; Yields are greater in reactions with more
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"electron-rich" dienes in accord with the Alder rule and the most reactive
dienophiles are those containing a vinylic hydrogen., Steric effects are
important as 1,2-dichlorotetrafluorocyclobutene is very unreactive towards the
most "electron-rich" diene and they could also account for the greater
reactivity of dienophiles containing a vinylic proton.81
Perfluorobicyclol?,2,0]hexa—2,5-diene, the para-bonded valence isomer of

82,8 ' -
263 and perfluorobicyclol2,2,0]hex-2-en584 are far more

hexafluorobenzene
powerful dienophiles than the cyclobutenes discussed above, due to the
additional strain incorporated in their structures by the fusion of a second
four-membered ring. Perfluorobicyclo[2,2,Qﬂhexa—2,5—diene reacts at room
temperature with a variety of "electron-rich" cyclic and acyclic dienes to yield
both 1:1 and 2:1 Diels-Alder adducts, the latter where the second molecule of
diene attacks the fluorinated double bond of the 1l:1 adduct. The order of
reactivity towards different dienes parallels that of maleic anhydride, as
expected; the difficulty with this dienophile is that it rearomatises to
hexafluorobenzene on standing and this tends to reduce yields. The stereo-
chemistries of the 1,4~adducts have been assigned, on the basis of n.m.r,
evidence, as resulting from exo attack on the dienophile and exo attack on
the diene; this is the configuration which would lead to minimum steric
interference in the transition state., The formation of a Diels-Alder adduct of
perfluorobicycloI?,Z,d]hexa-Z,S-diene with pyrrole was the first example of
this heterocycle behaving as a diene in the Diels-Alder reaction.82’83
The dienophilic properties of perfluorobicyclo[2,2,0ﬂhex-2-ene have been
investigated as have those of its analogues in which the vinylic fluorines
have been replaced by methyl or methoxyl groups or by hydrogen atoms. The
parent compound is of the same order of reactivity as perfluorobicyclo(2,2,0]

hexa~2,5~diene, The compounds in which both vinylic fluorines are replaced by

methyl groups or one or both vinylic fluorines are replaced by methoxyl groups
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fail to form adducts with furan under conditions where the parent compound
reacts readily. Deactivation towards 1,4-cycloaddition by the methyl group has
been ascribed to the same type of hybridisation effect invoked to explain a
similar deactivation of cyclopropenes containing this functional group whereas
deactivation by the methoxyl group has been ascribed to a combination of steric
and electronic effects.67 Replacement of both vinylic fluorines by hydrogen
resulted in a marked increase in reactivity, this activation paralleling the
behaviour of simple fluorinated cyclobutenes81 is no doubt also steric in
origin,

There are many other examples of strained cyclobutene moieties incorporated
in polycyclic systems and like benzynes, these very reactive systems can be
readily trapped as their Diels-Alder adducts.

Cyclopentenes possess little inherent strein and are far less
dienophilic than cyclobutenes, This is clearly evident if the yields of 1,4~
adducts obtained from fluorinated cyclobutenes and butadienes in table 6 are
compared with yields of similar adducts derived from their five-membered ring-
analogues shown in Table 7 (see below). The data recorded in Table 7 also
shows that replacement of the vinylic fluorines of octafluorocyclopentene by
halogens or hydrogen results in similar trends in reactivity to those observed
previously for the analogous cyclobutenes, although for a specific Diels-
Alder reaction reactivity of a cyclopentene is lower than that of the
analogous cyclobutene,

The conditions necessary for 1,4-eddition of cycloalkenes containing five
and six-membered rings are generally similar to those required for 1,4-addition
of open~chain alkenes, and there has been relatively little interest in using

cyclohexenes and cyclopentenes as dienophiles. Examples of reactions of

ethylene, cyclohexene and cyclopentene with perchlorocyclopentadiene are given

below,
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Table 7o Thermal Diels-Alder Reactions of Fluorinated Cyclopentenes
with ]3u1:a.dienes81

A B
> < % Yield of 1,4-adduct
/ \ A Bopx ¥ (after 48h, at 1708)
+ H H |F €1 3
H ¢ 1
F
2 CH H |F F 21
5 F Cl 16
F F H F 28
2 2 H €l 35
X Y CH. CH |F F 60
5 31F @ 8l
F H 88
cL H 76
cL C1 1
cl
c1,
c1 85
Ccl Cl °
C H 180, 55 atmos., 1
24 * @ 5.5h. () (7 %)
c1 vl
Cc1
c1
€1, H
cl cl 0 C1 86
/\ ) __,123 (54%)
Q 1 C1
C1
c1
Cl, H

- m . S0 i *
160
—_— 90%
* il c1 43h, cl (90%)

C1
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Ziegler has investigated the reactivities of all the cis cycloolefins, from
cyclopentene to cis-cyclodecene, towards Diels-Alder addition with perchloro-
cyclopentadiene. His plot of rate constant against ring-size is shown below,
and follows the general pattern of reactivities of alicyclic compounds.,
Conformational strain is the major factor governing the reactivities of the
five and six-membered cycloolefins, the reactivities of the remaining cyclo-
olefins are a consequence of the strain due to the crowded structure of their

adopted configurations,

Rate Constant
(Log Scale)

5 6 7 8 9 10

Ring Size

Reaction is especially rapid for cis-cyclooctene and results in a 94%
yield of 1l,4~adduct after reaction at 100° for 4% hours, Trans-cyclooctene is
even more strained and reacts with perchlorooyclopentadiene in the cold to
produce the expected l,lu.-adduct.88

Similar trends in reactivity are observed when a series of cis-cyclo-
olefins are allowed to react with diphenylisobenzofuran, cyclooctene reacting
extremely readi1y89 and reactivity decreasing from cyclopentene to cyclohexene

20

and rising once more for cycloheptene, as indicated below,
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Table 8. Thermal Diels-Alder Reactions of Cycloolefins

with Diphegxlisobenzofuran89’90

n |reaction conditions % 1,4~adduct

3 100°, 24 h, 75 (+ 16% dehydration

product)

80°, 12 h. 87

4 100°, 24 h. 60

5 100°, 24 h. 69
80°, 12 h. 66

Dehydrofluorination of Fluorinated Cyclic Compounds

2
A9 of cyclopentaﬁne93 or cyclopenta=

69

Vapour-phase fluorinationiof benzene,

h and of cycloheptane or cyclocheptatiene

diene, using cobalt trifluoride lead
to complex mixtures of polyfluorocyclohexanes, polyfluorocyclopentanes and
polyfluorocycloheptanes respectively, These polyfluorocycloalkanes can be
separated by distillation followed by gas~liquid chromatography.
Dehydrofluorination of suitable polyfluorocyclohexanes has afforded
polyfluorobenzenes,9192 polyfluorocyclohexadienes and polyf'luorocyclohexenezs;95
polyfluorocyclopentanes have been similarly dehydrofluorinated to polyfluoro-
96,55

cyclopentenes and polyfluorocyclopentadienes, and octafluorocyclohepta~
1,3,5~triene and some polyfluorocycloheptadienes have been obtained by

synthetic routes involving the dehydrofluorination of polyfluorocycloheptanes.69
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Fluorinated cyclobutenes can be made by dehydrofluorination of the corresponding

cyclobutanes although they are also asoessible by other me1:hods.97

1.8 Methods of Dehydrofluorination

The most commonly used reagent for carrying out dehydrofluorination is
aqueous potassium hydroxide. As the process is heterogeneous efficient stirring
of the reactants is essential and both the concentration of the alkali and
reaction temperature are varied depending upon the ease of elimination. An
example of this method of dehydrofluorination is the formation of perfluoro-~
cyclohexa~l,3- and -l,4~dienes from a mixture of 1H,3H-decafluorocyclohexanes,

95

see below, The disadvantage of using aqueous potassium hydroxide is that use

H H
100% soln, KDH/HZO H
F - —
Boil for 6 hrs. + +
H

of prolonged reaction times sometimes results in decomposition of reaction

products giving water-soluble compounds and consequently low recoveries,

This problem occurred in the attempted dehydrofluorination of 3H-and 4H-
heptafluorocyclopentenes using refluxing aqueous: alkali; only extensive
decomposition of the olefin resulted and this was ascribed to nucleophilic
attack by aqueous alkali on perfluorocyclopentadiene, the expected product,

6 .
which was never isolated from this reaction.9 Similarly dienes (46) and (47)

6
yielded products which were labile to aqueous alkali, 9
F

F S F F

F ¥ F F

. F H F

F
F F F F
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By introducing 3H~ and 4H-~heptafluorocyclopentenes below the surface of
molten potassium hydroxide at 2600, a short contact time being essential to
minimise decomposition, a 37% yield of perfluorocyclopentadiene was obtained,96
and this process was also successfully applied to the preparation of 2H-penta-
fluorocyclopentadiene from 1H:5H=hexafluorocyclopentene and both 1H- and 2H-
pentafluorocyclopentadienes from BH/AH-hexafluorocyclopentene,55 see below,
Similarly dienes (46) and (47) were successfully dehydrofluorinated to octa-

fluorocyclohepta=-l,3,5-triene by rapid passage through molten potassium

@ _sctten, @‘ @ aciten @ C

hydroxide. An even better method for dehydrofluorinating dienes (46) and (47)
involves powdered potassium hydroxide in benzene as the dehydrofluorinating
agent and leads to high yields of octafluorocyclohepta—l,3,5-triene.69
Undecafluorocyclohexane, lH:3H and 1H:4H-decafluorocyclohexanes and 1H:2H:
4H-nonafluorocyclohexanes were dehydrofiuorinated to any required degree using
strongly basic anion exchange resins., Only very mild conditions, usually
200-600, can be used so as not to denature the resin, however this technique
28

does not appear to have been subsequently applied to other systems,

Another dehydrofluorination method which would appear to be well=-suited for

large-scale experiments involves pyrolysis of the fluorocarbon in the presence

of a metal fluoride. Although this technique has been successfully applied to

the preparation of nonafluorocyclohexenes, hepta- and octa.fluorocyclohexadienes99
100

and conjugated polyfluoroalicyclic compounds with exocyclic methylene groups,

it was unsuccessful for 4H-heptafluorocyclopentene. Pyrolysis of this compound
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over sodium fluoride at 3300 resulted in isomerisation to its 1H- and 3H-

isomers rather than dehydrofluorination to per:f'luorocyclopenta.d.iene.96

1.9 Mechanismsof Dehydrofluorination

The dehydrofluorination of polyfluorocyclohexanes has been extensively
studied and a number of factors have been recognised as determining which

hydrogen and which fluorine are eliminated. They are listed below,

1. The most acidic hydrogen is preferentially eliminated, i.e. the one
surrounded by most fluorines, and ease of dehydrofluorination
parallels acidity.

2, Loss of fluorine from a CHF group is easier than from a CF2 group.

3. Trans-elemination by an B2 trans-coplanar mechanism occurs whenever
possible; cyclohexanes with substituents to be eliminated in trans
and axial positions wiil be more readily dehydrofluorinated than
their isomers in which this arrangement is not possible,

L4, Cis-elimination can proceed when the proton to be eliminated is
sufficiently acidic and may be faster than possible trans-

2
eliminations. 101,10

Some of these factors account for the products of dehydrofluorination of

cis- and trans-1H,2H-decafluorocyclohexanes (48) and (49) respectively, shown

F
H
g F, O H
H
F
F F2
F2

below,
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For the cis-isomer (48) an E2 process with loss of fluorine from the CFH group
as ageinst the CF2 group accounts for the observed product, the hydrogen and
fluorine eliminated being in a trans-axial arrangement in the reactant,
Dehydrofluorination of (49) was more difficult than in the case of (48), the E2
process with loss of fluorine from the CFH group being impossible, An E2
process with loss of fluorine from both CF2 groups accounts for formation of
the diene, either a cis-elimination of hydrogen fluoride from the boat-form of
(h9)101'or an Elcb mechanism involving elimination from the carbanion derived
from (49) can account for the olefin formed, As (49) incorporates déuterium
when shaken with potassium hydroxide in D20 a carbanion mechanism seems more
1ikely.103
The Elcb process has been suggested to account for the minor product of

dehydrofluorination of 1H,2-chlorononafluorocyclohexane (50), see below.

H
F F X
cl g + cl
c1 .
F P

(50) 86% U (51)

The major product can arise from dehydrofluorination via an E2 mechanism, as

the hydrogen and fluorine eliminated are in a trans-—-axial arrangement, The




minor product could arise via a cis-coplanar elimination of hydrogen chloride
from the boat form of (50), an E2 process, or by elimination from the carbanion
(51). As (50) incorporated deuterium on shaking with potassium hydroxide in
D20 the latter mechanism is more 1ike1y.103

Another possible dehydrofluorination mechanism would be loss of hydrogen
and fluorine from the same carbon atom to generate a carbene intermediate which
could then rearrange to an olefin. This mechanism would not account for the
large variations in reaction rate between steroisomers, also o-elimination has
been proved not to take place when polyfluorocyclic olefins react with alcohols
in the presence of potassium hydroxide, where reaction proceeds solely by g~
elimination from the intermediate carbanion.loh

The main difference between dehydrofluorinations in cyclopentane systems
and in cyclohexanes is that as a consequence of the geometry of the cyclopentane
ring the cis positions become coplanar and it is possible to have E2 cis-
eliminationswhich are only slightly less favourable than the treans- possesses,
in which a slight twisting of the molecule makes the trans positions coplanar,
The groups which are to become vinylic are consequently also coplanar in a cis=-
elimination in a fluorinated cyclopentane and the relatively correct steric
alignment of these potentially vinylic substituents may be an important feature
of this coplanar reaction system, Rigid cis~elimination is only possible for
a cyclohexane molecule fixed in a boat or a twist-~boat configuration,

The operation of these considerations is evident from the products of
dehydrofluorination of the two 1H,2H,3H-heptafluorocyclopentanes, the 1H, 2H, 3H/~
jsomer (52) and the 1H,3H/2H-isomer (53). The major product is the same for
both isomers, the oufside hydrogen flanked by a CF2 group is the most acidic and
the fluorine of the CHF group the easiest to remove; this is more marked when
elimination is trans, in (52), than when it is cis, in (53); in the latter

102
case more elimination takes place from the CF2 group. Also both 1H/2H~ and
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1H,2H/-octafluorocyclopentanes and 1H,2H/-decafluorocyclohexane lost hydrogen

fluoride at approximatély the same rate under identical conditions in aqueous

alkal io 91‘-

Dehydrofluorination in cyclobutanes is similar to the situation in cyclo
pen%anes; both of the 1H,2H-hexafluorocyclobutanes lose hydrogen fluoride at
97

approximately the same rate.
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1,10 Diels-Alder Reactions of Perfluorocyclohexa-l,3—diene with Cyclic Olefins
Although the Diels-Alder reactions of highly fluorinated cyclohexa-1,3~

dienes have been extensively investigated, few examples have been reported

45,58,60,63,64,66,68

involving simple cyclic dienophiles., In this work it has
been established that perfluorocyclohexa-l1,3-diene (XII) undergoes thermal
Diels-Alder reactions with five cyclic dienophiles, cyclohexene, cyclopentene,
1H,2H-octafluorocyclohexene, 1H,2H~hexafluorocyclopentene and 1H,2H-tetra~
fluorocyclobutene; in the latter case products other than the 1,4-addition
product were also isolated (see Figure 1).

Severe conditions were required for reaction with the 1H,2H~-perfluorocyclo=-
alkenes; in all three cases temperatures in excess of 500o were neeessary to
obtain reasonable yields of the 1l,4-adducts. This is in marked contrast to the
ready formation of a 2:1 adduct in the reaction between 2H,3H-hexafluorocyclo-
hexa-1,3~diene and but-2-yne (41%, after 22,5 h. at 2oo°),66 which must result

from the relatively high dienophilic reactivity of the CH=CH double bond in

the primary adduct.

F F g H
H CH, ) F F, a00° HeHl CH,
H CH, F F, . o,
F F Fu F

The evident difference between the reactivity of this CH=CH double bond
and those in the 1H,2H-perfluorocycloalkenes investigated is probably best
ascribed to the increased steric strain in the bicyclic as compared to the
monocyclic dienéphiles,

The nem.re spectra of the 1,4~adducts are tabulated below (Table 9).
They all contain the octafluorobicyclo[2,2,2]oct-5-ene unit, and the fluorine
resonances for tertiary, vinylic and bridging difluoromethylenesare similar

in position to those previously reported for the Diels-Alder adducts of highly
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(i) 1H,2H-tetrafluorocyclobutene/diethyl ether
(ii) 1H,2H-hexafluorocyclopentene
(1ii) molten KOH
(iv) 1H,2H-octafluorocyclohexene
(v) aqueous XOH
(vi) cyclopentene
(vii) cyclohexene
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1

F and "H

a
n.m.r, Spectral Parameters

45.

Compoundb

Tertiary F

Vinylic F

CF2

Tertiary H

CH

(III)

(11)

(1)

()¢

(V)

202.4 (2)

205.7 (2)

206.4 (2)

208,1 (2)

205.0 (2)

149.7 (2)

150.2 (2)

149.7 (2)

151.5 (2)
151.1 (2)

an

127.2 (4)°
108.1 (2)
123.6 (2)

226

128.0 (4)°

116.2 (2)
124,1 (2)

258

132,1 (1)
k.1 (1)
258

128.6 (4)°
122,9 (2)
13343 (2)
270

111.9 (2)

120,3 (2)

270

128,5 (4)°
125.3 (2)°
128,0 (2)°

228

347

3425

3.2

2.4 (2)
2.8 (2)

1,65 (8)
1.75 (6)

a. Chemical shifts are in p.p.me. upfield from internal CFCl
and refer to centres of broad bands or unresolved multip

intensities are in parentheses, coupling constants Hz;

b. Neat liquids;

c. Bridging -CFZ'CFZ_;

d. Solution in CCl,.

4

éets, integrated

or external Me, Si

4




fluorinated cyclohexa-l,3-dienes with alkenes and alk.ynes.)+5’58’59’63

Tertiary fluorines are gener#lly in the region (184-219 p.p.m.), vinylic
fluorines in the region (150-163 p.p.m.) and bridging difluoromethylenes in the
region (115-137 p.p.m.).67 As can be seen the tertiary fluorines are all very
similar in chemical shift (202-208 p.p.m.) and they are broadened as a result
of extensive coupling with other nuclei; the vinylic fluorines produce sharp
resonances at abouf the same shift (149,7-151.5 p.é.m.) and the bridging
dlifluoromethylene resonances have been assigned on the basis of their position
(125-128 p.p.m.) and the fact that the complex AA'BB' system in some instances
simplifies to a pseudo AB system whose coupling constant in analogous systems
has been found to be in the range 220-234 Hz, for compound (V) J

AB

For compounds (I) and (II) the remaining difluoromethylenes formed AB systems

= 228 HZ.

with coupling constants of 270 and 258 Hz due to six and five-~membered rings
respectively, JAB being much greater than expected for bridging difluoro-
methylenes of the octafluorobicyclo[2,2,2]oct-5-ene unit. For compound (III)
the two difluoromethylene systems would be expected to have similar coupling
constants; the bridging difluoromethylenes of the octafluorobicyclo (2 ,2,2] -
oct-H-ene unit were assigned on the basis of éhift by analogy with compounds
(II) ana (III), the J p °f 226 Hz assigned to the cyclobutane CF, groups is

A
. e vs 105
compatible with literature values,

The proton n.m.r. resonances were very
. . . 1 19

broad due to extensive long range coupling with both and ~ “F nuclei, the

chemical shifts observed for tertiary and methylene protons being as expected.

Also consistent with the proposed structures qre the infra-red CF=CF stretching

frequencies which for the octafluorobicyclo[2,2,2]oct-5—ene unit are

1) ,1"'5’ 58’ 59’ 63

generally strong anﬁ in the region (1751-1772 om in these

compounds a strong CF=CF stretch was observed in the region (1764~1776 cm-l).
Tertiary C-H stretch occurred in the region 2975-299% c:m"1 and methylene C-H
stretch at slightly lower frequency 2890 cm—l. All compounds had satisfactory |

elemental analyses.
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The masshspectra were also consistent with these compounds being l.4 cyclo-
addition products (see Appendix 2). They all showed parent peaks of moderate
abundance (9-30% of base peak) and had breakdown patterns consistent with their
structures, For compounds (I) and (II) the base peak was at m/e 199
corresponding to C7F6Hf, the stable hexafluorobenzyl or hexafluorotropylium ion,
also the loss of tetrafluoroethylene from the parent peak lead to an abundant
peak at P-100 which was of the same abundance as the base peak in the case of
compound (II) and was 65% of the abundance of the base peak for compound (I).
For the 1H,2H-tetrafluorocyclobutene adduct (III) the base peak corresponded to
the formation of the tetrafluorobenzene cation, CéFth+ due to loss of C F

4 8
from the parent. In the case of the cyclohexene adduct (IV) loss of C,F, from

24
the parent peak produced a fragment whose abundance was 33% of the base peak,
the base peak corresponding to 05H7+; for the cyclopentene adduct (V) the base
peak arose by loss of tetrafluoroethylene from the parent ion.
In each case only a single l.4-adduct was isolated and this is assumed to
be the ENDO adduct by analogy with the two examples wher@the stereochemistry of
the Diels-Alder addition to perfluorocyclicdienes has been unambiguously

established.us’so

The inability to construct the Cortaulds space-filling
molecular models of the exo isomers of compounds (I) and (II) due to steric
interactions between the tetrafluorocethylene bridge of the octafluorobicyclo
|?.2.2]oct-5-ene unit and the difluoromethylene groups of the five and six
membered rings from the dienophile, whereas the endo isomers could be readily
constructed, is also in agreeﬁent with endo stereochemistry being more
favourable in these systems,

| The hydrocarbon olefins reacted extremely readily with perfluorocyclohexa=-
1,3-diene at 208° for 21h. to give yields of 81% and 96% of the Diels-Alder
adducts of cyclohexene and cyclopentene respectively, in contrast the fluorohydro

carbon olefins were much less reactive. Adduct (III)from 1H,2H-tetrafluoro-

cyclobutene was formed at the lowest temperature, the yield being reduced due




to competitive side reactions, and adduct (II) from 1H,2H-hexafluorocyclopentene
was formed in higher yield and at lower temperatures than adduct (I) from 1H, 2H~
octafluorocyclohexene. The ready reactivity of the hydrocarbon olefins compared
with the hydrofluorocarbons is what one would expect as perfluorocyclohexa-
1,3-diene, an "electron-poor" diene, reacts more readily with "electron-rich"

2,15

dienophiles, Also the order of reactivity of the fluorohydrocarbon

dienophiles is in accord with relief of ring strain in forming the adducts.2
An examination of molecular 5:35&259 shows that there is little conformational
strain introduced on forming the cyclopentene adducts (II and V) as the 5=
membered ring can maintain its planarity in the adduct, however for adducts (1)
and (IV) the cyclohexene reactant, presumably in a chair-like conformation,106
has to assume the higher-energy skew=boat or boat form in the adduct, as the

C-2 and C-7 substituents are fixed in an eclipsed conformation, The difference
in yields between six-membered ring dienophiles and five-membered ring
dienophiles is greater for the fluorohydrocarbons than for their hydrocarbon
anslogues and this can be ascribed to the more restricted conformational mobility
and/or the greater steric strain in adduct (I) as compared with (II). That

the low yield of (I) was not due to breakdown by the retro Diels-Alder reaction
was shown by heating (I) for a considerable time at the temperature af its
formation, a very slow retro Diels-Alder reaction:occurred, similar treatment

of (II) and (III) produced no detectable breakdown of the adducts, and these

results are consistent with adduct (I) being more sterically strained than

adduct (II).

When 1H,2H-tetrafluorocyclobutene containing some diethyl ether was
heated to 295° for 42 h, with a slight excess of perfluorocyclohexa~l,3-diene
resulted
& complex product(which was separated by preparative g.l.c. The major product

was the expected Diels-Alder adduct (III). The next most abundant products

were also 1l:1 adducts, shown by mass spectroscopy and chemical analysis, but
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unlike the 1.4 adduct they had very low intensity parent ions (¢1% of the base
peak), and base peaks at m/e 126 (CAH2F4+), suggesting that the original
tetrafluorocyclobutene moiety was retained intact in the adducts. The 1H Nl Ty
spectra of both of these adducts showed two distinct signals, one a doublet of
sharp lines, and the other an extensively-coupled broad signal. The 19F NeMMe T
spectra of both isomers indicated a lack of symmetry and consisted of two low~-
field resonances coupling only with each other and with the lower field of the
two proton signals, two tertiary and two vinylic fluorine resonances, and
three difluoromethylene resonances. This data is thus consistent with 2,2-
difluorovinyl-decafluorobicycloEu,Z,O]oct—Z—ene structures for both isomers
(VI) and (VII), but it is not possible to decide between a 7 or an 8~substituted
difluorovinyl group or its stereochemicel relationship to the rest of the
molecule, The infra-red spectra of these isomers are also consistent with the
proposed structures showing the two required olefinic absorptions at 1765 cm_1
(CF=CF) and 1755 cm™* (CH=cF2),43 and the presence of hydrogen atoms at both
saturated (2975 cm-l) and unsaturated (3100 cm-l) sites, Alternative structurbs
such as 1,2-adducts of 1H,2H-tetrafluorocyclobutene and perfluorocyclohexa~l, 3~
diene can be ruled out. The presence of two double-bond stretching frequencies
in the infra-red spectra and the two low field resonances in the 19F NeM,T,
spectra are inconsistent with 1l,2-addition products, and it would be difficult
to see how such products could be formed.

There are several possible mechanisms which could account for the
formation of adducts (VI) and (VII), Ohe mechanism would involve a [2 + 2]
cycloaddition by a radical mechanism between perflaorocyclohexa-l,3-diene and
1,1,4,4~tetrafluorobuta-1,3~diene, This can be ruled out because the electro-
cyclic ring-opening of the cyclobutene to the butadiene requires high temperatures
and & low pressure (550°-750° at 5.25 mm.Hg.) followed by immediate quenching of

the product,lo7 and under the reaction conditions employed the equilibrium
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between fluorinated-l 3-~-dienes and cyclobutenes favours the cyclobu‘l:ene.lo8
For the butadiene to be an intermediate in the reaction some products of its
ready thermal polymerisation would have been expected (see Introduction) ,lﬁ
none were detecteds Two alternative mechanisms (Figure 2) would involve the
diradicals shown (Scheme 2a) or a concerted [211 + 21 + 20]cycloaddition6
(Scheme 2b), possibly in a supra,supra,supra sense which is thermally allowed,
involving onen -bond of the diene and thern-bond and as-bond of the cyclobutene.
The fourth product isolated frrom the reaction was a colourless solid, a
volatile toxic compound with a fruity odour, readily sublimable, melting at
126°. The mass spectrum of this compound had a parent peak at m/e 252 (CBFBHI:
of high abundance (50% of base peak), an intense peak at m/e 126 (CAFAH;)’ and
a base peak at m/e 183 due to loss of CF, from the parent, (see Appendix 2), this

3

together with the correct analysis identifies this compound as a dimer of the

19

cyclobutene dienophile, The "~ “F n.m.r. and lH n.m,r, spectra are both just a
single sharp resonance and this together with the high melting point is

suggestive of a highly symmetrical structure. Both the Re.ma.n* and the infra-
red spectra of this compound showed no olefinic stretching vibrations and thus

the compound must be saturated and therefore tricyclic. The assigned structure

(VIII) is consistent with all these data, other structures (54) and (55) might

H H H

---m

H H H H

(54) (55)

* Run on a Perkin-Elmer LR-1, Lasérs—Excited Raman Spectrometer using a

Spectra-Physics 125 Laser; I am indebted to Dr., C.J. Ludman for this
measurement,
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FIGURE 2

Scheme 2a, Radical Mechanism,

——tm (VI or (VII)

2 cis/trans

r e

—p (V) or (v1I)

cis/trans

Scheme 2b, ["25 + Tr2s + 023] cycloaddition

I.\
F
2 F2
o H
PN . 5 (VD) or (vID)

F
‘ ry
- cis/ trans
F2®' H TR /
L4

Fo
g2

F©F
>
F
F LN
2 i 3 F2

(9

H :F2

\..'

H

(VI) or (VII)

cis/trans




52-

be expected to have fluorines in sufficiently different environments to give rise
to separate resonances or at least line-broadening in the 19F n.m,r, spectrum,
also they might be expected to be formed together, an isomeric mixture in this
case being unlikely on the basis of a sharp melting point and a clean n.m.r.
spectrume To confirm the mode of formation of (VIII) 1H,2H~tetrafluorocyclobutene
containing some traces of diethyl ether was heated alone under the above
conditions and (VIII) was obtained as the sole reaction product. There is a
precedent for structure (VIII) (see Introduction); its completely fluorinated
analogue, the structure of which has been determined by X-ray work,39 was

made by Miller by heating perfluorobuta-l,3-diene.58 Initially, Miller assigned

a tricyclic structure analogous to (54) and (55) to the saturated dimer and

suggested a mechanism for its formation from an unsaturated dimer, see below.

CP=CF, -
7, g ] F,
F
..
F
) F, F ¥ ¥,
CP=CF,

After the structure had been corrected an alternative mechanism was proposed
by K.*av.rlel+0 who assumed the intermediate dimer to be a cyclooctadiene presumably
formed from diradicals of the butadiene, which then underwent a trans-annular
addition to produce the required compound, see below,

There are several reasons for suggesting that these saturated dimersare formed
from the corresponding cyclobutenes rather than the butadiene., When Putnam
et al heated 1,1,4,4-tetrafluorobutadiene, the diene which would be formed by
ring-opening of 1H,2H-tetrafluorocyclobutene, the products they isolated

43

contained no saturated dimer neither did they report any cyclobutene.
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F F CEE——- I"-—-CF--——CF2

2CF,=CF-CF=CF, —
2 2 F5— CF—CF —F,,

Miller recorded that the yield of the completely fluorinated saturated dimer
increased with temperature as did that of perfluorocyclobutene which was always

58 Also the analogue of (VIII) formed by

formed along with the saturated dimer.
heating 1,3-dichloroperfluorci,3-butadiene for 44 hours at 1700 might also have
been formeéd via the cyclobutene as it is stated that on heating at 176o for

89 hours 2,3-dichloroperfluoro-l,3-butadiene forms 1,2-dichloroperfluoro-1-
cyclobutene.

A concerted symmetry-allowed pathway could account for the formation of

(VIII) from 1H,2H-tetraflucrocyclobutene, see below.

2 H O 2
h, H F,
F,

F H H F

[02s + o2a] Z X F/

F2 H H 5
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The initial[2+2}cycloaddition, suprafacial on one m-system and antarafacial on the
other leads to an unstable trans-fused cyclobutane moiety, which can undergo a
symme try allowedﬁgzs + czgjprocess across the sigma bonds indicated to produce
the required dimer.

In addition to the previously mentioned compounds four longer-retained
compounds were obtained in small amount, Complete separation of the individual
components by either distillation or gas liquid chromatography proved impossible,
and they were examined as mixtures. By repeated g.l.c. separationsit was
possible to obtain a mixture containing the longest-retained compound as major
constituent () 90% by nem.r.,and g.l.c.)and another mixture containing the
shortest-retained compound as major constituent ( »90% by gel.ce and n.m.r,).
Both these mixtures had quite similar infra-red spectra containing no CF=CF
stretching vibration and the 19F nem.r, spectra of these particular mixtures
contained in each case four fluorine resonances in the tertiary region
integrating to four fluorines, the rest of the fluorine resonances lying in the
saturated difluoromethylene region and integrating to four more fluorines, in
one case being an AB system (corresponding to one CF2) and a single broad peak
(corresponding to the other CF2), whereas for the other case a complex pattern
of overlapping peaks was present (see experimental), The mass spectra of both
these mixtures had a top mass peak at m/e 298 (corresponding to the 1:1 adduct
of octafluorocyclohexa-l,3-diene and the elements of diethyl ether) and had
similarities in their breakdown patterns (see experimental), the base peak at

-+
m/e 45 in both cases could be CH,CHOH, and suggests a secondary alcohol.

3
The infra-red spectrum of another mixture containing all four components in
almost equal amount, by g.l.c., was very similar to those of the two mixtures
above and also contained no evidence of a CF=CF, All the infra-red spectra

contained absorptions due to C-H stretch and O-H stretch. The abundance of these

compounds in the reaction product was dependent on the amount of diethyl ether
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impurity present in the 1H,Z2H-tetrafluorocyclobutene used initially and it was
considered that as minor products arising from impurities present in the
starting material they did not merit more detailed investigation. The evidence
obtained is consistent with these compounds being isomer mixtures of 1,2,3,4,
5,5,6 ,6=0ctafluoro-2-(1-hydroxyethyl)-bicyclol2,2,2)octane (XI) and they could
be formed by pyrolytic elimination of ethylene from diethyl ether which could
then react with perfluorocyclohexa-l,3~diene to form the 1,4-adduct, subsequent
radical addition of ethanol to this compound would lead to compounds (XI), see

below, of which there would be four possible geometric isomers,

F
H—CH
\2 C.H NN F F C.H_OH
CH, 2%+ F — 2 25
\" >+ S F F,
4)
/ 02H5OH -
c.H =
2 CH
5 | 3
F CHOH
H,
. F
2 H
F
(x1)

The 1H n.m.,r, spectra of the two mixtures containing a single maJjor
component were also consistent with structures (XI), the Cth bridge and CH3
group forming one broadened resonance, the tertiary protons overlapping with
one another to produce a second resonance and a third resonance broader than the
others was ascribed to the hydroxyl proton.

The 1H,2H-perfluorocycloolefins used in the Diels-Alder reaction with
perfluorocyclohexa-l,3-dienes were prepared by reduction of the corresponding

perfluorocycloolefins using lithium aluminium hydride in diethyl ether.
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Reduction of perfluorocyclohexene using the same ratio of reactants as in the

literature methodlo9 produced the required olefin as the major product. For the
preparation of 1H,2H-hexafluorocyclopentene the literature reduction110 of
perfluorocyclopentene was modified to produce reasonable yields of the required
olefin (see experimental). 1H, 2H~perfluorocyclohexene and 1H,2H-perfluorocyclo-
pentene were obtained free of other fluorohydrocarbons by separation using
preparative gas chromatography, their 1H,6H-and 1H,5H-isomers respectively,
which had almost similar g.l.c, retention times were particularly difficult to
remove., For the case of 1H,2H-tetrafluorocyclobutene the literature method97
led to one product only, the 1H,2H-compound, which had very similar retention
time to diethyl ether, Most of the diethyl ether was removed by careful
distillation and the cycloolefin was then used in reactions without further
purification,

Attempts were made to obtain high yields of adducts (I) and (II) in order
to use these compounds for further synthetic work, It was found that
essentially quantitative conversion of 1H,2H-hexafluorocyclopentene to adduct
(II) could be achieved using an aged metal bomb and temperatures of about 3400
with reaction time of about 16 hrs,, by recycling unchanged starting materials -
each reaction producing over 65% conversion. The starting materials were
readily separable from adduct (II) by careful distillation and the reaction
could be conveniently carried out on a scale of up to 100 g, of material; also
the presence of small amounts of 1H,5H-hexafluorocyclopentene as a contaminant
in the 1H,2H-isomer had little effect on the yield of adduct (II). Under the
conditions for the formation of {II) in yields of over 65% (I) was obtainable
only in yields of 10-17%. Reaction of 1H,2H-octafluorocyclohexene with
perfluorocyclohexa-1,3~diene under more strenuous conditions than required for
the formation of (ID) for extended periods of time led to loss of material by the

isomerisation of perfluorocyclohexa-l,3~diene to its l,4-isomer and produced
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no significant increase in the yield of (I)e As mentioned previously (I)

undergoes the retro Diels-Alder reaction slowly under the conditions of its

formation, and this will no doubt becomes more important at higher temperatures.
In subsequent work emphasis was placed on the synthetic utility of the

more readily available adduct (II).

2
1.11 Dehydrofluorination of 2H,ZH—hexadecgiluorotricygloE6.2,2,0"7JGOQQQ—

4-one(T) and 2H,6H-tetradecafluorotricyclo[5,2,2 02’6 undec-3~-one(IX) and

the attempted dchydrofluorination of 2H,QH-dcdecafluorotriqycqu&.Z‘ZLQ%fa
dec~7—-ene (III)

Initially attempts were made to dehydrofluorinate adduct (I) by passage
through molten potassium hydroxide in a stream of dry nitrogen. Varying both
the temperature of the potassium hydroxide melt (from 200° to 360°)and the rate
of flow of nitrogen had little effect on the resulting reaction, a black
regidue formed in the reaction vessel which tended to block the inlet and only
traces of volatile materials were recovered from the liquid air trap at the exit
of the apparatus, Dehydrofluorination was eventually satisfactorily achieved by
heating and rapidly stirring the adduet with 50% aqueous potassium hydroxide
until a vigorous exothermic reaction set in, leaving for a few minutes until the
system became a deep brown colour and homogeneous and then immediately
quenching the solution by rapid addition of a large excess of cold diluts
hydrochloric acid., After separation of some residual starting material by
preparative g.l.c. & single di-dehydrofluorination product (IX) was obtained
in only moderate yield, (37%).

Adduct (II) could also be dehydrofluorinated using aqueous potassium
hydroxide (100%), the product (X) resulting from loss of two moles of hydrogen
fluoride was isolated in 33% yield after separation from residual starting

material by preparative g.l.c. However slow passage of (II) through molten
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potassium hydroxide (at around 200°) in a stream of dry nitrogen as carrier led
to a 68% yield of (X); no more than a small amount of starting material

remained in the recovered volatile material., This technique can be successfully
used with quantities of (II) of the order of 10 gms, and the triene (X) can be
obtained essentially pure by vacuum transfer as it has considerably higher
volatility than residusl (II). Thus (X) is much more accessible than (IX) as
(II) is both easier to prepare and to dehydrofluorinate than (I),

All attempts to thydrofluorinata adduct (III) were unsuccessful, resulting
in either recovery or decomposition of (III), no tractable proéucts being
obtained in several attempts using a variety of conditions. The appropriate
conditions for dehydrofluorination must depend on a variety of factors including
the volatilities of the starting materials and the products, the stability of
the products to the reagent used, side reactions of the starting material and
the ease of loss of hydrogen fluoride. For adduct (III) the balamce of these
factors must have been particularly fine,

Examination of molecular models of adduct (I) in the boat conformation
shows that a hydrogen atom and a fluorine of the adjacent difluoromethylene
group are in a trans-coplanar configuration, the ideal situation for elimin-
ation ofhydrogen fluorid6101 (see Introduction). For the alternative twist-
boat conformation a cis-coplanar elimination is possible.102 However, once
the first molecule of hydrogen fluoride has been eliminated introduction of a
double bond into the system ensures that the remaining hydrogen atom is rigidly
fixed trans-coplanar to one fluorine of the adjacent difluoromethylene group,
hence loss of a second molecule of hydrogen fluoride should occur readily to
yield triene (IX), This may perhaps account for the lack of products of
monodehydrofluorination of (I) in any of the reactions undertaken. Removal of
the second molecule of hydrogen fluoride could theoretically lead to two

triene systems, presumably 1,2-elimination is preferred over the alternative
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1,4~-elimination pathway due to the rigidly fixed trans-coplanar configuration

of the 1 and 2 substituents.

oH
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For adduct (II) models indicate that a cis-coplanar elimination of hydrogen
fluoride can occur, due to the plenarity or near-planarity of the cyclopentane
ring, and these processes are generally quite fadile in hydrofluorocyclopenzzﬂgg?
After loss of one molecule of hydrogen fluoride the olefin prodﬁced is fixed

in a conformation offering an easy 1l,2~trans near- coplanar elimination of

hydrogen fluoride to give triene (X). Once more the product of the alternative

1,4~elimination was not isolated, neither were products dus to loss of a
single molecule of hydrogen fluoride from (II),

For adduct (III) the cis-elimination pathway would have been expected to
produce the monodehydrofluorination product, Presumably this is further
degraded to water soluble products or decomposes in molten potassium hydroxide.

Trienes (IX) and (X) were characterised by mess spectroscopy, n.m.r,

spectroscopy, elemental analysis, ultra-violet and infra-red spectroscopy and
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X-ray photoelectron spectroscopy. Their n.m.r. spectra are tabulated in
Chapter 3. Both compounds possessed a single tertiary fluorine resonance,

broadened by coupling, a sharp vinylic resonance, and bridging Cth_resonances,

characteristic of the octafluorobicyclo[},2,2]-oct-5-ene unit. The remainder

of the resonances were; for compound (X) an AB quartet with JAB

assigned to the difluoromethylene group in the cyclopentadiene ring, the limbs

= 309 HZ,

of this AB quartet being extensively coupled, and a multiplet integrating to
two fluorines, assigned to.the vinylic fluorines of the cyclopentadiene ring,
to low field of the vinylic fluorine resonance of the octafluorobicyole(2,2,2])
oot-5-ene unit; for compound (IX) the difluoromethylenes of the cyclohexadiené
ring overlapped with the bridging difluoromethylenes of the octafluorobicyclo
[2,2,2) ~0ct-5-ene unit to produce a complex multiplet and the remaining
resonance was a multiplet due to the vinylic fluorines of the cyclohexadiene
ring, to low field of the resonance due to the vinylic fluorines of the
octafluorobicyoclo [2,2,2]oct-5-ene unit. Their infra-red spectra are also
consistent with these structures, triene (IX) showing two infra-red
absorptions at 1742 and 1703 e~ which can be assigned to the conjugated
diene system (perfluorocyclohexa-l,3-diene absorbs at 1746 and 1712 om ™3 95)

and a third at 1767 c:m_1 which can be assigned to the isolated double band.
Triens (X) also displayed three infra-red absorptions in the double band region,
at 1765, 1755 and 1735 t.am-1 (of. perfluorocyclopentadiene,which absorbs at

1765 om ™ 96).

The ultraviolet speotra of (IX) and (X) confirmed the presence
of the conjugated diene systems, triene (IX) showing a broad absorption at
259 n.m. (e 4,500), in cyclohexans solution, whereas perfluorocyclohexa-1,3-
diene absorbs at 256 n.m. (¢ 3,200) in diethyl ether solution, and triene (X)
showing a broad absorption at 277 n.m. (¢ 2800), in cyclohexane solution, as
compared to perfluorocyclopentadiene which absorbs at 273 n.m. (¢ 905) in the

same solvent.96 The mass spectra of (IX) and (X) were consistent with their
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structures and will be discussed in Chapter 3. In addition trienes (IX) and
(X) were used in an investigation of the applicability of X-ray photoelectron
spectroscopy to structure determination in complex molecules; this work is
discussed in Appendix 1.

The reduction of decafluorocyclohexene with lithium aluminijum hydride in
diethyl ether yielded a substantial amount of 1H,6H-octafluorocyclohexene in
addition to its 1H,2H-isomer. Dehydrofluorination of 1H,6H-octafluorocyclo-
hexene by molten potassium hydroxide yielded the known 2H-heptafluorocyclohexa-
1,3-diene in 64% yield. Previous dshydrofluorination of this olefin using

10
aqueous potassium hydroxide resulted in only a low yield of this diene. 9




CHAPTER 1

EXPERIMENTAL
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1,12 Reagents
Perfluorocyclohexa-l,3~diene was prepared as detailed in reference 58.

10
9 and lH,2H-tetrafluorocyclobutene97 were prepared

1H,2H-octafluorocyclohexens
by published routes; cyclopentene and cyclohexene, purchased from Koch-Light
Laboratories Ltd., puriss, were used without further purifiecation. 1H,2H-
hexafluorocyclopentene was prepared as the major product by modifying the
conditions previously used110 for the reduction of octafluorocyclopentene with
lithium aluninium hydride in diethyl ether. Reagents were dried (phosPhoric
oxide) and degassed before being inserted in a Pyrex ampoule (Carius Tube) or
an autoclave, N.m.r. references were internal CFCl3 and external MehSi unless
otherwise stated. Lithium aluminium hydride (LAH) was purchased from B.D.H,

Chemicals Ltd.

1.13 Preparation of 1H,2f-hexafluorocyclopentens

In a typical experiment octafluorocyclopentene (100 g.) in diethyl ether
(100 cc.) at -10° to ~20° (acetone/coz) was added dropwise over 45 min. to a
stirred suspension of LAH (11 g.) in diethyl ether (100 oc.) at 0°. After
stirring at 0° for 5h. the mixture was stirred at room tempersture overnight,
then cocled to 0°, and water (100 cc.) was cautiously added followed by 50%
v/v HZSOA (400 cc.) followed by more water (ce.100 cc.) to dissolve all the
inorganic salts. The ether layer and seversel ether extractions of the aqueous
layer were combined, dried (MgSOh) and distilled through a column (2' x 1")
packed with glass helices, the residue (69.2 g.) bp. > 3#9 was distilled in
vacuo then separated by gas chromatography (column A,98°) to give:-
(1) diethyl ether (6.9 g.), (ii) 1H,2H-hexafluorocyclopentens (32.2g, with
correct i.r. 3pectrum108), (iii) 1H,2H-and 1H,5H-hexafluorocyclopentenes
(12.5g, g.1.c. and i.r. consistent with a 1:1 mixture), (iv) longer retained

material was not investigated.
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1,14 Cycloedditions of octafluorccyclohexa-l,3-diene (XID) with cycloalkenes
(a) With 1H, 2H-octafluorocyclohexene. In a typical experiment
octefluorocyclohexa-1l,3-diene (XII) (7.54 g., 33.6 mmoles) and 1H,2H-ootafluoro-
cyclohexene (5.38 g., 23.8 mmoles) were heated at 3300 for 31 hrs. in a 90 ml.
Pyrex ampoule, which had been sealed in vacuo. The produbt mixture was
separated by conventional vacuum line technicues to give: (i) a liquid mixture
(7.08 g.), shown by analyticel gas chrometogrephy and i.r. spectroscopy to
oonsist of perfluorocyclohexa~l,3-~diene (XII) (ca.56%) and 1H,2H-octafluoro-
cyclohexene (ca. 44%) with a trace of perfluorocyclohexa-l,4-diene; (ii) a
liquid mixture (5.15 g.) which was separated (Column B, 120°) to give
perfluorocyclohexa-l,3-diene (XII) (0.28 g.), 1H,2H-octafluorocyclohexene
containing traces of perfluorocyclohexa-l,3-diene dimers (1.76 g.), and

2H,7H-hexadecafluorotricyclol§,2,2102’7]dodec-2eene (I) (1.86 g., 413 mmoles,

17.3%) (Found: C,31.8; H,0.6; F,67.9; M (mass spectrometry), 450, 612H2F16
requires C,32.0; H,0.5; F,67.5%; M,450) b.p. 17&9,\»max 2985 (30-H) and 1776
— (-CF=CF-); and (iii) an involatile so0lid residue (ca. 0.1 g.).

Under more forcing conditions, for example 35 hrs, at 3500, a greater
proportion of the recovered diene was isomerized to the 1,4~isomer but the
yield of (I) was not improved. Milder reaction conditioms, for example 24 hrs,

et 2349, gave no detectable reaction. Table 10 summarises some of the

reections undertaken,

(b) With 1H,2H-hexafluorocyclopentene. By the same procedure as in (a),
perfluorocyclohexa-1,3-diene (XII) (7.63 g., 34.0 mmoles) and 1H,2H-hexa-
fluorocyclopentene (5.86 g., 33.3 mmoles) heated at 326° in an 80 ml. Pyrex
ampoule for 43 hrs. gave: (i) a liquid mixture (2.79 g.), consisting of

2.6.
starting materials; (ii) 2H,6H-tetradecafluorotricyclo [5,2,2,0 ’Gjundeo—8-ene

(II) (9.38 g., 23.4 mmoles, 70.2%) (Found: C,33.3; H,0.5; F,66.9; M (mass

spectrometry), 400, Cp,H,F, requires C,33.0; H,0.5; F,66.5%; M, 400) b.p.153°,
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Voo, 29% (36-H) and 1773 on™.(-CF=CF-); snd (iii) a trace of imvolatile black
solid residue,

This addition was conveniently carried out on a larger scale using an aged
stainless steel autoclave; for example, diene (XII) (22,06 g., 98.45 mmoles)
and 1H,2H-hexafluorocyclopentene (17.82 g., 101.2 mmoles) heated in a 150 ml.
eutoclave at 340° for 16 hrs. gave (II) (26.39 g., 66.0 mmoles, 67%), a
nixture of starting materials (8.23 g.) and an involatile residue (0.9 g.).

Use of an autoclave with a clean metal surface results in a marginally lower
yield of (II), together with good recoveries of unreacted olefin and hexa-
fluorobenzene derived from (XII) by defluorination at the metal surface.

Milder reaction conditions gave low yields of (II); for example, an
equimolar mixture of (XII) and 1H,2H-hexafluorocyclopentene heated at 280° for
21 hrs. gave only 14% of (II) together with unreacted starting materials.

Table 1] summarises some of the reactions undertaken.

(c) With 1H 2H-tetrafluorocyclobutene. By the same procedure as in (a),
perfluorocyclohexa-1,3~diene (XII) (3.57 g., 15.9 mmoles) and 1H,2H-tetrafluoro-

cyclobutene containing traces of diethyl ether (1.75 g.,<{ 13.9 mmoles) heated
at 295° in a 130 ml. Pyrex ampoule for 42 hrs, gave: (1) a gaseous fraction
which was discerded; (ii) a liquid mixture (3.76 g.); and (iii) an involatile
yellow oil, Fraction (ii) was separated by preparative gas chromatography
(Column G, 108°) to give in order of emergence from the column: (a) cis or

trans-7 or 8-(2',2'~difluorovinyl)-7 or 8H-decafluorobicyclo [k,2,0]oct-2-ene

(V1) (0.49 ., L.4 mmoles, ca. 10%) (Found: C,3L.0; H,0.6; F,65.1; M (mass
spectrometry), 350. C, oHoFy o Tequires C,34.3; H,0.6; F,65.1%; M, 350), a
colourless liquid b.p. 132°, Vpay 100 (=CH-), 2975 (SC-H), 1765 (-CF=CF-) and
1755 om™ (-CH=CF,), “7F n.m.r. (ext. CFC1,) resonances at 210.1 (1F,m) and
222,6 (1F,m) tertiary fluorines, 149.6 (1F,s) and 155.8 (1F,s) vinylic

fluorines, 129.5 (2F,m), 127.4 (2F,m), 113.1 (2F,m), 80.0 (¥, 4, J = 25) and
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8544 (1F, d of 4, J = 25 and 21) together assigned to ~CH=CF,; the “H n.m.r.
consisted of a doublet of doublets of sharp lines (J = 21 and 10) overlapping
with a broad poorly resolved band, the whole spectrum being centred at 3.75

PePelle; (b) ¢is or trans-7 or 8H-decaefluorobicyelo fi,2,0)oct-2-ene (VII)

(0.36 g., 1.03 mmoles, ca.8%) (Found: C,34.0; H,0.6; F,65.4; M(mass
spectrometry),350. ClOH2F12 requires C,34.3; H,0,6; F,65.1%; M,350), a
colourless liquid, v _ 3100 (=CH-), 2975 (3C-H), 1765 (~CF=CF-), and 1755
— (-cH=cr-'2), 1oy n.m.r. (ext. CF013) resonances at 207.9 (1F,m) and 221.4
(1F,m) tertiary fluorines, 148.6 (1F,s) and 153.8 (1F,s) vinylic fluorines,

125.7 (2¥,m), 123.1 (1F,m), 121.7 (1F,m), AB quartet (2F, 5,=98.9, 8=118.3,

s By
Jpp = 244), 78.2 (1F, 4, J = 25) and 85,3 (1F, d of 4, J = 25 and 21) together
assigned to -CH:CF2; the 1H n.m.r. spectrum showed an asymmetric poorly

resolved multiplet centred at 4.0; (c¢) 3,3,4,4,7,7,8,8~0ctafluorotricyclo-

B,B,0,0z’éjoctane (vi1I) (0.17 8., 0.67 mmoles), ca.5%) (Found: C,38.k4;

H,1.5; M (mass spectrometry), 252, Cgl, Fy requires C,38.1; H,1.6; M,252),
a white solid m.p. 1260-127° (sealed tube) recryst. CClA. 19F n.m,r, Showed

a sharp singlet at 119.,6 and Y nom.r. (internal T.M.S.) a sharp singlet at

3.0; (d) 2H,5H-dodecafluorotricyclo [4,2,2,02’5]aec-7-ene (III) (0.84 g.,

2.} mmoles, ca.18%) (Found: C,34k.1; H,0.3; F,65.2; ¥ (mass spectrometry), 350.
C, ot F,, Tequires C,3k.3; H,0.6; F,65.1%; M,350), a colourless ligquid b.p.
143°, Voax 2975 (3C-H) and 1770 on L (-CF=CF-); longer retained products were
isolated in an impure state in trace amounts.

The abundance of the long retained products from this reaction varied with
the amount of residual ether in the 1H,2H-tetrafluorocyclobutene used.

Analytical g.l.c. (co0.0, col.A) showed four overlapping peaks and
attempts to separate by preparative g.l.c. (col.F,lbOo) resulted in three

fractions. Fraction 1 contained more than 90% of the first component of the

mixture, fraction 2 was a mixture of all four components and fraction 3
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contained more than 90% of the fourth component. The major peaks in the 19F
n.m.r. spectrum of fraction 1 were (solution in CClh_/int CFClB), tertiary
fluorines 232,7 (1F,broad), 224,5 (1F,broad), 194.0 (1F,broad), 178.3 (1F,broad);
difluoromethylenes, complex system of overlapping bands between 112 and 150 (4F),
The 1H n.m.r, Showed three groups of resonances tentatively assigned as follows.
1.31 (t, J=5) ethylene bridge and CHS, casle35 (multiplet) tertiary protons,
ca.5.45 (vobroad multiplet) hydroxyl proton. The major peaks in the mass
spectrum were: (m/e (assigmnment, % base peak)) 298, (Parent, ClOFSHIOo’ 13%);
283 (p-CHy, CoFGH.0, LuR)§ 254 (p=C,Hg, CFg1.0, 6%); 237 (p~C_H,0, C_F.H, 97),
234 (11.4%); 171 (4.2%); 157 (4.5%); 139 (5.2%); 121 (10.3%); 109 (29%);
95 (10%); 91 (25%); 84 (6%); 77 (6%); 65 (8.7%); 59 (7.4%); 57 (9%); 51 (6.6%);
47 (10%); 45 (G0, 100%); 43 (57%).

The major peaks in the 19]3‘ n.m.r. spectrum of fraction 3 were (solution
in CC1, (int.CFClj)), tertiary fluorines 227.9 (1F, 4J = 50), 207.9 (1F, d of
d, J = 48 and 48), 188.2 (1F), 177.8 (1F); difluoromethylenes121.8 (2F) and
AB quartet (2F, 6, 111.1, 84 126.9, J,, = 280). The Iy n.m.r, showed three
groups of resonances tentatively assigned as follows. 1l.45 (%,3 = 5) ethylene
bridge + CH3 resonances, ca.3.8 (multiplet) tertiary protons, ca.k.9 (v.broad
multiplet) hydroxyl proton. The principal peaks in the mass spectrum were
(n/e (assignment, % base peak)). 298 (Parent, 04 oFatly o0 7%); 283 (P-CHY
CFglly0, 1.57); 254 (p-C5llg, C-Fg,0, 1.5%); 234 (6.9%); 207 (2.1%); 188
(2.4%); 157 (3.5%); 139 (4.3%); 121 (20%); 109 (22%); 95 (9.4%); 91 (20.3%);
8 (15.4%); 57 (26%); b5 (C,H0, 100%); 43 (33%); 43 (164); 39 (7.87).

The infra-red spectra of all three fractions possessed the following
absorptions, OH stretch 3,300 cm‘l, C-H stretch 3000, 2950 cm-l, there was no

evidence of CF=CF stretch. This data is consistent with these long-retained

compounds being isomers of 1,2,3,4,5,5,6,6-0octafluoro-2-(1-hydroxyethyl)-

bicyelo[2,2,2] octane (XI)
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(d) With cyclohexens. By the same procedure as in (a) perfluorocyclohexa-
1,3~diene (XII) (7.1%4 g., 31.9 mmoles) and cyclohexene (2.69 g., 32.8 mmoles)
heated at 208° in a 75 ml. Pyrex ampoule for 24 hrs., gave: (i) a volatile
liquid (0.39 g.) shown by analytical gas chromatography to be starting materials;
(ii) a solid (8.96 g.), which was sublimed (60°/2 x 1070 mm.Hg) yielding

_ . 2
1,8,9,10,11,11,12,12-octafluorotricyclo [6,2,2,0 ’7]doaec-9-ene (1v) (7.86 g.,

25.7 mmoles, 81%) (Found: C,47.3; H,3.6; F,49.8; M (mass spectrometry), 306.
Gy My Fg requires C,47.1; H,3.3; F,49.6% M,306), a white solid m.p. 55-56°
bop. 215°, ¥ ax 2976 and 2890 (=C-H) and 1764 on ™t (~CP=CF-); (iii) a brown

involatile oil (ca.l.0 g.).

(e) With cyclopentens. By the same procedure as in (a), perfluorocyclohexa-
1,3-diene (XII) (7.16 g., 31.9 mmoles) and cyclopentene (2.14g,31.4 mmoles)
heated at 208° in a 70 ml. Pyrex ampoule for 24 hrs. gave: (i) starting

materials (0.35 g.), (ii) }L],8,9,10,10,ll,ll-octafluorotricyclo[5,2,2,02’6]‘

undec-8-ene (V) (8.83 g., 30.2 mmoles, 96%) (Found: C,45.5; H,2.8; F,52,6;

M (mass spectrometry), 292, CqHgFg requires C,45.2; H,2.8; F,52.0%; M,292)
a colourless liquid b.p. 193°, Y ax 2976 and 2890 (3C-H) and 1767 en T (-CP=CF-),

(1ii) residual brown oil, a trace.

1,15 Dimerisation of 1H,2H-tetrafluorocyclobutens
Heating 1H,2H~tetrafluorocyclobutene containing traces of diethyl ether

in a Carius tube, which had been sealed in vacuo, for 60h. at 260° gave only

343,ky4,7,7,8,8-0ctafluorotricyclo [3,3,0, 02’6] octane (VIII)

1,16 Dehydrofluorination of the Diels-Alder Adducts

(a) Dehydrofluorination of 2H,6H-tetradecafluorotricyclo [5,2,2,02’6!-

undec-8-ene (II), Using molten KOH:- A thick-walled glass tube (c2.20 om. x 3

cm, dia.) was fitted with an inlet tube reaching almost to the bottom of the

tube through which dry nitrogen was passed, the exit from the tube was




connected in series with two glass traps cooled in liquid air. The tube was
filled about % full with potassium hydroxide (Hopkin and Williams Ltd., General
Purpose Reagent Pbllets) and heated in an oil bath at 150° for 2 hrs, with
nitrogen passing, in order to remove the greater part of the absorbed water

from the potassium hydroxide. The temperature of the bath was raised to 180°
and olefin (II) (8.34 g., 20.9 mmoles) was introduced dropwise into the

nitrogen stream, a vigorous reaction occurred and the volatile product collected
in the glass traps., After drying by vacuum transfer from phosphoric oxide the

2
product (5.14 g.) was shown to be essentially perfluorotricyclo [212,2,0 ’6]"

undeca-2,5,8-triene (X) (14.28 mmoles, 68,3%), one component by analytical gas

chromatography (> 95%) the only impurity being a trace of starting material,
a sample purified by chromatography (Col.B, 90°) for analysis gave (Found:
C,36.8; F,63.6; M (mass spectrometry), 360. 011F12 requires C,36.7; F,63.3%;
%,360), @ colourless liquid b.p. 141°, v___ 1765 (-CR<CF-), 1755 and 1735 om™t
(diene system), kmax 277 nm. (e =2800), 198 n.m.r. (ext. CFClB) resonances

at 216.5 (2F,m, fluorines at C-1 and C-7), 152.8 (2F,s, fluorines at C-8 and
C-9), 143.4 (2F,m, fluorines at C-3 and C-5), AB quartet (2F, 5, = 132.2;

85 = 139,2, J,5 = 309, fluorines at C-4), pseudo AB quartet (4F, 6, = 127.7,
& = 129.5, J,p = 228, fluorines at C-10 and C-11).

Using aqueous KOH:- Olefin (II) (3.15 g., 7.88 mmoles), potassium
hydroxide {(4g.) and water (4g.) were heated to 155° and stirred vigorously far
10 mins. The red-black homogeneous solution was quenched with 250 ml, of
cold water, and the fluorocarbon layer was separated, distilled in vacuo off
phosphoric oxide to yield a colourless liquid (1.48 g.). Separation by
preparative gas chromatography (Col.B, 90°) gave:

(i) triene (x)(;g,9# ge, 2.61 mmoles, 33.1%) with correct i.r. spectrum

and (ii) olefin (II) (0.23 g., 0.58 mmoles)




(b) De ofluorination of 2H, 7H-hexadecafluorotri
dodec-9-ene (I), Olefin (I) (4.98 g., 11.06 mmoles), potassium hydroxide (5 g.)
and water (10 g.) were heated to 140o and stirred vigorously for 10 mins., At
this point the reaction mixture was darkening rapidly and was quenched by rapid
addition of cold dilute aqueous hydrochloric acid (ca. 200 ml,). Analytical
gas chromatography of the fluorocarbon layer indicated that olefin (I) was
the major component. The fluorocarbon was separated, mixed with further
potassium hydroxide (3.0 g.) and water (6 g.) and heated to 150o and mixed for
10 mins. Quenching, as before, followed by vacuum transfer of the fluoro-
carbon layer from phosphoric oxide gave a two component product separated by

gas chromatography (Col.B,110°) to give: (i) perfluorotricyclo[; 2,2 02’7j_

t Dt Bt

dodeca~2,69~triene (IX) (1.67 g., 4.07 mmoles, 37%) (Found: C,35.4; M (mass

spectroscopy), 410. Cl2F14 requires 0,35.1%;M,410), a colourless liquid b.p.
1590, Vpax 1767 cm-l (~CF=CF-), 1742 and 1703 cm-1 (diene system), Max 259 nm,
(e, 4500), 198 n.m.r. resonances at 215,9 (2F,m, fluorines at C-1 and C-8),
152.4 (2F,s, fluorines at C-9 and C-10), 134.3 (2F,m, fluorines at C-3 and C-6),
and 129.2 (8F, complex asymmetric multiplet, fluorines at C-4, 5, 11 and 12).
(ii) olefin (I) (0,60 g., 1.33 mmoles).

2
(c) Attempted dehydrofluorination of 2H,5H-dodecafluorotricxclo!&,2,2,0 29}

dec-7-ene (III), (i) Using the technique successfully applied to (II), olefin

(III) (0.235 g.) was introduced into molten potassium hydroxide at 180°., A
vigorous reaction occurred and the initially colourless potassium hydroxide
became yellow-brown, The volatile material which was collected (ca.0.1 g.) was
shown by gas chromatography and infrared spectroscopy to be predominantly
olefin (III) together with traces of four other compounds. (ii) Using the
method successfully applied to (I), compound (III) (O.4k g.), potassium
hydroxide (0.8 g.) and  water (1 g.) were kept at 130° for 8 minutes,

Quenching with dilute aqueous hydrochloric acid gave a fluorocarbon fraction
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(cae 0.2 g.), which was shown by infrared spectroscopy and analytical gas
chromatography to be starting material containing only traces of the same four
compounds formed in (i).
(iii) Repetition of the procedure in (ii) using olefin (III) (0.90 g.),
potassium hydroxide (0.70 g.) and water (1.5 ml.) at 160° for 15 minutes
gave essentially the same product as in (ii). Reheating at 170° for a further
15 minutes with additional potassium hydroxide (0.5 g.) gave a product mixture
identical to that obtained before, however only ca. 0.1 g. of fluorocarbon was
recovered.
(iv) Olefin (III) (O.l4k g.) stirred at room temperature with water (1 ml.) and
potassium hydroxide (0.8 g.) for 1 hour gave a fluorocarbon fraction shown by
analytical gas chromatography and infrared spectroscopy to be unchanged
starting material,

In cases (ii) and (iii) reaction did occur on heating since the mixture
graduslly became homogeneous and darkened to e deep brown/bleck. In case (iv)
the initially colourless solution became deep red on standing, although there

was no evidence of reaction in the isolated product,

1,17 Retrodiene reactions of the Diels-Alder addwts

Compound (I) (0.09%4 g.) was heated at 3350 for 48 hrs, in a 12-ml, Pyrex
ampoule sealed under vacuum. to give a colourless liquid which was shown by
gas chromatography and infrared spectroscopy to contain compound (I) (ca. 96%)
and a mixture of perfluorocyclohexa-l,3-diene (XII) and 1H,2H-octafluoro-
cyclohexene (ca. 4%).

Compound (II) (0.090 g.) under the same conditions as above gave a
colourless liquid shown by infrared spectroscopy and gas chromatography to
contain only compound (II).

Compound (LII) (0.094 g.) under the same conditions as asbove gave a
colourless liquid shown by infrared spectroscopy and gas chromatography to

contain only compound (III).
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1.18 Dehydrofluorination of 1H,6H-octafluorocyclohexene

Using the technique successfully applied to (II), 1K, 6H~octafluorocyclo-
hexene (2,62 g.) was introduced into molten potassium hydroxide, heated on a
Wood's metal bath at 2600, on a stream of dry nitrogen over a period of 10 min.
The initially colourless potsssium hydroxide became yellow~brown and the volatile
material collected was dried (P205) and distilled in vacuo to produce Z2H-
107

heptafluorocyclohexa-l,3~diene (1.52 g.) with correct infrared spectrum.

Yield = 61].%.



CHAPTER 2

DIELS-ALDER REACTIONS OF DODECAFLUOROTRICYCLO [5, 2,2, 02’ 6] UNDECA-2,5,8-

TRIENE WITH ETHYLENE AND ALKYNES., A SYNTHESIS OF POLYFLUOROBENZOBICYCLO

2,2,2]1-0CTA-2,5-DIENES AND 2,3-DISUBSTITUTED HEXAFLUORONAPHTHALENES

INTRODUCTION




The

2,1 The Reverse Diels-Alder Reaction}ll

The reversibility of the Diels-Alder reaction was noted very soon after its
discovery, Diels and Alder observing that the 1,4-adduct of furan and maleic
anhydride dissociated at its melting point of 1250. There is a wide variation
in the stabilities of l,4-adducts towards dissociation to their addends but
certain trends are evident; adducts of cyclic dienes are less stable than those
of acyclic dienes, adducts of acetylenic dienophiles dissociate less readily
than those of olefinic dienophiles and those of cyclopentadienes dissociate
more readily than those of cyclohexa-l,3-dienes. In order to explain the
observed stabilities of Diels-Alder adducts Schmidt formulated his "double
bond" rule, which states that in any olefin pyrolysis it is the bond B to the
double bond that cleaves.112 It appears that the C~C bond in the B-position
is weaker than a normel C-C single bond whereas that in the a-position is quite
strong, also the lability of groups attached to allyl and benzyl systems show
that this rule is not only applicable to C-C bonds. The ready dissociation of
the 1,4-adduct of furan and maleic anhydride contressts with the stability of
the 144~-adduct of furan and acetylenedicarboxylic acid; this observation is
consistent with Schmidt's "double-bond" rule.

The reverse Diels-Alder reaction is often extremely valuable synthetically.
In many instances adducts can be modified chemicelly and the addends may be
regenerated by a reverse Diels-Alder reaction, reaction sequences which can be
satisfactorily accomplished with the adduct being impossible for the free
addend. An example is the preparation of maleimide which unlike succinimide
cannot be prepared by fusion of the appropriate ammonium salt, a reaction which
can be successfully carried out on its Diels-Alder adduct with anthracene (56),
the pyrolysis of this adduct generating the required compound. Unstable
compounds areoften accessible via a reverse Diels-Alder reaction, pyrolysis of
1,4~epoxy-1,2,3,4~tetrahydronaphthalens (57) leading to a gquantitative yield of

isobenzofuran (58),113 ethylene being eliminated. Pyrolysis of a Diels-Alder
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= (K

(56) .

H
o) + H
200-500 g

7z

[o]

650, 0 + Gy,
0.01 mm.Hg S

(57) (58)

adduct can lead to products other than the original addends, the formation of
the most stable possible products being the driving force of the reaction. A
recent example of this type of reaction is the elimination of a nitrile or

hydrogen cyanide from the Diels-Alder adduct of an oxazole and diphenylcyclo-

114

propenone, to produce a y~pyrone. The compound undergoing reverse Diels-
Alder reaction need not necessarily have been derived via a l,4~cycloaddition.

Isoxazole is formed by the reverse Diels~Alder reaction of compound (60)
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originally formed by 1,3~dipolar addition of norbornadiene and fulminic acid,

generated in situ by dehydroiodination of compound (59).111

. /_-NOH e __A_‘ / +
<y M £0-0
(59) (60)

The reverse Diels-Alder reaction is classified as a 6 =>4 + 2 cyclo~
elimination producing two relatively stable systems with saturated valencies,
For some adducts of cyclopentadienes and related compounds cyocloelimination
can occur from the 5-membered ring to produce an odd fragment such as a cerbene
instead of dissociation to the original addends, This 5 =>4 + 1 cyclo-

elimination can still be achieved under mild conditions providing that the
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formation of the reactive intermediate carbene is balanced by the exothermic
formation of a stable compound, usually an aromatic.ll5

The ready dimerisation of cyclopentadienones to produce Diels-Alder dimers
is usually irreversible as on mild heating carbon monoxide, a stable carbene,
is lost., Tetraphenylcyclopentadienone is stable as the monomer and readily
forms ly4~adducts with acetylenes and alkenes. Tetraphenylbenzenes result from
reaction with alkynes,carbon monoxide being eliminated; the intermediate adduct
is not isolable, A variety of cyclopentadienones generated in situ, due to
ready dimerisation, react as above and provide a useful synthetic route to

substituted benzenes. For example, diethylacetylenedicarboxylate reacts with

tetraphenylcyclopentadienone:}11

0 CO_Et

| 2 Ph
Fh Ph c Fh _- C0,Et .
+ m —_— 00
c Ph! 2h.
Fh €O Et
Ph | Ph 2
CO,Et
Ph
Ph C0,Et
co
Ph CO,Et
Ph

As expected all attempts to synthesise norbornadienone (61) have been
115

unsuccessful due to ready loss of carbon monoxide to generate benzene.

o
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Cyclopentadienones can also be used in the synthesis of naphthalenes or
other polycyclic systems using dehydroarenes, Tetraphenylcyclopentadienone and
benzyne produce a high yield of the tetraphenylnaphthelene (62), 2,3-dehydro-

naphthalene leading to the corresponding tetrapheny'lanthracene.116

Ph Ph
Ph Ph
- [iij>>==0 + l — |::::I|!:::l' + GO
Fh
Fh Ph
(62)

The elimination of methylene from cyclopentadiene adducts does not occur
due to its high energy content, the normal mode of decomposition being to the
original addends, however more stable carbenes, such as dialkoxycarbenes, can
be diminated on mild pyrolysis. A thorough study of the decomposition of 7,7-
dialkoxynorbornadienes has been carried out and, as can be seen below, reaction
with alkynes generates a benzene and a dialkoxy-cerbene which undergoes

dimerisation, ©Side reactions also occur, a competing reaction pathway involving

c1 CH,0 0CH,
¢l CH ¢l < 100-150°
5 4+ CHCICH —> H 100-120
c1 65
0CH, o1 .
Cc1 CH. 0-C-0CH
3 3
c1 H ¥
+
o GH,0 OCH,
Gl
c1 =
CH CH
30 0CH,
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heterolytic breakage of the bridge is favoured by substituents on the cyclo-
pentadiene system which will stabilise a negative charge and by polar solvents.
Linear chelotropic 5 =™ L4 + 1 cycloeliminations are generally accepted as one-
step processes if stereochemistry is the criterion, however cycloelimination
of dialkoxycarbenes from systems such as the above is better explained by the

115

multistep process shown below,

R\ Rt R'

Rl
é — Hllllﬁ ——— —_—

+ R-C-R'

This scheme explains why no elimination of dichlorocarbene occurs on pyrolysis of

(63), the products can easily be envisaged as arising vie a radical mechanism,

1 c1 c1-C-C1 cC1
c1 c1 o 5
01 R 1 C R [ y R ]
220°
L R - R c1 R
c1l &1

(63)
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Elimination of difluorocarbene from (64) produces (65) in good yield at 480°.
Also the Diels-Alder adduct of hexafluorocyclopentadiene and dimethylacetylene-
dicarboxylate (66) on pyrolysis under similar conditions produced dimethyltere-
phthalate (67) and perfluorocyclobutane; the eliminated difluorocarbene was
trepped in a separate experiment by cyclohexene.36 The higher temperatures
required for these reactions has been ascribed to the lower stability of

difluorocarbene compared with dimethoxycarbene.115

c1 CclL

C0..CH CO,.CH

c1 27 L 23

——> :CF2 +

c1 cl c02c1313
cl °°2°H3 c1
(64) (65)

F
(CF, 2 F,
F F —

N

F Co,CH ¥
F @ COCH, A U, o 2 72
— + 3 -
by Co_CH
2CH F 0, CH, O
F F -~ O>F2

(66) (67)

Whereas cyclopentadiene dimer readily undergoes a reverse Diels~Alder
reaction at 160° to produce the monomer, perfluorocyclopentadiene dimer is
much more stable, At 680° and a low pressure (2 mm.Hg) with a contact time of
0.3 of a second pyrolysis of the dimer (68) produces as main product (69) by
elimination of difluorocarbene from the dimer, some monomer is also formed by

1
the reverse Diels-Alder reaction,. 7
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F F

F T F o P F
| 680 [2mm.§3
T + .CF2
¥ F ¥ F F
F
2 F F2
(68) (69)

Cycloelimination of a particular carbene becomes easier the greater the
gain in stabilization on forming the aromatic species. Consequently compounds
(70) and (71) undergo cycloelimination at temperatures about a hundred degrees

1
higher than compound (72). =

CH30 OCH3z ocH CH. 0 OCH CH.O OCH5
. 3 013 OCH, 3 o1
¢ a1 C1 H
c1 C1
ClL Cl H
cl Cl
OCH3
OCH
3

(70) (71) (72)
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The 1,4~adduct of tetrafluorobenzyne and cyclopentadiene (73) produces an
excellent yield of 1,2,3,4-tetrafluoronaphthalene on pyrolysis at 280° with no
evidence of the formation of a benzocycloheptatriene, which is the product of
pyrolysis of the corresponding hydrocarbon.21 Reduction of the cyclopentadiene
adduct (73) produces (74) in good yield, pyrolysis of this compound producing
4,5,6, 7-tetrafluoroindene (75) by elimination of ethylene at 7000.117 Also
thiophenes react as dienes towards tetrafluorobenzyne to produce naphthalenes by
desulphurisation of the initially formed ly4-adduct, illustrated below for

2
thiophene itself, 1

F F F
P F 0 F
O — Q=
F F F
F F F
(73)
T F
F o F
00
) = (O
F F
(78) (75)
F [ F | F
T S F F
0y O— QY|—Q0-:
T | F i ¥
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In contrast with cyclopentadiene the formal Diels-Alder adducts of cyclo-
hexa-1l,3-dienes and acetylenes tend to readily lose an olefin generating an
aromatic system, and this has been suggested as a good diagnostic test for
cyclohexa-l,}-dienes.111 Often only mild conditions are required as is the case
with the 1,4-adduct of cyclohexa-l1,3-diene and dimethylacetylene dicarboxylate
(76) formed at 0° in high yield, which eliminates ethylene on pyrolysis at 200°

to produce dimethylphthelate, (77) see below.118

0.CH
23
CO_CH C0,CH,
o 273
0 200
+ || ——
I €0, CH, C0,,CH4
0,CH,
(76) (77)
+ CZHL

a~Pyrone (78) reacts extremely readily with alkynes, the 1l,4-adduct being
1
unstable to loss of carbon dioxide and generation of an aromatic, 18 with

116
benzyne naphthalene is readily produced, as below,

(78)
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Another naphthalene synthesis based on pyrolysis of cyclohexadiene adducts with
acetylenes involves cyclohexadienones and benzynes. Reaction of 3,6-
dimethylbenzyne and hexamethyl-2,L4~cyclohexadienone produces adduct (79) which
on pyrolysis at 450o results in an‘18% conversion to the hindered hexamethyl-

naphthalene, (80) dimethylketene being eliminated, 't

(79) (80)

The adducts of acetylenes and cyclohexa-l,3-dienes, bicyclo[é,2,2]octa—2,5-
dienes are less stable to the reverse Diels-Alder reaction than are bicyclo[2,2,2]
octa=2,5,7-trienes,which can be formed by the addition of acetylenes to
aromatic systems. This is seen in the stability of the parent compounds;

11
bicyclo[2,2,2ﬂocta—2,5—diene eliminates ethylene at 200° +to produce benzene 9

whereas bicyclo[2,2,2]octa-2,5,7-triene only loses acetylene at 2500.120 The
very reactive dienophile perfluorobut-2-yne reacts with durene (81) at 200° to
produce the expected 1,h-adduct (82) which loses perfluorcbut-2-yne to

produce durene (81), and but-2-yne to produce 1,2-dimethyl-l,5-bis-(trifluore-

methyl)benzene (83), at 2500.lll




85,

CF
(I:F3 CF 3
CH., CH H,C
I - 3 5 200° 5 R, 250°
| CH CH H G o
cF, ’ 5 5 E
(81) (82)
ce, . ca, ci, cx, ]
_ _ + + H,00SCCH, + F,C0=C0F,
s s CH CH
(83) (81)

Similarly 1,4-adducts of benzynes and aromatic compounds can be pyrolysed
to eliminate acetylenes producing the expected naphthalenes, the adduct of

benzyne and benzene (84) losing acetylene at 500o to produce na,phthalene.ll6

O-Q)=
(84)
@@ + CH=CH

The Bicyclo{2,2,2]octene system has greater thermal stability than the
bicyclo [2,2,2Jocta~2,5~diene system as the reverse Diels-Alder reaction of the
former generates an olefin and cyclohexa-l,3-diene, a much less favourable
process than formation of an aromatic system from the latter. Bicyclo[?,2,2]

oct-2-ene - decomposes to ethylene and cyclohexa-l,3-diene at temperatures of
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376—4450, further disproportionation reactions leading to cyclohexene, benzene
and hydrogen.121

In highly fluorinated systems the same trends are evident but,as observed
with the dimer of perfluorocyclopentadiene and its adduct with dimethylacetylene-
dicarboxylate, the thermal stability of fluorocarbon systems is markedly greater
than a corresponding hydrocarbon of similar structure. The adducts of
perfluorocyclohexa-l,3~diene with acetylenes are stable up to at least 250o in
contrast with those of cyclohexa-1,3~diene., Pyrolysis in a vacuun system,
under a pressure of 10-3 mm,.Hg., in the range of 500—6300 results in the
elimination of tetrafluoroethylene and the isolation of ortho disubstituted
tetrafluorobenzenes in almost quantitative yield; this constitutes a very
useful route to a class of compounds previously only accessible with difficulty.
A prerequisite of pyrolyses under these vigorous conditions is thermal stability

of the substituent in the adduct. When a CH,Cl-substituent is present

2

elimination of hydrogen chloride leaves a reactive carbene to undergo further
reaction, also when the substituent is -COOEt elimination of ethylene and

carbon dioxide can take place. The general scheme is shown below.58’61

F F
F R
R
¥ 500=630° ! + C,F,
F R 10"y, Hg- F R'
F F

Similarly the Diels-Alder adducts of 2H,3H-hexafluorocyclohexa-l,3-diene

with but-2-yne and propyne produced the expected benzenes under conditions

66

similar to those used above, tetrafluorocethylene being eliminated.
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F F

a. X = CHB’ Y= CH3 H ‘ oo® . <

b, X=CH, Y=H H y mﬂ_ . ¢ G5,
F T

The reaction of perfluorocyclohexa-1l,3-diene with thermally stable
nitriles under vigorous conditions leads to only moderate yields of 2-
substituted tetrafluoropyridines. In one instance the intermediate Diels-Alder
adduct (85) was isolated and pyrolysis under the conditions used above led to

elimination of tetrafluoroethylene and loss of the nitrile in about equal

63

F F
. F F, F Br
600 +
10-3mm.H3- F Fz ¥
F F
58% L2g

Pyrolysis of the ethylene adducts of highly fluorinated cyclohexa-l,3-
dienes leads to loss of ethylene rather than tetrafluoroethylens and the
formation of fluorinated cyclohexa-l,3-dienes. Conditions are more vigorous
than those required for breskdown of the alkyne adducts, little breakdown
occurring under milder conditions, a higher temperature and higher pressure,

and hence longer contact time, being required,. see below.

F F
F H o F ¥
J N
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F F R
R H R F R F
2
-_— 2 + 2 + 02H4
R H, R F, )y F,
F F F
R = CHB, H.

The initially formed 2,3-disubstituted dienes undergo thermal re-
arrangement to their 1,2-disubstituted isomers under these reaction conditions,
The increased stability of the ethylens adducts of perfluorocyclohexa-l,3-diene
over its alkyne adducts parallels the behaviour of analogous hydrocarbon
systems and can be attributed to the more ready loss of an olefin in a reverse
Diels-Alder reaction to generate an aromatic system than to gensrate a cyclo-
hexa~1l,3~dienes, The exclusive loss of ethylene in the scheme above can be
attributed to carbon-carbon cbond strengths, fluorine substituents increasing the

stability of carbon-carbon o=-bonds compared with hydrogen.66

2,2 The Synthesis of Polyfluoronaphthalenes

Octafluoronaphthalene is readily obtained by defluorination of perfluoro-
decalin122 over heated iron gaugze, or by heating perchloronaphthalene with

potassium fluoride in sulpholane.123 The defluorination technique can be

Fe auze KF in sulpholane @
460-500° 230°/14h,
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extended to the preparation of perfluoro(l-methylnaphthalene) and perfluoro
(2-methylnaphthalene) from perfluoro(l-methyl-decalin) and perfluoro{2-methyl-

decalin) respectively, although these naphthalenes are only obtained in poor

yields.124

A range of B-substituted heptafluoronaphthalenes can be prepared by
nucleophilic attack on octafluoronaphthalene. One of the most synthetically
useful,2H-heptafluoronaphthalene, can be obtained by either reduction of
octafluoronaphthalene using lithium aluminium hydride in diethyl ether or by
tregting heptafluoro-2-naphthylhydrazine, formed by refluxing equimolar amounts
of hydrazine hydrate and octafluoronaphthalene in solution in ethanol, with

125

boiling Fehling's solution, see below,

LJAlHl,_/EtZO
boil in Fehling's
solution

reflux N2H4.H20 = NH.NH2
in EtOH

2H-heptafluoronaphthalene, like pentafluorobenzene, will undergo electrophilic
substitution. Replacement of the hydrogen atom by -SO3H’ -80201, -Br, -CH201,
and -CH2.06E% can be achieved using oleum, chlorosulphonic acid, bromine,
bis(chloromethyl)ether and 2,3,4,5,6-pentafluorobenzyl chloride respectively.
Reaction with fuming nitric acid does not produce the 2-nitro compound,
obtainable by oxidation of 2-amino-heptafluoronaphthalens using peroxy-

trifluoro scetic acid, but yields compound (86); a compound analogous to (86)

can also be obtained from octafluoronaphthalene, and it has been suggested that
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these compounds arise via an intermediate o-complex which possesses structure
(87) in the case of 2H-heptafluoronaphthalene, Nitric acid in hydrogen
fluoride or nitric acid in sulpholane saturated with boron trifluoride yield
(88) and (89), the former arising by fluorination of (86) and the latter by

decomposition of (86) at the reaction temperature (24.0-500).126

0
F F F F F2
F F F F F
¥ F
F MO, F Mo, F” 'No,
(B (87) (88)
¥ |
F
F F
F 0
(89)

Octafluoronaphthalene reacts with secondary amines to yield both 2-

monosubstituted and 2,6-3disubstituted amino perfluoronaphthalenes, as below,

00 = OO OO

R = NN disubstituted amino

The amino substituent can be readily oxidies to its N-oxide using cold
performic acid and when the 2-piperidinonaphthalene-N-oxide (90) was treated

with piperidine in non-polar solvents the products after deoxygenation were
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1,2~ and 2,3-dipiperidino and 1,2,3-tripiperidinoperfluoronaphthalenes, This
predominance of ortho substitution was not found in reactions in polar solvents

such as methanol when 2,6-disubstituted products were obtained.

P R
0
R,? F R
1. RH, non-polar solventl
2, deoxygenate 7 +
F F
(90)
F F F F
F R F
+
F R F
F F rFoJ

R = piperidine

The reaction of (90) with sodium methoxide followed by deoxygenation of
127

the products gave the compounds below.

-
R
1. NaOCH3 N .
2, deoxygenate ’
CH_O
3
(90)
OCH3 OCH3
R R
OO G©)
CH.C CH,O
3 A oCH

3 3

RH = piperidine
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2-Trichloromethyl-heptafluoronaphthalene, prepared from perfluoro(2-methyl
naphthelene) and aluminium trichloride, gave heptafluoro-2-naphthoic acid on
hydrolysis with sulphuric acide It was not possible to prepare l-trichloromethyl-
heptafluoronaphthalene or to hydrolyse perfluoro(l-methylnaphthalene) or
perfluoro(2-methy1naphtha1ene).12#

Although the preparatiorsof specifically substituted highly-fluorinated
naphthalenes appear to be restricted to defluorination of the corresponding
saturated compounds, nucleophilic substitution in octafluoronephthalene or its
derivatives, or electrophilic substitution in 2H-heptafluoronaphthalene, a
wide range of the less highly-fluorinated 1,2,3,4-tetrafluoronaphthalenes can
be obtained by reaction sequences involving tetrefluorobenzyne.

Tetrafluorchenzyne reacts readily with benzenes, naphthalenes and other
polycyclic aromatic compounds under mild conditions to give good yields of the
Diels-Alder adducts, With a series of methyl substituted benzenes all
possible isomeric products were obtained, except in the cases of p-xylene and
durene where the adducts which would have contained bridgehead methyl groups
vere not isolated. The Diels-Alder adducts of tetrafluorobenzyne and benzenes
can be pyrolysed at temperatures of 300-14.00o to give excellent yields of
the corresponding nzphthalenes by elimination of an acetylene, illustrated
below for the formation of 1,2,3,4~tetrafluoronsphthalene (92) from the 1,4-

21,128

adduct of tetrafluorobenzyne and benzene (91). If there is the

300° .
> +
sealed tube 2H2

(91) (92)
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possibility of eliminating either of two acetylenes the most-substituted
acetylene is preferentially eliminated, as is the case in the pyrolyses of the

two adducts of ortho-xylene, (93) and (94).

Qo= 00 /100

(93) + H,C. C=CH + HC=CH

5¢2/4.8 ratio

¥ F
F
CH F F
F F CH
F Ol > > 3
F
(9u) + H,4C.C=C. CH, + HCG=CH
2/1 ratio

There are several other routes to 1,2,3,4~tetrafluoronaphthalenc, As
previously mentioned pyrolysis of the l,4~adduct of cyclopentadiene and tetra-
fluorobenzyne under mild conditions leads to a good y.'ield,21 as does the facile
pyrolysis of the l,4~adduct of cyclohexa~l,3-diene and tetrafluorobenzyne at
300 .1?9 The three adducts formed from the reaction of butadiene with perfluoro-
cyclohexa-1,3-diene can be both defluorinated and dehydrofluorinated by passage
over steel wool ab 425o to give a 73% yield of this same compound.60 Other
methods of preparation of this compound are based on the reactions of tetra-

2
fluorobenzyne with thiophene 1 and furan.l30
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Tetrafluorobenzyne can be trapped as its 1,4~adduct by furan; the reaction
of pentafluorophenylbromide and lithium amalgam in furan led to adduct (95)
which gave 5,6,7,8-tetrafluoro-l-naphthol (96) on hydrolysis; hydrogenation of

(95) save (97), which was smoothly hydrolysed to 1,2,3,h-tetrafluoronaphthalene,

see below.130
F 0 F F
F F = H, F 2
s = A o)== ]
¥ AN Raney Ni P S
F F
(95) (97)
lhydrolysis
hydrolysis F
T
OH ¥
I\ b I‘I
El
F
F
(96)

A monome thoxytrifluorobenzyne (98) has also been successfully trapped by
furan yielding adduct (99), hydrogenation of (99) followed by hydrolysis of the
resulting compound gave (100) in an unambiguous synthesis., This compound
has also been prepared by the attack of methoxide ion on 1,2,3,4-tetrafluoro-

naphthalene .131
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20 - TR 2

(98) (99)

F
CH,0 - F
3
F 0 —_—
CH,0
3
F F

(100)

Thiophene, a very unreactive diene in the Diels~-Alder reaction, reacts
with tetrafluorobenzyne to give 1,2,3,4-tetrafluoronaphthalene; the 1,4-esdduct
is thought to be an intermediate but is desulphurised too readily to be
isolated.Zl Substituted thiophenes also react with tetrafluorobenzyne and the
two monobromotetrafluoronaphthalenes (101) and (102), formed by electrophilic
bromination of 1,2,3,4~tetrafluoronaphthalene were unambiguously synthesised
from tetrafluorobenzyne and 2-bromo and 3-bromothiophene respectively.131

Tetrachlorothiophene reacts with tetrafluorobenzyne to give a poor yield of

2
1,2,3,4~tetrachlorotetrafluoronaphthalene. 1

Br
F F F
F _ S Br F ¥
+
F | “:__:][/ ’ F F
F F

F
(101)
F
S F Br
(1 — -
Br F

(202)
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Tetrafluorobenzyne also forms a Diels-Alder adduct with N-methylpyrrole.zl
Pyrolysis of this adduct has been reported under a variety of conditions. At
high temperatures there are a number of competing reaction pathways leading to
compounds (92), (103) and (104). Loss of acetylene leads to an isoindole which
on oxidation followed by thermal decomposition affords (103). 1,2,3,hk-tetra-
fluoronaphthalene (92) is formed by elimination of the nitrene bridge, which is
converted to hydrogen cyanide and hydrogen. The pyridine (104) may be formed
by the scheme below; the thermal cyclization is symmetry-allowed and once the

132

cyclic compound has been formed oxidation takes place to the required product.

F F
g NCH 340° ¥ @ 0 F@
-1 — 'NCH, —2—> NCH,
F F J 7 4
F 7 F
+ 02H2 //
F o
F
. ICH
F e
(103)

F F H
F A F @ i
- + O —— (N = CH
3 = CH,)
F X F 2
F F M l

HCN + H2

(92)




tetrafluorobenzyne.
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F F ] 5.\ F
¥ ¥ ’ F CH= CH
| o) — o — r
F F F H,C=N— CH
F F H
7 F
€ ——
H
: . F
F H N HH N
F F

(104)

The pyrolysis of disilver tetrafluoronaphthalate (105) with tetraphenyl-

cyclopentedienone at 270—280° yields 1,2, 3,4~tetraphenyl-5,6,7,8-tetrafluoro-
nephthalene (106) as well as perfluorobiphenylene and 2,3,4,5,2',3',4',5'-

octafluorobiphenyl, suggesting that the process involves the generation of

133

F _ + 9

F co 2Ag Ph Ph o

. . 270-280 5. 200, + CO + 24g +
v Ph

CojAg" Ph
(105)

F
. Fh F F F 7

Ph F F F
A OO, + O 1O

¥ Ph F F P H

F Ph F F F F

(106)

F
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1,2,3,4-tetrafluoronaphthalene undergoes both nucleophilic and electrophilic
substitution, the former at the B-position with greater difficulty than octa-
fluoronaphthalene and the latter at both « and B positions., This allows access

131

to a range of fluorinated naphthalenes,.




CHAPTER 2

DISCUSSION
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2.3 Diels-Alder Reactions of Dodecafluorotricyclo 5.2,2l02’6 undeca=2,5,8=

triene with Ethylene and Alkynes

2-substituted tetrafluoropyridines and 1,2-disubstituted tetrafluorobenzenes

have been unambiguously synthesised by the reaction of perfluorocyclohexa-l,3-
diene with thermally-stable nitriles under drastic conditions, the intermediate
Diels-Alder adduct losing tetrafluorocethylene under these conditions, and by
forming the 1,4-adducts of perfluorocyclohexa-l,3-~diene or perfluorocyclo-
pentadiepe with acetylenes followed by pyrolytic elimination of tetrafluoro-
ethyg.re; ni}gt?nriiizze?ompounds. 63,58,66,67,36
Prior to this work the use of the Diels-Alder reaction in the synthesis of
fluorinated naphthalenes had been restricted to reaction sequences involving
tetrafluorobenzyne, 1,2,3,4~-tetrafluoronaphthalenes being obtained by synthetic

routes involving reaction with cyclopentadiene,z% cyclohexa-l,}-diene,129

21,131 130 and tetraphenylcyc10pentadienone.l33 (see

thiophenes, furans
introduction).

Trienes (IX) and (X), obtained by dehydrofluorination of the 1,4-adducts
of perfluorocyclohexa-l,3~diene with 1H,2H~octafluorocyclohexene and 1H,2H-
hexafluorocyclopentene respectively (see Chapter 1), both contain a cyclic
conjugated diene system and would reasonably be expected to undergo Diels-
Alder reactions. The 1,4-adducts of these trienes with acetylenes would be
expected to undergo the reverse Diels-Alder reaction on pyrolysis to yield
BP-disubstituted hexafluoronaphthalenes by elimination of both the tetra-
fluoroethylene bridges from the 1,4-adducts of (IX) or the difluoromethylene and
the tetrafluoroethylene bridge in the case of the 1,4~adducts of (X). The
unambiguous synthesis of PB-disubstituted hexafluoronaphthalenes was only

investigated using trisne (X) since this was far more readily available than

triene (IX).
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Unlike most other polyfluorocyclopentadienes described36’54’55 compound (X)
shows no tendency to undergo Diels-Alder dimerisation, having been recovered
unchanged from reactions run at 2000, and this can be attributed to the steric
restrictions imposed by the bulky substituents on the diene unit., It reacts
very readily with ethylene, but-2-yme and propyne and it appears that its
reactivity is qualitatively of the same order as that of perfluorocyclopenta-

36 58

diene” and greater than that of perfluorocyclohexa-l,3-diene,

although a
detailed comparison of the reactivity of (X) and other fluorinated dienes has
not been undertaken,

Reaction of (X) with ethylene, propyne and but-2-yne at temperatures of
1920, 115o and 120° respectively led to good yields of the expected 1,4-adducts
(see Figure 3). As the substituents are not symmetrically disposed with
respect to the plane of the pentadiene ring in structure (X) reaction with a
simple acyclic dienophile can reasonably be expected to produce a pair of
geometrically isomeric Diels-Alder adducts and this was observed in all three
cases. The pairs of isomeric adducts were separated and purified using a
combination of fractional sublimation and fractional crystallisation, the
progress of the separation being followed by analytical gel.c.

A1l six adducts)(XIII) to (XVIII), had elemental analyses and mass spectra
consistent with their formulation as 1:1 adducts and each had a strong
absorption in the infrared spsctrum characteristic of a CF=CF. Of the two
adducts obtained from each dienophile the ones with the shorter retention
times on analytical g.l.c. crystallised as long needles,whereas their longer-
retained isomers crystallised as platelets; in addition, except for the ethylene
adducts which were both formed in equal proportion,there was a slight

predoninance of the longer-retained isomers, in the case of propyme the ratio

of the two isomers being 45:55 whilst for but-2-yne it was 23:77.
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The structures and detailed stereochemistry of the six adducts can be
assigned on the basis of their n.m.r, spectra (see Table 12)., The gross
‘structural features of all the adducts (XIII ——» XVIII) can be deduced from the
chemical shifts and integrated intensities of the resonances., Thus, the bicyclo
[2,2,2]unit, labelled « in the formulae (Table 12), present in the initial
triene (X), is also present in the adducts and is readily identified by the
characteristic tertiary, vinylic and bridging 'CFZCFZ_ reéonances in the 19F

58,63,66,68

n,m,r, Spectra, The remaining resonances are the characteristic
high field signals due to the two tertiary fluorines in the bicyclo[2,2,l]unit,
labelled g (Table 12), and an AB quartet for the bridging difluoromethylene,
the position of the tertiary fluorines and the position and observed coupling
constant of the difluoromethylene. being consistent with those reported

36,54

previously for Diels-Alder adducts of perfluorocyclopentadiene and dimers

48,55 Assignment of the detailed

of highly fluorinated cyclopentadienes.
stercochemistry is a question of deciding whether the bridging -CFZCFZ- of the
bicyclic unit @ and the bridging CF2 of the other bicyclic unit B are on the
same side or on opposite sides of the molecule, If they are both on the same
side then molecular models indicate that one of the fluorines of the -CF2-
will be in close proximity to two fluorines of the -CFZCFZ— bridge, and

some evidence of spin-spin interaction would be expected. Evidence of an
interaction of this type is clear from a comparison of the -CFZ- and -CFZCFZ-
resonances of the pairs of isomers (XV) and (XVI), ard (XVII) and (xXvIII),

For compounds (XVI) and (XVIII), the longer-retained adducts, the éomponents
of one limb of the AB quartet due to the -CF2- are split into a seven-line
multiplet and the signal due to the bridging -CFZCFZ- is broad and asymmetric,
For the shorter-retained compounds, (XV) and (XVII), the components of both
linmbs of the -CF2— AB quartet are sharp single lines and the bridging -CF20F2—

is a narrower symmetrical signal. Consistent with these observations is
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separation of the vinylic fluorines resonances in compound (XVI) to produce two
discreet signals due to their close proximity to the asymmetrically substituted
double bond; in the geometrical isomer (XV), when the vinylic fluorines are
well-separated from the influence of the CHB-é=é-H unit they appear as a single
resonance. The n.m.r. spectra of isomers (XIII) and (XIV) were extremely
complex and did not in themselves permit an assignment of stereochemistry,
however structures (XIII) and (XIV) can be deduced from a comparison of the
crystalline form, relative g.l.c. retention times and n.m.r. spectral
parameters of this pair and the pairs (XV) and (XVI), and (XVII) and (XVIII).
There is a slight predominance of the longer-retained 1,4-adducts for the
reactions of triene (X) with but-2-yne and propyne and as this is in marked
contrast to the lack of selectivity for the addition of ethylene it perhaps
merits brief consideration. The preferred geometry of approach of dienophiles
to (X) will be parallel to the bridge systems and therefore substituentsin the
dienophile can exert little steric influence on the reaction, A possible
explanation for the greater selectivity of acetylenes may lie in secondary
orbital stabilisation of the transition state leading to the longer-retained
isomers due to interaction of the r orbitals of the isolated double bond of the
triene and the m orbitals of the dienophile at right angles to those involved in

the cycloaddition, illustrated below.

== primary interactions
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The approaching acetylene will begin to bond to the cyclopentadiene system
of triene (X) through one pair of mw orbitals, the orbitals at right angles to
this pair will be pointing towards the remaining double bond of the triene and
secondary orbital interaction could occur stabilising approach of the dienophile
from the side leading to the longer~-retained isomer; no interaction of this type
could occur with ethylene as the dienophile.

The selectivity is greater for but-2-yne than for propyne. This is not
unreasonable as the former dienophile reacts somewhat more readily with
fluorocarbon dienes than does propyne, the methyl groups enrich the m system and
‘hence will also increase secondary as well as primary interactions and the
geometry of approach leading to the longer-retained isomer will become even
more preferable.

A hydrocarbon triene dehydroisodicyclopentadiene (109) possessing some of
the structural features of triene (X) has been prepared by Alder et al.

Unlike cyclopentadiene, but like (X), this compound shows no tendency to
dimerise but undergoes Diels-Alder reactions with the same order of facility
as cyclopentadiene, for instance it forms a single Diels-Alder adduct with
maleic anhydride at room temperature. The structure proposed for this adduct
is shown below and is the endo adduct in which the methylene bridges are on

134

opposite sides of the molecule,

12515 - Ll

(104a)
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2.4 Pyrolysis of the Diels-Alder Adduct of Dodecafluorotricxclo|5,2.2,02’6J
undeca=2,5,8-triene with alkynes, A Synthesis of Polyfluorobenzobicyclo
[2,2,2|octa-2,§-dienes and 2.§-disubstituted hexafluoronaphthalenes,

Elimination of either the -CFZ- or the -CFZCFz—bridges from adducts (XV) to

(XVIII) leads to the formation of an aromatic ring and may be accomplished in e
stepwise manner, Vacuum pyrolysis or pyrolysis in a sealed tube under mild
conditions led to the exclusive loss of the CF2 bridge and formation of &
polyfluorobenzobiqyclo[2,2,2]octa-2,5-diene whereas pyrolysis under more
strenuous conditions led to the elimination of all bridges ard the formation of
Bp-disubstituted hexafluorcnaphthalenes. Thus (XIX) is the major product when
(XV) and (XVI) are heated to 200° in a sealed tube and (XX) is the only product
when (XVIII) is pyrolysed in a flow system at 380° and 1072 mm.Hg, pressure.

By using reaction temperatures of over 600° in a flow system at lO-Bmm.Hg.
pressure both bridges can be eliminated to produce the hexafluoronaphtheslenes;
(xv), (XVI) and (XIX) producing (XXI),and (XX) producing (XXII) under these
conditions., The products of these pyrolysis reactions, the decafluorobenzo-
bicyclo[2,2,2]octa-2,5-dienes (XIX) and (XX) and the 2,Zdisubstituted hexa~
fluoronaphthalenes (XXI) and (XXII), are of kinds not previously available and
it is to be expected that analogous structures with different substituents may
be synthesised by the same route,

The facile loss of difluorocarbene from the 1,4-adducts of triene (X) with
acetylenes at a temperature of only 200° may be partly due to the strain
incorporated in compounds (XV)-(XVIII) as the Diels-Alder adduct of dimethyl-
acetylene dicarboxylate and perfluorocyclopentadiene lost difluorocarbene on
pyrolysis at 4800, although no mention was made in this publication of
optimisation of conditions and it may be that the reaction would have been

36

equally successful under milder conditions. The loss of tetrafluoroethylene

from the decafluorobenzobicyclo(2,2,2)octa-2,5-dienes (XIX) and (XX) to produce
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the hexafluoronaphthalenes (XXI) and (XXII) is much less favoursble than loss
of difluorocarbene from adducts (XV)-(XVIII) due to the lower gain in
stabilization energy on forming the pyrolysis products (XXI) and (¥XII),
compounds (XIX) and (XX) already possessing benzenoid aromaticity, and the
initial loss of difluorocarbene having relieved considerable molecular strain,
The conditions required for the elimination of tetrafluoroethylene from (XIX)
and XX) are similar to those required for pyrolytic elimination of tetrafluoro-
ethylene from the alkyne adducts of fluorinated cyclohexa-l,}—éienes.se’66

The structures of compounds (XIX)-(XXII) follow from their modes of
preparation, elemental enalyses and mass spectra, their infrared, ultra-
violet and n.m.r. spectra confirming the assigned structures. The infrared
spectra of (XIX) and (X{) are very similar showing a strong absorption due to
a8 CF=CF double bond as well as an intense aromatic band not present in the
initial adducts., Their 19F n.m.r. spectra (Teble 12) confirmed the presence of
the bicyclo[?,Z,Z]unit, labelled «, the remaining resonances being due to the
aromatic fluorines,

Although the 19F NeMe T Spectré were very complex due to extensive coupling
especislly evident in the aromatic fluorine resonances, the 1H n.m.r. speotra
were more simple. The lH n.m.,r, spectrum of (XIX) contained & doublet for the
methyl resonance (J = 2.5 Hz) ascribed to coupling to the orthqfluorine, and a
doublet of doublets (J = 11 Hz and 6Hz) for the aromatic proton, the larger
coupling ascribed to coupling between this proton and the ortho fluorine and
the smaller one to coupling to the meta fluorine; these coupling constants are
compatible with values for analogous systems, thus for methylpentafluorobenzene
J(CH,, F-2) = 2,2 Hz and J(CH,, F-3) = 0, and for pentafluorobenzene J(H, F-2)

1

= 11.3 Hz and J(H, F-3) = 8,0 Hz.135 The “H n.m.r, spectrum of (¥X) was a single

resonance 2Hz wide comprising three lines of equal intensity and equally spaced,
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rart of a complex spin-spin system which is not first order.
The naphthalenes (XXI) and (XXII) have infrared spectra which are clearly
similer and display strong bands in the aromatic region. As expected their

19F Nem.r, Spectra are complex and although not first order it is clear that

there is a large (c. 60 Hz) peri F-F couplinglz7’136

present in the spectra of
both compounds, the per#fluorines being those at 145.,6 and 146.8 p.p.m. for the
arometic ring carrying four fluorines in (XXI),and at 122,5 and 126.5 p.pem.
for those in the other ring, the analogous peri-fluorines in (XXII) being at
147.1 and 125.8 p.p.m. respectively. Again, the 1y n.m,r, spectra were simple,
the splitting patterns being identical with those observed for compounds
(XIX) end (XX) respectively, suggesting that coupling between the substituents
in the B position and aromatic fluorines is confined to the substituted ring.
As expected the ultra-violet spectra of (XXI) and (XXII) resembled those
of naphthalene and octafluoronaphthalene (Table 13),137 the bathochromic
shift and intensification of the bands in (XXI) and (XXII) being qualitatively
consistent with their structures, The spectra of all the dimethylnaphthalenes
have been reported and possess the characteristic naphthalene absorptions with

the expected bathochromic displacements and intensification of the bands due

to hyperconjugation.138
TABLE 13
Ultre-Violet Spectre®
Compound kmax(log e ¢)
Naphthalene 275(3.75) 312(2.4)
Octafluoronaphthalene 277(3.67) 308(3.22) 322,5(3.31)
(xx1) . 283(3.64) 316(3.54)  330(3.69)
(XxX11) 285(3.50) 315(3.40)  329(3.53)

a. 1in cyclohexane,
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The aromaticity of compounds (XIX) and (XX) wes similarly evident from strong
absorptions in their ultra-violet spectra (see Experimental).

It is of interest to compare the mass spectra of adducts (XV) and (XVI) with
those of their pyrolysis products (XIX) and (XXI) and similarly to compare the
mass spectra of (XVII) and (XVIII) with those of (XX) and (XXII). The breakdown
of a molecular ion in the mass spectrometer often parallels the behaviour of
the molecule on vigorous py;olysis,139 and it has of'ten been observed that the
pyrolysis products of the 1l,4-adducts of perfluorocyclohexa-1,3-diene with
allkynes have high abundences in the mess spectra of these compounds;ss’61
similar behaviour occurs with the 1l,4~adducts of tetrafluorobenzyne with
aromatic compounds; these compounds yield naphthalenes on pyrolysis by
elimination of an acetylene; the ion due to loss of the acetylene from the
parent ion has high sbundance in their mass spectra.128 For addwts (XV), (XVI),
(XVII) and (XVIII), the expulsion of m/e 150 (CBFG) from the molecular ion is an
ion of high abundance in their mass spectra, being the base peak in three cases;
for compounds (XIX) and (XX) the base peak arises by loss of m/e 100 (CZFL)
from the parent ion and for all these compounds (XV)-(XX) the mass spectral
and pyrolytic fragmentations appear to follow similar paths. For the
paphthalenes (XXI) and (XXII) the stability of these aromatic systems results
in the parent ions also being the base peaks in their mass spectra (see
Appendix 2).140

Pyrolysis of the Disls-Alder adducts of propyne and triene (X) in a
flow system resulted in a clean reaction with the production of the pyrolysis
product and tetrafluoroethylene. However a reaction between propyne and triene
(X) at 200° in a sealed tube led to & reaction product containing unchangéd (x)
and three products. The major product was compound (XIX) obtained in 37%
yield after separation; the other two compounds isolated by g.l.c. were

identified as (XXIII),resulting from the addition of difluoromethylene to (xv)




110.

and/or (XVI), and (XXIV) an isomerisation product of (XXIII). There was no
evidence of (XV) or (XVI) when the reaction was cerried out at this temperature,
Structures (XXIII) and (XXIV) (see Figure 4) were assigned on the basis
of their mode of formation, elemental analysis and spectroscopic datas Both
(XXIII) and (XXIV) hed a strong CF=CF stretching frequency in their infrared
spectra and a top mass peak in their mass spectra at m/e 450, corresponding to
the molecular ion of a product arising from (XV) or (XVI) + CF, or (X1X) + CZFL’
the latter possibility was excluded by heating compound (XIX) in a sealed tube
with tetrafluoroethylene when no trace of (XXIII) or (XXIV) was observed,
the reactants being recovered unchanged., Heating a mixture of the two Diels-
Alder adducts (XV) and (XVI) in a sealed tube under the reaction conditions
mentioned above led to a product which was shown by infrared spectroscopy and
analytical g.l.c. to be a mixture containing (XIX) as major components, minor
components having the same g.l.c. retention times as (XXIII) and (XXIV),
no trace of (XV) or (XVI) being detectable. Thus it seems reasonable that
(XXI1I) has been produced by the addition of difluoromethyléne to (XV) or (XVI).
The bicyclo[2,2,2]octadiene unit in (XXIII) is indicated by the typical tertiary
vinylic and bridging -CF2CF2- resonances in the 19F n.m.r.. spectrum and by the
base peak in the mass spectrum being formed from the parent ion by expulsion
of m/e 100 (CzF#). The loss of 02F4 from the parent ion is a prominent
feature of compounds containing the bicyclo(2,2,2]octadiene unit?8’65’66’68
and can be rationalised by loss of the _CFZCFZ- bridge resulting in a stable
aromatic cation. The remesinder of the 19F nem,r, spectrum of (XXIII) consists
of an AB quartet integrating to two fluorines and corresponding in shift and
magnitude of the coupling constant (178 Hz) with a cycloPropyybifluoromethylene
group,71 two more tertiary fluorines at very low field,and an AB quartet

integrating to two fluorines and ascribed to the other difluoromethylene bridge.




111,

The proton n.m.r. indicates the presence of a tertiary proton and a methyl
group, this data together being consistent with structure (XXIII),

Compound (XXIV) is isomeric with (XXIII) and their spectra are
qualitatively similar indicating a structural similarity; the two major
differences between the spectra of (XXIII) and (XXIV) being that the base peak
in the mass spectrum of (XXIV) does not arise by loss of m/e 100 from the
molecular ion and that the low-field AB quartet in the 19F n,m.r. spectrum of
(¥XIV) has a coupling constant of 250 Hz as opposed to 178 Hz for (XXIII). The
reduced importance of the p'CZFA ion is consistent with the structure proposed
as is the megnitude of the coupling constant of the low-field AB quartet in
the 19F ne.m.r, spectrum, which is compatible with a difluoromethylene in either
of the environments present in (XXIV) but excludes a three-membered r:'mg.rL
The remainder of the 19F n.m.r, spectrum is complex but can be accommodated by
the structure (XXIV). The proton n.m.r. again indicates the presence of a
methyl group and a tertiary proton.

The addition of difluorocarbens to adducts (XV) or (XVI) would be expected
to occur at the methyl substituted double bond to produce (XXIII), the ease of
addition of electrophilic halocarbenes to double bonds being known to increase
with increased alkyl substitution in the olefin.141 Compound (XXIV) is most
probably formed by thermal rearrangement of (XXIII); there are several
examples of thermal processes of this type which have been rationalised as
proceeding vis ionic or free-radical mechanisms, as the n2S + 025 concerted
process is only symmetry allowed in the excited state.6

The ionic mechanism has been successful in accounting for the products of
the addition of dibromocarbene to bicyclo[2,2,1]heptadiene, a reaction somewhat

related to the addition of difluorocarbene to (XV) or (XVI), The scheme is

outlined below,
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. H
+ fCBrz —_—
H
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g/ B Br (110)
(112) (111)
Br
« +
H- ,
Br Br
(114) (113)

Compounds (111) and (112) are formed by collapse of the allyl carbonium ion
(110); attack of the T bond of (110) on the allyl carbonium ion leadé to a new
carbonium ion (113) which can collapse to (114),the third reaction product,
Heating or prolonged storage of (111) or (112) results in their conversion into
(114). Compounds analogous to the initial unstable adducts above are also
formed as intermediates in the 1l,4-addition of halogenated cyclopropsnes to
cyclopentadiene, which rearrange by a similar mechanism (see Introduction,
Chapter Zl.).:u’2

1,2-Bis(trifluoromethyl)-3,3~-difluorocyclopropene (115)
reacts with cyclopentadiene at low temperatures to yield both the exo and the
endo 1,4-adducts, Mild heating at 65° results in the conversion of the exo

adduct to its more stable endo isomer and after 1 hour at 200° both 1,4~adducts
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are quantitatively converted to tetracycle (116), see below.

F
30 -78° CF
Py o+ // 0 + 3
E$.0 CF
7 2 CF
3 (70%) cp, > (30%) 3
(115) . 3 - — F,
Ileeoq,h 1h,
R
3
F2
CF.,

(116)

The rationalisation of these observations assumes that the initial steps
in the isomerisation to (116) are analogous to those mentioned above. The
allyl carbonium ion (117) is rearranged to carbonium ion (118) which is
further converted to the required tetracycle (116); the driving force of the
reaction is said to be the destabilisation of allyl carbonium ion (117) due
to the electronegative trifluoromethyl groups, The exo-endo isomerisation of
the initial adducts does not occur via a retro-Diels-Alder reaction but most
probably proceeds via the allyl carbonium ion (117).71~ There are several
examples of the formation of tetracycles analogous to (116)-by the photochemical

143, 14k

EHZS + 02;]concerted process, however irradiation of the endo and exo

1,4~adducts of (115) and cyclopentadiene produced none of the desired

tetracycle (116).71
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A CF. | [ .
3 * CF
CF 3
. 2
CF L |
3 CF3 CF,
(117) (118) (116)

Although the ionic mechanism successfully rationalises the rearrangements
above, the addition of highly-strained carbon-carbon o~bonds and olsfins, such
as the reaction of 3-methylbicyclo [1,1,0]butanecarbonitrile (119) with
acrylonitrile, below, has been shown to proceed via a diradical mechanism,

This could also account for thermal intramolecular cyclqaddition in the tricyclo
[3,2,1,02’L"]oct-6-—ene skeleton, although strain is less, an example in the

hydrocarbon field being the conversion of (120) to (121).11"5

CH CH

+ CH2=CHCN —_—

NC

(i19) H  CN
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2.5 Diels-Alder Reactions of PerfluorotricycloI5,2,2,02’Glundeca-2,Q,B-trienefx)

General

Reagents were dried (phosphoric oxide) and degassed before insertion in a
Pyrex ampoule, N.m.r. references were internal CFCl5 and internal MeASi unless
otherwise stated.

(a) With ethylene. A mixture of the triene (X) (1.66 g., 4.62 mmoles) and
ethylene (4.78 mmoles) was sealed in vacuo in a Pyrex ampoule (130 ml.) which
was heated at 192° for 16,5 hr, to give: (i) ethylene (1.67 mmoles); (ii) a
colourless liquid (0.36 g.), shown by i.r. spectroscopy and analytical gas
chromatography to be predominantly triene (X); (iii) a white solid (1.22 g.),
shown by analytical gas chromatography to consist of #wo components in
approximately equal proportions. This mixture was separated into two
components by fractional sublimation (200/_'10-3 mm.Hg) to give the two isomers

- 2
of 5§4g§,§H,5H—dodecafluorotetracxclo|6,2,2,13’60 ’7]trideca-2,2-diene (x111)

and (XIV)., For the isomer with the shorter gas chromatographic retention time

(XIII) (Found: C,40.0; H,1,15; F,59,0%; M (mass spectrometry), 388, Cl3H#F12
requires C,40.2; H,1.0; F,58.7%; M, 388) recrystl, from acetone as fine
needles mp. 77-77.5°, v 1754 (~CF=CP-) and 1623 ent (3¢=6Z). For the
isomer with the longer gas chromatographic retention time (XIV) (Found: C,40.0;

H,1.2; F,59.1%; M (mass spectrometry), 388) recrystl. from acetone as platelets

m.p. 126.5-127°, Voax 179k (-CF=CF-) and 1630 om™2 (>ce=c).

(b) With propyne. Experiment 1., By the same procedure as in (a), triene (X)

(2,56 g., 7.10 mmoles) and propyne (7.43 mmoles) were heated in a Pyrex ampoule
(120 ml.) at 115° for 65 hr. to give (i) propyne (2.2 mmoles), with correct
infrared spectrum; (ii) a colourless liquid (0.88 g.) shown by infrared
spectroscopy and gas chromatography to be triene (X) containing< 10% of (XV)

and (XVI); (iii) a white solid (1.88 g.) shown by analytical gas chromatography
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to contain two components in the ratio 45:55. This mixture was separated by
fractional sublimation (lO_3 mm, , 600) followed by fractional crystallisation
to give the two isomers of LH-dodecafluoro-5-methyltetracyclo [6,2.2,13’602’7,1-

trideca=-2,4,9-triene (XV) and (XVI), For the isomer with the shorter gas

chromatographic retention time (XV) (Found: F,56.5%; M (mass spectrometry),
400, Cll..Hz,.F12 requires F,57.0%; M, 400) recrystl. from petroleum (60/80) as
fine needles m.p. 81-82°, Voax 1799 (~CF=CF-), 1640 and 1605 on~t (-CH:C(CHB)—
and _)C:Cf )s For the isomer with the longer gas chromatographic retention
time (XVI) (Found: F,56.9%; M (mass spectrometry), 400) recrystl. from
petroleun (60/80) as platelets m.p. 63-64°, Voax 1795 (~CP=CF-), 1640 and 1612cn™"

(-CH:C(CHB)- ana_)c=c( )e

Experiment 2, By the same procedure as in (a), triene (X) (2.0 g., 5.81
mmoles) and propyne (6.14 mmoles) were heated in a Pyrex ampoule (120 ml.)
at 200° for 52 hr, to give a gas mixture (1l.47 mmoles), shown by infrared
spectroscopy to contain propyne, silicon}l;etra.t‘luoride and tetrafluorcethylene;
and a liquid mixture (2.0 g.). The liquid mixture was shown to contain
several components by analytical gas chromatography, of which the four major
components were obtained pure by preparative gas chromatography (col.F; 1500),
in order of emergence from the column they were (i) trieme (X) (0.08 g., 0.22
mmoles), with correct infrared spectrum, (ii) 4H-tetradecafluoro-6-methyl-

hexacxclolj,2,2,13’702’402’8g6’8]pentadec—10-ene (xxIv) (0.06 g., 0.133

mmoles, 2.3%) (Found: F,59.6%; M (mass spectrometry), 450. ClSHAFlh. requires

F,59.1%; M, 450), & colourless solid, v 1757 em (-CF=CF-). The 1°F

n.m.r. spectrum showed resonances at 230.3 (1F), 222,8 (1F), 212.6 (1F) and
213.4 (1F) ascribed to fluorines at tertiary sites; 150,2 (1F) and 151.0 (1F),
vinylic fluorines; 127.3 (4F), bridging -CF,CF,~; 121.2 (2F), difluoromethylene;

and an AB quartet (2F, 8,=100,1, 8,=118.2, J,, 250 Hz), difluoromethylene:
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1
the "H n.m.r. spectrum showed two bands at 1.27 (3H) and 2.73 (1H, 4, J = 15).

(1ii) &ﬁ-tetradecafluoro—6—metgxlnentacxclo[1.2.2.13’70h’602’8ldeca—2.10-diene
(XXIII) (0.19 g., 0.422 mmoles, 7.3%) (Found: ¥,58.5%, M (mass spectrometry)

450) a colourless solid, Vpax 174 - (~CF=CF-). The *°F n.m.r. spectrum
showed resonances at 238.4 (1F), 219.6 (1F) and 212,7 (2F) assigned to fluorines
at tertiary sites; 151.7 (1F) and 150.6 (1F), vinylic fluorines; a series of
eight bands between 135.2 and 121,7 (6F) ascribed to the bridging ~CF,CF =

and the difluoromethylene bridge between C-3 and C-7; and an AB quartet

(2r, SAfIOG.Z, 65f125‘7’ Iy = 178) assigned to the difluoromethylene of the

three~membered ring: the 1y n.mr, spectrum showed two bands at 1.55 (3H, CH3)

and 3.12 (1H, tertiary proton)., (iv) &ﬂ-decafluoro-ﬁ-metgxltricxcloL6,2.2,02’7j
dodeca-2,4.6,9-tetraene (XIX) (0.75 8., 2.14 mmoles, 36.,8%) (Found: C,ik.8;

H,1.,2; F,53.8%; M (mass spectrometry), 350. CIBHLFIO requires C,44.6; H,1.2;
F,54.3%; M,350) a colourless liquid, Voax 1773 (~CP=CF-), Npax 272 (e, 1800)

and 279 nm ( ¢,2160).

(e¢) With but-2-yne. By the same procedure as in (a) triene (X) (4.60 g.,
12,8 mmoles) and but-2-yne (0.77 ge, 1lhe3 mmoles) were heated in a Pyrex
ampoule (100 ml.) at 120° for 64,5 hr. to give: (i) a volatile fraction (0.88
g.) shown by infrared spectroscopy to be a mixture of triene (X) and but-2-yne;
(ii) a white solid (4.38 g.) shown by analytical gas chromatography to contain
two components in the ratio 23:77. This mixture was separated by fractional
sublimation (10'3 mn, 80°) followed by fractional crystallisation to give the

3,6,2,7

two isomers of dodecafluoro-ik,5-dimethyltetrac clol6,2.2,1 trideca-
2,4, 9~triene (XVII) and (XVIII). For the isomer with the shorter gas
chromatographic retention time, the minor component, (XVII) (Found: C,43.9;

H,1.2; F,55.2%; M (mass spectrometry) 4lk. 015H6F12 requires C,43.5; H,1.5;

F,55.0% 1, 41k). Recrystl. from methanol as fine needles mep. 6k.5=65°,
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. -1 \ ‘ .
Voax 1760 (~CF=CF~) and 1620 cm (-C(CH3)=C(CH3)- or | C=€<). For the isomer
with the longer gas chromatogrephic retention time, the major component, (XVIII)
(Found: C,43.2; H,1,2; F,54.6%; M (mass spectrometry), 414), recrystl, from

petrolewn (60/80) as platelets m.p. 82-82.5°, Vpax 1760 (~CF=CF-) and 1630 ew

(-c(0113)=c(0113)- or >0=C<).

2,6 Yacuum Pyrolyses

The apparatus consisted of a silica tube (62 cm x 1.2 cm int, diam,)
lightly packed with silica wool. The middle 45 cm. were heated in an electric
furnace and temperatures were measured at the outside surface of the pyrolysis
tube, in the middle of the furnsce, by a chrome-alumel thermocouple, A Pyrex
reservoir containing the compound to be pyrolysed was attached to one end of the
silica tube and a Pyrex trap was attached to the other end, the exit of the
pyrolysis apparatus being connected to the vacuum system. The pyrolysis
technique used involved cooling the reservoir and trap in liquid air,
evacuating to the required pressure, and then allowing the reservoir to warm
up o room temperature. When all the material to be pyrolysed had passed
through the pyrolysis tube and the produc£s had been collected in the liquid
air trap, gaseous products were expanded into the calibrated gas measuring

system, liquid products and solid products being recovered in the usual way.

(a) Compound (XIX). (0.27 g., 0.77 mmoles) was pyrolysed at 5&00/10-3mm
followed by a further pyrolysis at 6300/10—3 mm to give: (i) a gas mixture
(0.78 mmoles), shown by mass and infrered spectroscopy to be predominantly
tetrafluoroethylene with a trace of silicon tetraflucride; (ii) a yellow solid,
sublimed (700/10-3mm) to give a colourless solid ZH-hexafluoro-3-methyl-
naphthalene (XAI) (0.134 g., 0.54 mmoles, 70%) (Found: C,53.0; H,1.9; F,45.1%;
M (mass spectrometry), 250, 011HLF6 requires C,52.8; H,1.6; F,45.6%; M,250)

m.p. ca. room temperature,
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(b) Compounds (XV) and (XVI). An equimoler mixture of (XV) and (XVI) (0.207 g.,
0.52 mmoles) was pyrolysed at 61400/10_3 mn to give (i) a gas mixture (0.84
mmoles), shovn by mass and infrared spectroscopy to be predominantly tetrafluoro-
ethylene with a trace of silicon tetrafluoride; (ii) a yellow solid which gave

as a colourless solid after sublimation (700/10_3mm) 2H-hexafluoro-3-methyl-
naphthalene (XXI) (0.072 g., 0.283 mmoles, 55.4%), with correct infrered

spectrum,

(c¢) Compound (XVIII). (0.813 g., 1.96 mmoles) was pyrolysed at 3809/10‘3mm

to give (i) tetrafluoroethylene (0,995 mmoles), identified by infrared and mass
spectroscopy; (ii) decafluoro-l,5-dimethyltricyelo(6,2,2,02* /]dodeca-2

tetraene (XX) (0.462 g., 1.27 mmoles, 6L.8%) (Found: C,46.4; H,2.0; F,51.9%;

¥ (mass spectroscopy), 36k. ClhﬁSFlo requires C,46.2; H,1.7; F,52,2%; M, 36.)

recrystl., from petroleum (60/80) m.p. 66-67%, v 1779 cu " (~CP=CE-), -

272 (€, 2680) and 279 nm (€, 2850).

(d) Compound (XX). (0.245 g., 0.673 mmoles) was pyrolysed at 600°/10 mm to

give (i) a gas mixture (0.363 mmoles) shovn by mass and infrared spectroscopy

to be predominantly tetrafluoroethylene with a trace of silicon tetrafluoride;
(ii) a yellow solia (0.198 g.) recrystl. from petroleum (60/80) to give as a
colourless solid in quantitative yield, 2,3-dimethylhexafluoronaphthalene Q@L}I)
(Found: C,54ks3; H,2.5%; M(mass spectrometry), 264, 012H6F6 requires C,54.6;

H,2.3% M, 264) m.p. 120-121° (sealed tube).

2,7 Attempted reaction of aﬁ,a-methxldecafluorobenzobicxcloI2,2,2|oct-2-ene

(XIX) with tetrafluorcethylene.
A mixture of compound (XIX) (0.057 g., 0.163 mmoles) and tetrafluoro-

ethylene (0.082 mmoles) was sealed under vacuum in a Pyrex ampoule (5 ml.) and
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heated at 200° for 68 hr. to give (i) tetrafluoroethylene, with correct infrared

spectrum and (ii) compound (XIX) (0.032 g.) with correct infrared spectrum,

2,8 Heating gﬁ,Q-methxl-dodecafluorotetracxclo[5.2,24;33’602’7ltr;§ec-2,4l9-
trienes SXVZ and QXVI}.

An equimolar mixture of compound (XV) and (XVI) (0.10 g., 0.25 mmoles)

wes sealed under vacuum in a Pyrex ampoule (70 ml.) which was heated at 200°
for 90 hr. to give (i) a gas (0.077 mmoles), discarded and (ii) a colourless
liquid (0.076 g.). Anelytical gas chromatography of this mixture and of the
mixture enriched with authentic samples of compounds(XIX), (XXIII) and (XXIV)
established that the mixture contained four components, the major component
had a retention time identical with thatof compound (XIX) and the two minor
components had retention times identical with compounds (XXIII) and (XXIV), the
fourth component was present in trace amounts only. The infrared spectrum of
the mixture was entirely consistent with its being predominantly compound (X1X)

with small concentrations of (XXIII) and (XXIV).




CHAPTER 3

THE PHOTOCHEKICGAL ISOMERISATION OF TETRADECAFLUOROTRICYCLO|6,2,2,02’7]-

DODECA-2,6, 9-TRIENE, DODECAFLUOROTRICYCLO [542, 2, 02’ 6]UNDECA-2 45, 8-TRIENE,

AND 2H-HEPTAFLUOROCYCLOHEXA-1,3-DIENE, SOME REACTIONS OF THE PHOTO-

ISOMERS INCLUDING A SYNTHESIS OF PERFLUOROINDENE

INTRODUCTION
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3.1 Unsensitized Photoisomerisations of Cyclozaullw:a.--l,Q-diene.sf.ll"6

The development of the concept of orbital symmetry control of concerted
reactions6 has led to interest in a class of stereospecific intramolecular
cycloadditions known as electrocyclic reactions. An electrocyclic reaction is
defined as the interconversion of a conjugated polyene and the cyclic structural
isomer formed by bonding between the terminal carbon atoms, and can be
i1lustrated by the photoisomerisation of buta-l,3-diene (122) to cyclobutene

(123); bicyclel1,1,Y%butane (124) is also formed as the minor product.

hy
—_ "
isooctane

Mo 6%
(122) (123) (124)

There are a large number of examples of the interconversions of buta-l,3-
dienes and cyclobutenes, and these processes are predicted to be conrotatory in
the ground state and disrotatory in the excited state, if concerted. In
agreement with this proposition is the conversion of (125) to a single product

(126) on irradiation and in similar fashion the formation of (128) from (r27).

hy

—_—
(126)
CH
hy 3
H W

(128)
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If the buta-l,3-diene moiety is incorporated in a ring system conrotatory
ring closure now becomes impossible and the cycloalka-l,3-diene is instead
ideally constrained to undergo photochemical ring-closure to a bicyclic

cyclobutene derivative in a disrotatory process, as shown below. For values of n

H

H
\
l—\zzﬂz)n hy s T\<‘—\\\

(CH,)

n

other than n = 2 this is the only symmetry-allowed photochemical process,
however for n = 2 there is an elternative symmetry-allowed process, conrotatory
ring-cpening to a hexa-l,3,5-triene, and the photochemistry of cyclohexa-1,3-
dienes contains examples of both ring-opening and ring-closing processes, the
former processes being more common in the absence of steric constraints,

Apart from the exceptional behaviour of cyclohexa~l,3-dienes it is generally
found in photochemical electrocyclic reactions that ring-closure reactions are
more common, for example photochemical ring-opening of cyclobutenes to the
corresponding buta-l,3~dienes is not normally significant, and this has been

interpreted in terms of the ring-opened.products having more extended chromo-

phoric systems and being less transparent to ultra-violet light than their less-
conjugated ring-closed isomers.

Formation of bicyclobutanes on irradiation of butadienes is not a common
process, although due to the high reactivities of these compounds they may be
lost before isolation, They have been formed in rigid molecules where the
diene fragment is held in an S-trans configuration.

The course of a photochemical reaction may depend vpon the conditions of
irradiation. Thus cyclobutene (130) is prepared by irradiating the vapour of

147

(129); it has not been obtained by irradiation in solution.’




123,

(129) (130)

Only unsensitized photoisomerisations are considered in the following
discussion; additional complications can arise in the presence of triplet

sensitizers,

3.2 Irradiation of Cvclopentadienes

Biqyclo[Z,l,O]pent-Z-ene (131), previously postulated as an intermediate
has recently been isolated as the product of irradiation of cyclopentadiene.
By irradiating an ice-cold 0.3M solution of cyclopentadiene in ethanol yields of
up to 15% were obtained.lhs The success of this photoisomerisation depends on
the conditions of irradiation and isolation and although 2-methy1bicyclo[2,l,d]
pent-2-ene can be prepared by irradiating 2-methylcyclopentadiene, irradiation

of 5,5~-dimethylcyclopentadiene under similar conditions did not yield any

149

O~ k7

Bicyclic compounds analogous to (131) are extremely strained and decompose

isolable photoisomer,

on standing to cyclopentadienes; 2-methy1bicyclo[2,1,d]pent-2-ene and bicyclo

. o 1
[2,1,0] pent-2-cne (131) have half-lives of the same order, c. 4% hours at 47 . 49
The simplest explanation of their decomposition would be a disrotatory ring

opening, a disallowed thermal process if concerted. The mechanism of this

decomposition has been the subject of considerable investigation. Gas phase
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- kinetic work and deuterium labelling of the 5-positiors of bicyclo[?,l,oﬂpent-
2-ene (131) 4did not disprove a diradical process involving cleavage of the 1,4~
bond ,however the symmetry-allowed (ﬂ2$ + 02s + 025) process involving a(1,5F
sigmatropic hydrogen shift could not be the mechanism involved as the cyclo-
pentadiene formed from thermal decomposition of bicyclo[Z,l,O]pent-Z—ens
labelled in the 5-position was itself labelled only at the 5-position. The

(ﬁ2s + 02 + 025) process is illustrated below.

(m2_ + 02 +02))

hh H

Further mechanistic data was obtained from the observation of Baldwin
and Andrist that 2-methylbicyclo[2,1,0)pent-2-ene (132) rearranged to 1-
methylcyclopentadiene (133), a rearrangement best explained in terms of a
concerted (on + 023) process which is symmetry-allowed in the ground state,

see below,

(132) (133)
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A diradical mechanism must involve preliminary[l,3}sigmatropic migration
with inversion at C5 to produce l-methylbicyclol?,l,OJpent-2-ene followed by
cleavage of the 1l-4 bond. These two mechanistic possibilities would be
distinguishable on rearrangement of 1,4 or 2,3—dideuterobicyclo[?,1,0]pent-2-e%29
As it appears that the impossibility of a normal conrotatory ring-opening enables
the usually unimportant (02s + °2a) process to occur, Baldwin et al, have
examined other systems in which steric constraints make more usugl processes
impossible but have so far been unable to report any other examples of this

151

process,

146

343 Irradiation of Cyclohexa-l,3-dienes

The most usual reaction of a simple cyclohexa-l,3-diereon irradiation is
the conrotatory ring-opening to a cis-cis hexa-l,3,5-triene, which can often
undergo further photochemical reaction, Formation of bicyclo[Z,Z,O]hex—Z-enes
occurs in special circumstances; thus éhe electrocyclic ring closure of highly
fluorinated cyclohexa-1,3-dienes may be attributed to the strength of C-C o-
bonds bearing fluorine as a substituent or the aversion of fluorine for vinylic
sites, and in some complex molecules stereochemical restrictions can mmke the

ring-opening process impossible. Both these processes are illustrated below.

151- B
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Formation of bicyclol?,l,l]hex-Z-enes has never been observed on irradiation of
2

cyclohexa—l,}-rlienes.15

Cyclohexa-1,3-diene (134),irradiated as a 1% ethereal solution,yields

1,3,5-hexatriene (135) initially, however prolonged irradiation leads to

bicyclo|3,1,0}hexene (136) and 3-vinyleyclobutene (137) in equal amount.

hy hy

(134) (135) (136) (137)

In contrast the 3-vinyl cyclobutene (139) and the bicyclo([3,1,0)hexene (141) are
the major products formed on irradiation of l-methylhexatriene (138) and 3-methyl

hexatriene (140) respectively.

hv. hv

(138) (139) (140) (1)

Vinylcyclobutene formation is presumably an electrocyclic ring closure in which
only two of the conjugated double bonds participate whereas bicyclo[},l,O]
hexenes are formed via & photochemical (2 + L 1) intramolecular Diels-Alder
reaction,

The conrotatory nature of the ring-opening of cyclohexa-l,3~dienes on

irradiation is evident in the conversion of ¢is bicyclo[h,},o]nona-2,h-diene
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(142) to its trans isomer (144), the process involving the intermediacy of trans-

cis~-cis-cyclonona-1,3,5-triene (143), (144) being produced by thermal dis-

rotatory ring-closure of (143).153

hvy A
—_— —
con dis
H
(142) (143) (L)

Several important isomerisations of this type have been observed in

natural product chemistry, especially in the vitamin D field, see below,

(145) (6)
A\ Do

R'

CH

RO

(147)
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In these cases disrotatory ring-closure of (145) and (146) would be
geometrically impossible,leading to a trans-fusion between the cyclohexane and
cyclobutane rings,.

The formation of bicyclo[},l,o]hexenes by the irradiation of cyclohexa-~
1l,3~dienes and hexa-l,3,5-trienes has been extensively investigated. Some
subtle experiments have been devised in order to clarify the exact nature of the
precursors of these species, Deuteration studies have shown that 1,l-dimethyl-
hexatriene (148) is photoisomerised to 6,6-dimethylbicyclo[3,1,0]hexene (150)

146

without the intermediacy of the vinylbicyclobutane (149). However as

(148) (149) (150)

optically active o-phellandrene (151) yields an inactive product (154) we need
to postulate an intermediate in which chirality is lost, the suggested
reaction scheme involves trienes (152) and (153), the former which will
predominate for steric reasons leads to the major product (154), a small amount
of (155) is formed from the latter. It appears that in the majority of cases
the initial process is formation of a hexa-l,3,5-triene by irradiation of a
cyclohexa~1,3-diene, the bicyclo[},l,d]hexene then being formed from the

triene by a photochemical Diels-Alder reaction, Both (nhs + n2&) and

('rr2s + "hh) are symmetry-allowed processes,6 irradiation of some 1,2,6-
triphenyl-1,3,5-hexatrienes has shown that in these cases at least the former

process only is followed. Thus irradiation of the Z,Z,E-triene (156) 1led to
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(151) (152) (153)

(154) (155)

the bicyclo[3,1,0)hexene (158) via the rearranged triene (157) and similarly
the Z,%,Z-triene (159) photoisomerised to the bicyelo[3,1,0}hexene (161) via

triene (160). The initial isomerisations about the 1,2-double bond relieve

Ph B
3 H
H
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cis-diphenyl non-bonded interactions and are fast relative to the (ﬂl;.s + n2a)
process. The (nhb + n2a) route would be expected to be more favourable than
(112s + ﬂhh) both in terms of its lesser steric requirement and the nodal
structure of the lowest antibonding level of the transoid conformer of the
hexatriene.l5

There is a single example in which formation of a bicyclo[},l,O]hexéne
proceeds directly from the cyclohexa-l,3-diene without the intermediacy of the
hexa-l,3,5-triene.147

Although acyclic-1,3,5-trienes generally isomerise to bicyclo[B,l,O]hexenes
on irradiation, other processes have been observed where the central double
bond of the triene system is replaced by an aromatic ring., Thus irradiation of
o-divinylbenzene (162) led to benzobicyclo[3,1,0]hex-2-ene (164), rationalised by
the initial formation of the bicyclo[3,l,0]hexene (163) which is transformed to
(164) via a vinylcyclopropane — cyclopentene rearrangement which restores

aromaticity. Similar processes also occur in the photochemistry of divinyl

naphthalenes.l55
hy
~ o —
(162) (163) (164)

There are two possible modes of conrotatory ring-opening of a cyclohexa-
1,3~diene and secondary steric forces can lead to the predominance of one of
these processes., Irradiation of cis-1,5,6-triphenylcyclohexa~-1,3~diene (165)
and trans-1,5,6-triphenylcyclohexa-1,3-diene (166) produced products derived from
trienes (157) and (160) respectively; there was no evidence of products which

would have been derived from the alternative conrotatory modes via trienes (159)
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and (167). The observed products are in agreement with the most favourable mode

of ring opening minimising steric interaction between the bulky phenyl groups.156

Ph
Ph 3
\%z\z\ —v o (158)
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The first example of the formation of a bicycligkyclobutene derivative
by irradiation of a cyclohexa-l,3-diene was the irradiation of pyrocalcifergl
(168) to yield the pentacyclic isomer (169), the syn isomer of (168) behaving
analogously and contrasting with the photochemical behaviour of the closely

related anti structures (145) and (146) which ring-open to hexa-l,3,5-trienes,

(168) (169)
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Ring-owening of (168) or its syn isomer in a conrotatory mode is impossible

as the resulting product would contain a trans double~-bond in a six-membered
ring; thus the alternative allowed process is followed. Similarly irradiation
of the cis and trans acids (170) leads to triene (171) whereas for the
corresponding anhydride (172) the tricyclic compound (173) is formed in the
alternative allowed process, as ring opening of (172) in conrotatory fashion
would result in a strained 9-membered ring system. Compounds related to (172)
in structure such as the imides (174) and (175) also produce bicyclo[2,2,d]—

157

hex-2-gnes on w.v. irradiation.

002H hy COZH
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2-pyrone (176) is quantitatively converted to (177) on irradiation in
ether, N-methyl-2-pyridone (178) isomerises to (179) in a 20% yield under

similar conditions,

(o] hvy LH3
G — — N
N — [ ] o
(1) 177 (178) (179)

Compounds (177) and (179) are of interest as they are formal 1,4-adducts
of cyclobutadiene and the stable molecules carbon dioxide and methyl isocyanate
respectively, this could account for their explosive decompositions on
warming.158

Contrary to the behaviour of simple hydrocarbon cyclohexa-l,3-dienes the
jrradiation of the highly fluorinated cyclohexa-l,3-dienes (180) (X = Y = F;
X=Y=H X=Y= OCHB; X = OCHj,
[2,2,0]hex—2-enes (181) as the only photo products, yields being excellent

Y = F) leads to the corresponding bicyclo-

except for irradiation of (280) (X = Y = OCH3) when the yield was poor due to

the instability of the diene.84’159

(18b) (181)
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Although 2,3-dimethylhexafluorobicyclo [2,2,0]hex-2-cne (181) (X = Y = CHB) was
readily prepared by treatment of perfluorobicyclo [2,2,0] hex-2~ene (181) (X = Y =
F) with mothyl lithium it was not obtained on irradiating the corresponding
diene (180) (X = Y = cn3), only resin and silicon tetrafluoride being isolated.
It has been suggested that diene (180) (X = Y = CH3) eliminates hydrogen
fluoride on irradiation yielding a readily polymerisable triene. The
explanation proposed for the difference between the products obtained on
irradiation of (180) as against its hydrocarbon analogues was the differing
strengths of the bonds which must be cleaved in forming the acyclic triene by
conrotatory ring-opening; carbon~carbon sigma bonds bearing fluorine substituents
being stronger than carbon-carbon sigma bonds in hydrocafbons.67 Pyrolysis of
the photoisomers (181) under a pressure of about 1072 mm.Hg. at temperatures of

300—400o led to guantitative conversion back to the original dienes (180).8h’159

3o4 Irradiation of Cycloalka-1,3-dienes containing Larger Rings

For cycloalka-l,3~dienes conteining rings of more than six carbon atoms
ring-closure to the corresponding bicycloalkene is the only photochemically-
allowed concerted electrocyclic process.

Irradiation of a number of cyclohepta-l,3-dienes has resulted in their
isomerisation to the corresponding bicyclo[},Z,d]heptenes. The parent
compound (182) was smoothly converted to its photoisomer (183) in 60% yield on
irradiation in diethyl ether, the process being reversed on heating the photo-

jsomer to 450-500°.

450-500°

(182) (183)
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In the case of 3,5-cycloheptadienol (184) two photoisomers (185) and (186)

were obtained in the ratio 3:1 respectively.160

0H

-_— OH -+ OH

(18&) (185) (186)

Cycloalka-l,3-dienes containing rings of eight or more atoms can exist
in both cis~cis and cis-trans;ogl::l interconversion of these two isomers is
the major photochemical process. The reaction is further complicated by the
occurrence of sigmatropic migrations in addition to electrocyclic reactions.

The photochemical processes which occur on irradiation of cis-cis-oyclo

octadiene (187) are shown below., Irradiation in a solvent results in the

v LN
hy [1) 5]" H

(187) (190)
(188)

]

(189)

transformation of (187) to (188), its cis-trans isomer, the major photochemical
process; competing processes are ring closure to bicyclo [,2,0]oct-7-ene (189)
and a photochemical [1,3]-sigmatropic hydrogen shift to cis,cis~1,4~cyclo-

octadiene (190). Thermal isomerisation of (188) to (189), an allowed concerted
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disrotatory process, occurs on heating to 800.161

The complexity of photoproducts is much more marked for larger ring
cycloalka-1l,3~dienes although the transformations can all be assommodated in
terms of orbital symmetry control, the stereochemistry of the processes being
reversed on changing from the ground to the excited state, In the case of
irradiation of ether solutions of cis,cis-l,3-cyclononadiene (191) or its cis-
trans isomer (192) the products obtained are shown below. The major process
once more is the interconversion of the cis-cis diene (191) and the cis~trans
diene (192), Electrocyclic ring closure of (192) leads to (193) and that of
(191) leads to (194) by a concerted disrotatory process, the other products

2
(195)— (198) being formed by sigmatropic processes.16

5 =0
(192) (191)

[+ |
[

(193) (194)

o O)

(195) (196) (297) (198)
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3.5 Thermal Stabilities of Bigzclo|ﬁ,2,0]alkenes (199)

The photoisomers of cycloalka-l,3-dienes formed by disrotatory ring

closure‘(199),have remarkably different stabilities, This is reflected in the

temperature (T) at which the half-life of (199) is 2 hrs., see below.6

(CH,)
(199)

TABLE 1

Temperature (T) at which the half-life of (199) is 2h.6

n 1 2 3 4 5 6

o 0 o) (o]

(°c) <100° 195° »380° 350° 335° 180

The symmetry-allowed mode of thermal ring opening of (199) in a concerted
process is a conrotatory motion to produce a cis-trans diene, For n = 6 to

n = 3 the stabilities of compounds (199) can be related to the ease of forming

a trans double bond in a cycloalkene, a cis-trans diene being far easier to

form in the case of n = 6 than for n = 3, Thus the order of stabilities

appears to follow that expected for thermal decomposition in a conoerted process.
Although the product isolated from these thermal isomerisations is invariably a
cis-cis diens, it has recently been shown that for the decomposition of (199)

n = 4, the cis-trans diene is initially formed and rapidly isomerises,
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presumably via a[i,5}hyﬂxogen migration, and instead of an apparently
disrotatory ring-opening we are observing two symmetry-allowed steps. This
explanation appears to account for the cases of n = 3 to 6.163

For compounds (199) of n < 3 the trans double bond cannot be incorporated
into the diene system expected from a thermal concerted process,and their
stability appears to be more related to the strain inherent in the bicyeclie
compound (199). That these compounds exist at all must at least in part be due
to the disrotatory ring opening to their decomposition products being
disallowed as a concerted process. The decomposition of bicyclopentenes has
been discussed previously and appears to be by an allowed concerted [cZS + oza]
process; for the case of n = 2 there does not appear to be any compelling
evidence to enable a distinction to be made between a disrotatory ring-opening

164

or a diradical process.,

3.6 Sigmatropic Rearraggementsl65

A sigmatropic change is defined as the migration of a ¢ bond flanked by
one or more m—electron systems to a new position within a molecule in an
uncatalysed intramolecular process. The relationship of the g-bond to the
termini of the n—system(s) determineé the reaction order of the rearrangement;
thus migration of a o-bonded atom or group R' from one end to the other of an
allylic or polyenio chain is a sigmatropic change of order [1,j] where R'
migrates from C(1) to C(j); and in a reaction of order [i,j] the o-bond joining
¢(1) and C(j) is broken, the carbon framework being numbered from the

terminus of each m-system, as below.
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The transition state for a [1,5_-shift can be represented by (200) and

that for a [3,3)-rearrangement by (201).

(201)

The following discussion is concerned solely with sigmatropic migrations

of order [l,j] in neutral species.

2.7 Selection Rules for;fl,j] Sigmatropic Migrationslé5

Orbital symmetry arguments of Woodward and Hoffmann have been applied to
sigmatropic migrations by considering the process to involve two interacting
radicals, the migrating group and the hydrocarbon 'framework' radical, The
selection rules are derived by considering the symmetry of the highest

occupied moleculsr orbital of the ‘'framework' radical and that of the




relevent orbitsl of the migrating group. In the case of thermal migrations in a

linear polyene the odd electron is in the non-bonding electronic energy level

shown below,

C> o)
G oD
C> o)

For [1,j]-sigmatropic migrations there are two different transition state
geometries, corresponding to suprafacial and antarafacial processes; in a
suprafacial process the migrating group is associated at all times with the
same face of the m—system whereas in an antarafecial process the migrating
group passes from the top face of one carbon terminus to the bottom face of
the other, A further distinction is possibie between sigmatropic migrations
based on the symmetry of the orbital used by the migrating group in bonding
to the unsaturasted system; in a case I process the migrating group is bonded
through a symmetric orbital or through one lobe of an antisymmetric orbital;
in a case II process both lobes of an entisymmetric orbital are utilised in
bonding to the unsaturated system .166

If we now consider thermal sigmatropic migration in a linear polyene,
it is evident from the symmetry of the relevant orbital of the polyene, see
above, and the migrating group, that [1,3]—sigmatropic migrations of case I,
e.g. hydrogen migrations, will be anterafacial whereas [1,5]—sigmatropic
hydrogen migrations will be suprafacial, hydrogen bonding to the polyene by its

s orbital, For case II processes a [1,3]—thenma1 shift would be suprafecial
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and a [1,5)thermal shift antarefacial; in addition bonding in a case II process
takes place through opposite faces of the comnecting atom, so rearrangement

should invert the configuration of the migrating group. It is equally possible
to consider higher sigmatropic migrations in the same way. The possible [1,3]

and [1,5] thermal processes of cases I and II are shown below,

CASE I

[1,3] antarafacial shift

retention of configuration

) DD 6250 W50

]
5

G

. .é
-
-

E
‘-@4’

[1,5] suprafacial shift

retention of configuration

CASE II

B,3] suprafscial shift [b,5]antarafacial shift

inversion of configuration inversion of configuration




Rearrangements which involve the first-excited state and are concerted
are governed by selection rules exactly the reverse of the above due to the
differing symmetry of the lowest excited state energy levels of the polyenyl
radicel.

Steric factors reduce the possibility of certain sigmatropic migrations.
In prectice it is difficult to envisage structures which would permit[l,j}
antarefacial processes or even|},5}antarafacial processes as the allyl or
pentadienyl systems need to retain approximate coplanarity to allow the
apﬁlication of the orbital symmetry rules, and thus (1,3} and[l,5}rearrangements
are effectively restricted to the suprafacial class.166

The predictions of Woodward and Hoffmann, above, derived for an acyclic
polyene, have been successfully applied to a large number of sigmatropic
migrations involving cyclic polyenyl framework radicals. The molecular
orbitals of a cyclic framework radical and its corresponding acyclic analogue
differ considerably. For an odd-membered monocyclic Cngn mgystem in a regular
polygonal arrangement all molecular orbitals except for the molecular orbital
of lowest energy occur in degeneraste pairs. OSelection rules are based on the
symmetry of the highest occupied,or frontier molecular orbital; in the ocase of
a cyclopropenyl or cyclopentadienyl framework radical the highest occupied
molecular orbital could be either of two orbitals of similar energy but
differing symmetry. Anastassioihas reasoned that in these systems selectivity
of migration will occur as the regular polygonal arrangement will be
distorted and the degeneracies will be lifted, His predictions are in
agreement with those derived for corresponding acyclic systems for migrations
of case I except that for cycloheptatrienes, according to his model, all
shifts should be allowed in the excited state; unfortunately only [1,7]
photochemical migrations are known in these systems so the validity of this

167

proposition cannot be ascertained.




3.8 |1,3]-Shifts

As expected, the only examples of thermal [ 1,3 }-shifts are suprafacial
shifts of cese II, Berson and Nelson have examined the bicyclo[3,2,d]heptene
= norbornene transformation of (202) to (204) and have shown it to be a
concerted [1,3]—suprafacial migration with inversion of configuration at the

migrating carbon, At the helf-migrated stage (203) the hydrogens of the

(204)
(202)

migrating carbon atom are in a plane perpendicular to the allyl plane and if
the hydrogen atom H of the migrating carbon of (202) is replaced by a methyl
group this group will be pointing inside towards the ring in a transition

state anelogous to (203) and this-steric interaction results in a change of
mechanism to a diradicel process; whereas the analogous compound in which the
deuterium atom D of the migrating carbon of (202) is replaced by a methyl group
rearranges as above on pyrolysis. These results show clearly the value of
orbital symmetry rules and strongly support the structure assigned to the
transition sta.te.168

The triene below owes its stability to the fact that its thermal

. cny 6
isomerisation to toluene involves a symmetry forbidden [1,3] hydrogen shift.

o — O




Photoche mical [1,3]—shifts of case I are symmetry-allowed suprafacislly
and there are many examples of rearrangements of this type. An interesting
migraetion of an allyl group is shown below, the cis-trans equilibration

169

occuwrring during the migration.

CH NC

The photoisomerisation below is. a general reaction which could also be a

[1,3)-suprafacial process. 170

hy
_

(CHy), (cHy)

The [1,3]-hydrogen shif't shown below also occurs photochemically.171

AcO AcO
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3.9 |1,§ FShifts

Thermalfl,ﬁj-hydrogen migrations are very common and the concerted supra-

facial character of such a process has been demonstrated in the rearrangement

belovw.,

Et —

o, CH, 50 CH,

For a carbon migrating group it should also be possible t; distinguish
between inversion and retention of configuration and Bersen has proposed an
ingenious experiment based on the norcaradiene system to distinguish between
these two possibilities. The methyl-7,7-dicyanonorceradienes below

equilibrate at 55° by [1,5-shifts.

NC CN NC cM N CN
H,C [,2 i,5)
< H3C «
H3C

If these skeletal rearrangements are concerted the migrating carbon C-7
will begin to bond to C-5 before detaching itself from C-1 and,as orbital
symmetry requirements for a thermal[1,5]-process of this type require the same
face of C-7 to be involved in bonding to both the migration origin and

terminus ,configuration at C-7 should be retained. This means that in each
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[1,5]-shift the substituents on the cyclopropane ring must pivot through 180°.
For an optically-active system (205) this type of migration will preserve
optical purity; in the forbidden process with C-~7 bonded through opposite faces
to C~1 and C-5 racemization should occur, as passage by back-side bonding over
the site of a substituent interconverts two enantiomeric norceradienes, see

below. Unfortunately Berson has so far been unable to synthesise a suitable

optically-active system.

1B

(205)

Case I [1,5)-shifts

Q F
) o
— ‘\YEZ;;;:§> —_— —_
. el
Allowed
Q\
Q\Rzii;;:§> Q\
-"
-—_" —9
e - —
Forbidden N\ enantiomems
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[1,5]—shifts are common in systems with a cyclic polyenyl framework
radical. The rearrangements of some substituted cyclopentadienes have been

shown to occur by [1,5]—sigmatropic hydrogen shifts, the migrations below

proceeding at room temperature.l72
CH3
[1,5] (5]
c— —
H,C
HC H ?
3

Under drastic conditions, pyrolysis at 450-4900, 1,2,4,5,5~pentame thylcyclo-
pentadiene (206) is converted into 1,2,3,4,5-pentamethyleyclopentadiene (208);

~ the process proceeds via two [1,5]-methy1 migrations. The intermediate 1,2,3,5,
5-pentamethylcyclopentadiene (207), was isolated and was shown to be formed in
smaller amount for the higher temperature rea.ctions.173 5,5=dimethylcyclo-

pentadiene has also been shown to rearrange at temperatures of around 250° viea

CH

3 H,C CH
cH r 3
cn, [,51~cH 3 ;¢
3 "2, 3 s ---CH3
_ — an —_— (:H3
CH 3
CH5 3 CH5

(206) (207) (208)




an initial [1,51methy1 migration followed by rapid hydrogen migration, At

higher temperatures the [l,S]-sigmatropic methyl shift competes with a radical

process, This isomerisation is shown below.lh9

250°
3 +
1,5 CH
(1,5] CH, 3
H.C CH CH
3 3 3 CH;

A more complex isomerisation occurs when dihydropentalene is prepared by
pyrolysis of isodicyclopentadiene (209) at 5750/20 mm.Hg. in a stream of nitrogen.
The process can be rationalised as double-bond isomerisation of the cyclopenta-

diene system via a thermel [1,5]—hydrogen shift followed by a reverse Diels-

Alder reaction eliminating ethylene.17h

CH2
2. — | -
[1:5] CH2

(209)
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In cycloheptatrienes thermal [1,5]—sigmatr0pic hydrogen shif'ts occur in

preference to the [1,3] and [1,7] processes & these are summarised below.165

H
" 2, = (= D
x  H —x —x = —X
H
H H

Roth showed that [l,5]-shifts scrambled the labelling in the cyclooctatriene
(210) over the 3,4,7 and 8 positions whereas a sequence of [J,}]—shifts would

have scrambled the deuterium ovegéll ring positions.

(D) [x,5] (D) (D)

~1) o (D)

(210)

[1,5]nsigmatropic migrations also occur in the indene system. In 1942
Alder observed the indene and maleic anhydride reacted to produce the adduct
(211),175 this could be formed from isoindene in a 1l,4-cycloaddition, the
latter being the result of a [1,5}-hydrogen migration in indene, That this

type of migration does ocour is evident from the deuterium label in (212) being
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o
benzene -M\
+ [«] -———-7;—9 []
250 ..
{

(211)

scrambled over all non-aromatic positions at elevated temperatures,via the

isoindene (213) .176

H D
(212) ’ (213)

The highest occupied molecular orbital of the indenyl radical for a thermal

rearrangement will be VY This molecular orbital, according to Huckel

5°
calculations possesses a positive or negative lobe at C-1 and a node at C-2
and is thus of correct symmetry for [1,5]~sigmatropic migrations of case I or
case II, In a recent study of the thermolyses of substituted indenes it has
been found that both phenyl and hydrogen shifts occur readily in the indene

system; the general scheme is shown below for the thermal rearramgement of

1,1,3~triphenylindene to 1,2,3-triphenylindene.
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Ph
Ph -
ki Kk, H
— —_—
H Ph
Ph &
Ph Ph Ph

k_l) lL_L but k2> k—l’ hydrogen migrations being much faster than phenyl
migrations,

The drastic conditions required for migration of a methyl group in the
cyclopentadiene system compared with those required for a hydrogen migration
suggest that hydrogen atoms are much less reluctant to migrate than methyl
groups in these systems. The low migratory aptitude of a methyl group is
further evident from 7,7-dimethylcycloheptatrienes undergoing[l, 5kskeletal
rearrangements in the norcaradiene form in preference to [1,5]-methyl shif'ts in
the cycloheptatriene form. By comparing the rates of rearrangement of l-phenyl
indene and 1,l~diphenylindene, which possess the same non-migratory residue,
it was found that hydrogen migration was much faster than phenyl migration in
the indene system.

The relative ease of migration of a group can be ascribed to two main
factors, the ability to form a bridged transition state and the nature of the
highest occupied molecular orbital about which the group is migrating.
Hydrogen bridges far more readily than carbon but a phenyl group overcomes the
reluctance of carbon to bridge by attaining a transition state in which there
is interaction with low-lying m-orbitals of the ring, a type of transition

177

state not accessible for an alkyl group.

.
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In addition to migrations of the hydrogen atom and phenyl and methyl groups,
there are several examples of [1,5]-sigmatropic migrations of other species,
The only recognised example of a sigmatropic halogen migration is the

rearrangement scheme below,

RCH,COCH, CHOHCCL,,
i ®
RCH,COCH=CH~CCL RCHC1~C0-CH,-CH=CC1,
[ c1 L. 61 1
R-CH GCl, R-CH “ccl1, R-C-H cel,
[ =0 =T r
.. __CH C CH
H” Scu” O el o Xxg

The closeness of the bulky trichloromethyl group to the o' methylene
carbon in certain conformations of the enoyéllylic chloride is said to be the
major driving force for this [l,5]—sigmatropic thermal transfer of a chlorine
atom. In the case of the reaction below,the CCl3 of the initially-formed
dehydration product cannot adopt a position for a[},ﬁ]-chlorine shift of the
above type, and the product is formed by allylic rearrangement and loss of

hydrogen chloride.178

Lm
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A
i —HC1
-H,0 ~
2
(@ o o)
cno¢n_cc13 CH-CC1, €1 CH=CCl, CH=CCL,
7

Recently Berson has recognised a [1,5]-thermal sigmatropic migration of a
carboxymethyl group, proving the mechanism by deuterium labelling experiments.
Only (215) is produced on heating (214), consistent with two (1,3)-migrations
or a [1,5]-migration. The former can be discounted as methyl formate or
acetic acid would have been expected to be lost after one migration,as
deduced from experiments on model compounds. Berson has suggested that the
[1,5]-shift should be preferred over the [1,3]—shift as rehybridisation would
be necessary in order to use both lobes of an antisymmetric orbital in a case
IT process but not in a suprafacial [1,5]-shift of case I.179 The scheme is

shown below,

X

1[1,3]~x (215)
X 3
X CH CO_H
x=coch3
OAc
)
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The isomerisation of 7,7-dicyanonorcaradiene (216) to 3, 7-dicyanocyclo-
heptatriene (217) is consistent with a,[l,S]-cya.no shift in the cycloheptatriene
tautomer of (216). Further heating of (217) results in an equilibrium mixture
of isomers of (217) thought to be (218) and (219) by a [1,5)-hydrogen shift in
(217). 1%

o 100° [1,5)~CN
_ CN|__~5 H
o oN CN
‘ NC
(226) (217)
A
EI- s 5] ~ H
H
H
cN

(218)

(2a9)

A recent study of the thermal [1,5]—sigmatropic hydrogen migration in
cis-B-ocimene (220) has shown that the only product formed is (223). This
suggests that transition state (221) is preferred over the alternative (222),
explained by lesser steric repulsion of the isobutenyl grouplin the equatorial

position, compared with the axial posit:'.on.:l'&L




155.

(220) (221) (223)

(222)

There are few examples of photochemical [l,5]—sigmatropic migrations.165
According to orbital symmetry arguments suprafacial processes of this type would
be expected to be of case II proceeding with inversion of the migrating group.
The irradiation of substituted indenes has recently been investigated.182 An
earlier report of the photolytic rearrsngement of 1,3,3-triphenylindene (224)
to 1,2,3-triphenylindene (226) suggested the mechanism involved an initial
photochemical [l,5]—pheny1 migration to an isoindene intermediate,(225),which

183
could then undergo a thermal [l,5]—hydrogen shift to the required product.

I?L L Th P
hy Ph
—_ —_—
H . Fh
Ph Ph
Ph

(224) (225) (226)

-
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Both 1,1-diphenylindene (227) and 1,1-dimethylindene have been irradiated
with and without photosensitizers; for the former compound rearrangement occurred
to 1,2-diphenylindene (230) and 2,3-diphenylindene (229) whereas the latter
compound just dimerised. No photochemical hydrogen migration occurred on
irradiating 1,1,3-trideuteroindene to 80% polymerisation, there being no change
in the deuterium distribution of the recovered indene., These results can be
readily explained using orbital symmetry considerations. The relevant indenyl
radical orbital is Y6 which possesses lobes of opposite sign at C1 and 02 s0
that a [1,5] suprafacial process will occur for a migrating radical using both
lobes of an antisymmetric orbital, case II. A methyl group or a hydrogen atom
migrate using a symmetric orbital or one lobe of an antisymmetric orbital
respectively; however in the case of a phenyl group the p-orbitals of the m=
system are of correct symmetry for overlap at C1 and 02 and the lowest anti-
bonding orbitals of benzene have almost the same energy (-1.0B) as Yg of the
indenyl radical (-0.9p) and overlap will result in stebilisation of the
transition state and facile migration; see below, The isomerisation of 1,1-

diphenylindene (227) can be represented as below,

migrating phenyl group

Y indenyl radical
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Ph
’ hy Ph Ph
i H > (229)
Ph Ph
Ph +
22 2
(227) (228) -
H
Ph
(230)

The isoindene (228) produced by the photochemical [1,5]—pheny1 shift reacts
to the final products by ground state [1,5]-hydrogen shifts. Products (229)

and (230) are not interconcerted on irradiation,

3,10 |1,7)-Bhifts

[l,?]-thermal shifts in cyclic systems would be expected to proceed with
inversion of configuration although there appear to be no examples knovm. In
acyclic systems of correct configuration antarafacial [1,7]-shifts have been
observed,for example in the thermal equilibration of vitamin D2 and pre-

caleiferol, via a thermal [l,?]-antarafacial hydrogen shift, see below.

R R

CH \g
OSB!
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Apparently the heptatrienyl unit adopts a helical conformation in the
trensition state which is ideally geometrically disposed for the antarafacial
hydrogen shift,

In cycloheptatrienes photochemical [l,?]-shifts are well-lnown and in 7-

substituted cycloheptatrienes, [1,7]—photochemuca.l hydrogen shif'ts lead to a

distribution of products shown below.

X H H X
h hv
__v'.n H — 'H 2\
— — —
H H
H

Cther | 1, jl-shifts

It is expected that migrations of order higher than [1,7] will be
difficult due to the need for substantial through-conjugation of the framework
radical and hence near planarity, although some have been observed in

165

biochemical systems.
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3¢11l The Photochemical Isomerisation of TetradecafluorotricxcloI6,2,2,02’7]-
dodeca=-2,6,9~triene and Dodecafluorotricxclo|§,2,2,02’6I-undeca—2.5,8-

triene, and the preparation of Perfluoroindene

Perfluorocyclohexa-1,3-diene (XII) and simple substituted polyfluoro
cyclohexa~l,3~dienes undergo disrotatory ring-closure to polyfluorobiqyclo[2,2,0]

hex~2-enes on irradiation with ultraviolet 1ight8h’159

in contrast to hydrocarbon
cyclohexa~l,3-dienes which in the absence of steric constraints form products
derived from hexa-l,3,5-triene, the product of conrotatory ring opening,
Cyclopentadiene yields bicyclo[?,l,O]pent-2-ene on u.v, irradiation,l

however the photochemical isomerisation of the fluorocarbon analogue, perfluoro-
cyclopentadiene, has not been reported, possibly due to difficulties in

handling this material which readily dimerises.17 In the light of this
information it was of interest to investigate the photochemical behaviour of
tetr&decafluorOtriQYC10[6,2,2,02’7]dodeca-2,6,9—triene (IX) and dodeca-
fluorotricyclo[5,2,2,02’6]undeca—2,5,8-triene (X), vhich are polyfluoropoly-
cyclic compounds containing a cyclohexa-1,3-diene and a cyclopentadiene unit
respectively and which are quite stable as monomers at room temperature (see
Chapter 1). Both these compounds were irradiated in the vapour phase in
silica tubes which had been sealed in vacuo.

Irradiation of triene (IX) with ultraviolet light of 25378 led to a
mixture of two products formed in roughly equal amounts which were both
substantially more volatile than the initial triene; all (IX) was consumed.
These compounds had very similar gas chromatographic retention times and were
obtained pure in small amounts after repetition of the separation cycle. The
separated products were single components on analytical g.l.c. (col.0 and col.A)
and were unambiguously characterised by spectroscopy and by vacuum pyrolysis.

The mass spectra of all three compounds, triene (IX) and products (XXV)

and(XXVI), establish that they are isomeric, as they possess the same parent
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peak and major fragment ions (see Appendix 2 and Figure 5). There is a major

difference between the mass spectra of (XXV) and (XXVI) and that of (IX) as the
former possess a fragmentation sequence involving an early expulsion of CF2
which is not present in the latter. The loss of CF, from the parent ion leads

2

to a fragment at m/e 360 present in (XXV) and (XXVI) but absent from (IX), and
also the greater abundance of the ion at m/e 341 in (XXV) and (XXVI) as
compared with (IX) and the presence of an ion at m/e 322 in (XXV) and (XXVI)
but not in (IX) can be attributed to either an easy expulsion of CF2 from P-F
and P-2F or successive losses of one fluorine from m/e 360. A similar
consideration of the relative abundances of ions at m/e 310 and m/e 260 is
consistent with the presence of a CF, unit in (XXV) and (XXVI) which is
relatively easily expelled.

The nem.r. spectra of (XXV) and (XXVI) proved conclusive in assigning
their gross structures (see Table 15). The bicyclo[2,2,2]oct-5-ene system
(labelleddin Table 15) is evident from the characteristic shift values of the

45,58,63,66,68

vinylic, tertiary and bridging -CFZCFZ- fluorines, Previously

it has been found that where the substituents on this structure are sufficiently
different the bridging -CFZCFZ- unit may be split into separate signals for

66,68

each difluoromethylene. Thus for the shorter-retained photoisomer (XXV),

the -CF,CF,- resonances are a quartet (integrated intensity 2F, Jyp 215 Hz)
and a complex multiplet (integrated intensity 2F), whereas for the longer-
retained photoisomer (XXVI), these fluorines form a system of two overlapping
quartets (JABFJ230 Hz); in the case of the symmetrical precursor (IX) all the
difluoromethylene fluorines occur as a complex multiplet. The remaining
resonances in the n.m.r. spectra of (XXV) and (XXVI) are two AB quartets, which
from their chemical shifts and coupling constants are assigned to a CF2 in a
five-membered ring and adjacent to a double bond (;AB 274 Hz for (XXV), and

Jyp 273 Hz for (XXVI) and to a CF, in a three-membered ring (;AB 173 Hz

-
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TABLE 1

EF NMR SPECTRAL PARAMETERS?

Compound? Tertiary F Vinylic F Difluoromethylene .
2 g o p 2 i\

215-9(2) — 152:4(2) 134-3(2) 129-2(4¥ 129-2(4¥

&

. 214.5(1) 229-6(1) 152.5(2) 131.5(1) 8, 125-0(1) &, 105-4(1)
ﬂ ¢ 215-4(1) 8, 135:3(1) 5, 119-8(1)
6 Ja 215 Jop 2747

> 133.0(2) &, 143-4(1)

© 8, 150-3(1)
S 173

, 213-4(1) 220-9(1) 147-8(1) 133.6(1) 5, ~110(1) 5, 104:2(1)

ﬂ 214.2(1) 148:5(1) b6y ~133(1) 6, 124-21)
6 Jap~ 230 Ja 2737
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rings they are extensively coupled.
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for (XXV) and JAB 176 Hz for (XXVI));70 a third tertiary fluorine resonance
discreet from the tertiary fluorine signals of the g-unit is assigned to the
cyclopropyl fluorine.70 The fact that the tertiary fluorines of the bicyclic
unit (o) are split into two separate signals for both (XXV) and (XXVI) whereas
in the symmetrical precursor (IX) they give rise to a single resonance
provides further evidence for the assigned structures.

Although the n.m.r. spectra of (XXV) and (XXVI) showed substantial
differences they did not permit an unambiguous assignment of the relative
stereochemistries of these two isomers.

The infra-red spectra of (XXV) and (XXVI), perticularly the absorptions in
the double bond region, are compatible with their assigned structures,

Both photoisomers show two absorptions in this region; (XXV) possesses two
distinct peaks at 1750 and 1738 cm-1 and (XXVI) a poorly-resolved pair at
1751 and 1747 cm_l; the initial triene (IX) possesses three absorptions, one
due to the isolated double bond at 1767 cm_l, and two absorptions due to the
conjugated diene system at 1742 and 1703 om .

Final confirmation of structure was obtained by vacuum pyrolysis of
(XXV) and (XXVI). It was hoped that loss of difluorocarbene from the three-
membered ring might result in their transformation to (X); however it was
found that under relatively mild conditions (3#00/10_3 mm,Hg) isomers (XXV)
and (XXVI) were interconverted, whereas under most strenuous conditions
(6000/10—3 mm.Hg) breakdown occurred with the expulsion of both CF, and CZFa
units to yield perfluoroindene (XXVIII), (see Figure 5). Insufficient
material was available to optimise the condition§ for expulsion of CF2 only,
although this has been achieved with other systems - loss of CF2 or CF2 and
G,F, can occur from the adducts of triene (X) and acetylenes (see Chapter 2).

Vapour phase irradiation of (X) under the same conditions as for the

irradiation of (IX) led to only a single product (XXVII) (see Figure 5).

.
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Elemental analysis and mass spectroscopy confirm that (X) and (XXVII) are
isomers. The n.m.r. spectrum of (XXVII) was conclusive in assigning its
structure (see Table 15)., Asymmetry in compound (XXVII) is evident from the
vinyl signals for the o and B rings. For compound (X) the vinyl fluorines for
the o and p rings are single signals whereas for (XXVII) they become split into
two resonances for the two different vinyl fluorines in each ring of (XXVII).
As for trienes (IX) and (X) the vinyl fluorines of ring o are unsplit sharp
singlets whereas those for ring B are extensively coupled. The remainder of
the n.m.r. spectrum of (XXVII) contains a complex multiplet corresponding to
the -CF20F2- system of ring o, a resonance due to the two tertiary fluorines of
ring @ and an AB gquartet arising from the difluoromethylene of ring 8. The
chemical shifts, integrated intensities and the large coupling constant for
the AB quartet arising from this difluoromethylene group are in very close
agreement for compounds (XXVII) and (X), as expected for compounds with such
close structural similarity,

Further evidence for structure (XXVII) is provided by a comparison of
the infrared spectra of compounds (XXVII) and (X); whereas (X) has three bands
in the double bond stretching region at 1765 cm-l (isolated double bond) and
1755 and 1735 cm-l (diene system), (XXVII) has absorptions at 1761, 1738 and
1629 cm-l, the low frequency peak being assigned to the double bond at the
ring junction. Evidence of the conjugated diene system is provided by the
ultra~violet spectrum possessing a broad absorption at 305 nm (e 1100, cyclo~
hexane), cf. triene (X) with a broad absorption at 277 nm (¢ 2800, cyclo-
hexane).

On vacuum pyrolysis at 514-00/10"3 mm. Hg compound (XXVII) yielded tetra-
fluoroethylene and perfluoroindene (XXVIII) in good yield, in accord with the
proposed structure; similarly triene (X) also yielded tetrafluoroethylene and

(o] -
perfluoroindene (XXVIII) in good yield on pyrolysis at 620 /10 3 mm, Hg.

|
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Perfluoroindene was characterised by elemental analysis and spectroscopy, its
spectralparameters and those of some of its derivatives will be discussed in

Chapter 4.

3.12 A Possible 1,5-Sigmatropic Migration of a Fluorine Atom

A comparison of the course of photochemical isomerisation of simple
polyfluorocyclohexa-1,3-dienes and of the polycyclic fluorinated systems (IX)
and (X) leads to some interesting conclusions., An explanation of the
preferential ring-closure of simple polyfluorocyclohexa-l,3-dienes in
preference to forming polyfluorohexa-l,3,5-trienes,e.g. (25l),by conrotatory
ring opening (see Figure 5) would be the well-known 'bond strengthening by

185 186

fluorine substitution' or the 'aversion of fluorine for vinylic sites'.
The increase in strength of carbon-carbon bonds on substitution by fluorine :
is evident from the difference in the dissociation energies of the CF—-CHZMe

3
and CF CHE-Me bonds being 4.5 i 0.4 kcals mole-l, the former bond being

3
stronger; this value was obtained by measuring the decomposition of chemically-
activated l,l,l-trifluoropropane.185 The 'aversion of fluorine for vinylic
sites' has been invoked to explain why addition reactions of fluoroolefins to
form saturated compounds are more exothermic than the corresponding reactions
of hydrocarbon olefins, for example hexafluorobuta-l,3-diene is quantitatively
cyclized to hexafluorocyclobutene at 200° whereas the corresponding hydrocarbon
reaction proceeds quantitatively in the opposite direction under similar
conditions; however there is an alternative explanation that fluorine atoms
attached to saturated carbon atoms are-stabilized relative to their attachment
to unsaturated carbon atoms. By measuring the kinetics of the cis-trans
isomerisations of octafluorobut-2-ene and but-2-ene Schlag and Kaiser found

-1
that the activation energy for the fluorocarbon process was 6-8 kcals mole

less than that for the hydrocarbon process; this is solely a measure of the
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lowering of the m-uncoupling energy due to fluorine atom substitution and is in
agreement with fluorine substitution on the unsaturated carbon atoms of an
olefin leading to destabilisation and weekening the carbon-carbon double bond.186
These two factors must be overruled in the conversion of triene (IX) to the
photoisomers (XXV) and (XXVI), as the most likely route which can account for
these products is an initial ring-opening to the tetraene (232) followed by a
photochemical Diels-Alder reaction, the allowed [n4s + nZaJ process (see Figure 6).
Examination of molecular models clarifies the reasons for this difference in the
preferred mode of allowed isomerisation of the analogous diene units in
structures (IX) and (XII). It is clear from the models that during ring-closure ir
(XII) leading to (233) the C-F o-bonds at C-2 and C-3 describe an outward rotary
motion which would be sterically impossible for the analogous g-bonds in (IX),
consequently ruling out the 4 g electrocyclic ring closure for triene (IX).
This observation is also relevant to the isomerisation of (X) to (XXVII).
A rationalisation of this transformation could involve an initial electrocyclic
ring closure to (234), a photochemical process, followed by a thermally-
allowed [czs + cZa] isomerisation (involving the bonds marked x of this highly
strained intermediate), which is the most likely ring-opening mechanism for

150 | owever the formation of (234) will be sterically

simple bicyclopentenes;
more difficult than ring closure of triene (IX) and this route seems unlikely.
The only plausible alternative concerted mechanism is a [1,5]—sigmatropic
migration of a fluorine atom, as shown in (235) (see Figure 7). Orbital
symmetry arguments in cyclopentadienyl systems are ambiguous when based on the
symmetry of the highest occupied orbital as the two antibonding and bonding
orbitals of highest energy in the cyclopentadienyl radical occur as degenerate
pairs possessing different symmetry characteristics. Attempts to resolve this

16 : .
ambiguity have been discussed in the introduction, 7 To investigate the

feasibility of this process INDO SCF MO calculations were undertaken on the

L
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[1,5] suprafacial shif't of a fluorine atom in hexafluorocyclopentadiene (taken
as g model for this reaction) and indicated that there should be a considerable
energy barrier to the ground state process whereas the excited state
isomerisation should experience no energy barrier.l87 It might superficially have
appeared that as [1,5] hydrogen migrations occur thermally in cyclopentadiene
systems then case II migrations should be photochemically allowed, fluorine
migrating using both lobes of an antisymmetric orbital.,

This appears to be the first recognised example of the sigmatropic
migration of a fluorine atom; however Camaggl and Gozzo have reported that
diene (236) when kept at 80° for 2 days isomerised to diene (237) in addition to
57

dimerising.

2
F P g% Byl F
—
F 24. F ¥
CF3
(236) (237)

As thermal [1,5]~f1uorine shifts in cyclopentadienyl systems have been
187

predicted to possess a substantial energy barrier, further supported by
0
triene (X) being recovered unchanged after being heated at 80  for 48 h, as
. o
above and also being recovered unchanged from reactionsrun at up to 200" (see

Chapter 2), this rearrangement under mild conditions may be a [1,3]—thermal

fluorine migration.
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Although it has been argued that the isomerisation of (X) to (XXVII) is
best interpreted as a [1,5]-sigmatropic migration of a fluorine atom it would
clearly be more satisfactory i&f there was some method of unambiguously
differentiating between this process and the alternative allowed two-step process
involving a photochemical 4m electrocyclic reaction followed by a thermal
o2, + oZa] process. One method of doing this would be to irradiate the vapour
of a triene analogous to (X) but labelled in such a way that different products
would result from the two mechanisms., The most convenient way of labelling
(X) would be by replacing one of the fluorines of (X) by a nucleophile, Of the
two possible positions of attack by a nucleophile, the isolated double bond and
the conjugated diene system, the latter would be expected to be more reactive
as nucleophilic attack in polyfluorocyocloalka~l,3-dienes and polyfluorocyclo-
alkenes follows an addition-elimination pathway, products being generally
derived from the most stable intermediate carbanion. As shown below it should
be possible by reacting (X) with an equimolar amount of nucleophile to obtain a
compound (238) labelled at the terminus of the cyclopentadienyl system,
although other products might also be expected by displacement of the fluoride

ion from a different position.188

< [ ]| — 6 -

(238)
(X)

+ othér products
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The substituent (X) needs to be photostable and compound (238) needs to be
reasonably volatile for vapour phase irradiation, The best choice of (X) would
probably be a perfluoroalkyl group, both from' the point of view of the
volatility and photostability of (238); (238) could be prepared by the reaction
of (X) with a fluoroolefin and fluoride ion.

The expected products of irradiation of (238) for the two mechanisms are

shown below,.

l, 2-Stage Mechanism via Electrooyclic Ring Closure.

r
@E} X (210)
X X
a
ﬂ"’ ¥ F, M“] cleavage of bond a
b F
y X

cleavage of bond b

2. [1,5]-Sigma.tropic Migration of a Fluorine Atom,

- XF
hy migration in djrection a
(1,51~ F X
L

migration in direction ®
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As can be seen,both mechanisms may lead to a mixture of isomers. If only
(241) was produced it would be impossible to differentiate between these two
mechanisms. Products (240)-(242) should be distinguishable by n.m.r. and i.r.
spectrosoopy.

If a compound analogous to (238) but substituted at both termini of the
oyclopentadiene system was irradiated the 2-stage mechanism should lead to
products with a CX=CX double bond, as the CF, group is fransferred intact,
whereas the products obtained via the fluorine migration mechanism should
contain a CX=CF double bond and a geminal CXF system. In this case the
photoproducts expected from the two mechanisms should be readily distinguishable
simply by infrared spectroscopy.

Prior to the present work perfluorindene had proved an elusive compound.
The general method of preparation of polycyclic fluorocaromatic compounds by
exhaustive fluorination of the parent hydrocarbon in the vapour phase over a
bed of cobaltic fluoride at temperatures of around h50-500°, followed by
defluorination of the resulting fluorocarbon over a metal, usually nickel or
iron heated to around h50°, could not be successfully applied to the
preparation of perfluoroindene. Defluorination of perfluoroperhydroindane
only went as far as perfluoroindane under a variety of reaction conditions and
this is analogous to the difficult defluorination of decafluoroethylbenzene to
octafluorostyrene and the resistance of octafluorocyclopentene to defluorination.

In marked contrast perchloroindene can be readily prepared in good yield

18
by the pyrolytic dechlorination of perchloroindane at 2000, 9

and in lower
yield by the pyrolysis of hexaohlorocyclopentadiene.120 The best preparation
of this chlorocarbon is by pyrolysis of the cage ketonse €, 0%, 00 (243), formed
by the reaction of hexachlorocyclopentadiene with sulphur trioxide, at
temperatures of around 475°. Ketone (243) has a structure related to that of

the saturated cage dimer of hexachlorocyclopentadiene although the inclusion
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of a carbonyl group in the skeleton of the latter compound results in a

reduction in its pyrolytic stability, see below.191

c1
% c1
] Cl nl (o} /
S0, + [::::D =, CI— ca X, ||!!i>
5 temp., RN
Cl1: J
1 ¢l (80%)
(243)

The pyrolysis of perfluorocyclopentadiene dimer has also been investigated.
By pyrolysing this compound over sodium fluoride pellets and nickel in a nickel
tube at 400-700° with varying contact times,perfluoroindane (43-52%) and
perfluorostyrene (0.5-16%) were obtained.192 Perfluorocyclopentadiens dimer
displays marked thermal stability being unaffected by storage at 475° for 45
min, in a platinum thimble encased in silica. Pyrolysis in a silica flow
system under a pressure of 2,3 mm,Hg. at 555° with a contact time of 2 secs.
resulted in only 5% breakdown of the dimer yjelding traces of tetrafluoro-~
ethylene and monomer. Under more drastic conditions at 630?/2 mm,Hg with a
contact time of 0.3 sec. some monomer was formed butthe major product was (244)

produced by elimination of difluorocarbene from the dimer, see below.

(204)
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A single attempt to defluorinate (244) by passage over mild steel at 490-
495o gave perfluoroindane as the major product and a trace of a yellow liquid
whose infrared and mass spectra were consistent with its formulation as
perfluoroindene; insufficient material was obtained for complete
characterisation of this compound."'5

There appear to be no reports in the literature of attempts to prepare
perfluorédindene by the exchange reaction between psrchloroindens and potassium
fluoride, a technique successfully applied to the synthesis of other
fluorinated aromatic systems.l23

The formation of perfluoroindene in excellent yield by the pyrolysis of
triens (X) represents a good synthetic route to this new aromatic compound.
Pyrolysis of (XXVII) to perfluorcindene can be interpreted as loss of tetra-
fluoroethylene in a reverse Diels-Alder reaction, The loss of tetrafluoro-
ethylene from triene (X) to form perfluoroindene cannot be a one-step process,
One possible mechanism would be an initial thermal [1,5]—sigmatropic fluorine
migration in trieme (X) to produce triene (XXVII) which could then lose
tetrafluoroethylene yielding perfluoroindene; however even when conversion to
perfluoroindene is incomplete at temperatures of less than 500o analytiocal
gslec. indicates the formation of perfluoroindene and the presence of
unchanged (X); no (XXVII) has been detected under these conditions, and as
mentioned asbove calculations have predicted a substantial energy barrier for
this thermal process. Although it is posasible that at the temperatures
required for the [1,5]) thermal fluorine shift to produce (XXVII) this compound
will be unstable to the reverse Diels-Alder reaction and produce perfluoro-
indene immediately, a more likely explanation of this process is loss of
tetrafluoroethylene from (X) to yield perfluoroisoindene in a reverse Diels-
Alder reaction, a [1,5}fluorine shift in this intermediate compound would then

result in the formation of perfluoroindene. The latter migration is in accord




175.

with orbital symmetry conservation, both case I and case II [1,5]~thermal
sigmatropic migrations are allowed and occur in the indene system (see
Introduction).

It is perhaps of interest that in the case of a [1,5]-migration of a
fluorine atom, which uses both lobes of an antisymmetric orbital in migrating,
in perfluoroindene,the generation of perfluoroisoindene should be allowed both
in the ground and the excited states (see Introduction) due to the symmetry
of Ys and Y6 of the indenyl radical, Thus by suitable choice of a dienophile
it may well be possible to trap this intermediate both in thermmal and photo-

chemical processes.

3.13 Ihe Irradiation of 2H-heptafluorocyclohexa-l,3-diene and the reaction

of its photoisomer with furan

A number of highly fluorinated cyclohexa-l,3-dienes have been smoothly
concerted to bicyoclo [2,2,0] hex-2-enes in high yield and the dienophilicity of
these latter compounds has been investigated towards furan. Both octafluoro-
bicyclo[2,2,0) hex~2-ene and 1,4,5,5,6,6-hexafluorobicyclo(2,2,0) hex-2-ene have
been prepared by irradiation of octafluorocyclohexa-l,3-diene and 2H,3H-
hexafluorocyclohexa-1, 3~diene reSpgctively and the former has been found to
be at least twenty times less reactive than the latter by competition reaction
with excess furan in carbon tetrachloride at room temperature.67’84’l59
As 2H-heptafluorocyclohexa-l,3-diene was available from the dehydrofluorination
of 1H,6H-octafluorocyclohexene, formed in the reduction of decafluorocyclo-
hexene with lithium aluminium hydride (Chapter 1), and its photoisomer formed
by the analogous disrotatory ring-closure was unknown, it was decided to
irradiate the former compound in order to prepare its photoisomer and
investigate the dienophilicity of the latter compound towards furan.

Vapour phase irradiation of 2H-heptafluorocyclohexa-l,3-diene resulted in
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the formation of a single product which was identified by elemental analysis and
spectroscopy as 1,3,4,5,5,6,6-heptafluorobicyclo[2,2,0] hex~2-ene (XXIX), Like
octafluorobicyclo (2,2,0) hex-2-ene and 1,4,5,5,6,6-hexafluorcbicyclo[2,2,0] hex-
2-ene ,compound (XXIX) had & strong parent ion in the mass spectrum and a base

peak corresponding to loss of CF, from the parent ion (see Appendix 2).67

3
The infrared spectrum of (XXIX) showed a strong absorption assigned to the
CH=CF bond at 1656 cm— and a vinylic C-H stretching frequency at 3125 —
Its n.m.r. spectra fully confirmd its strusture as can be seen from Table 16
where the n.m.r. spectra of (XXIX) are compared with the n.m.r. spectra of the
analogous compounds (233) and (245), containing CF=CF and CH=CH double bonds
respectively., No attempt was made to completely interpret the n.m.r. spectra
as all the bands were extensively coupled multiplets and the spectrum was

not first order. Like other fluorinated bicyclo[2,2,0]hex-2-enes t?199
compound (XXIX) under vacuum pyrolysis at 350° was quantitatively isomerised
back to 2H~heptafluorocyclohexa-l,3-diene.

Like octafluorobicyclol2,2,0]hex-2-ene and 1,4,5,5,6,6-hexafluorobicyclo-~
[2,2,0) hex-2-ene,olefin (XXIX) reacted with furan at room temperature to yield a
single adduct, deduced from the sharpness of its melting point and simplicity of
its n.m.r. spectra. This adduct (XXX) had the correct top mass peak for a
1:1 adduct and its infrared spectrum is similar to those of the furan adducts
of the olefins (233) and (245), being transparent between 1400-and 1800 cm-l,
the CH=CH stretch presumably being extremely weak. As expected the parent
peak in the mass spectrum was very weak and it contained two base peaks,
corresponding to loss of furan from the parent at m/e 206 and to furan itself
at m/e 68, as for the furen adducts of (233) and (21+5)67 (see Appendix 2).

The n.m.r. spectra of (XXX) are conclusive in assigning its gross structure es
a Diels-Alder adduct of furan and (XXIX), as seen from Table 16 where the

spectra of (XXX) are compared with those of the furan addents of (233) and (245).
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.Although a competition reaction between olefin (XXIX) and olefins (233)
and (245) towards furan was not undertaken, it appears that the reactivity of
(XXIX) is much less than that of (245) and probsbly close to that of(223), as
(XXIX) had not undergone any detectable reaction after up to 60 minutes at room
temperature whereas (245) with excess furan in carbon tetrachloride at room
temperature had reacted to the extent of 90% after 45 minutes.67 The difference
in reactivity of these three olefins towards furan is presumably steric in
origin and whereas replacement of two vinyl fluorines by hydrogens has a
pronounced accelerating effect, the replacement of one vinylic fluorine by
hydrogen makes little difference to the rate of reaction., A simliler trend in
reactivity has previously been observed in the Diels-Alder reactions of
3,34 ,4~tetrafluorocyclobutenes substituted in the vinyl positions, with

electron-rich dienes, &
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3.14 Irradistions

Irradiations were carried out in a quartz ampoule,either 25 em x 2,7 cm
diam, (tube A) or 40 om x 2.5 om diam, (tube B). The top of the ampoule was
connected via a graded seal to a pyrex constriction to enable it to be easily
sealed under vacuum,and the empoules were irradiated in a Rayonet 208 photo-
chemical reactor at 25° using 255.7 nm lamps. The compound to be irradiated
was introduced into the ampoule by vacuum transfer from phosphoric oxide, and
the ampoule wWas then sealed under a pressure of 10"3 mm.Hg. The bottom 10 cm,
of the sealed ampoule was covered with opaque paper to shield the liquid and the

vapour was irradiated with the tube clamped vertically in the reactor, After

a reaction the products were removed from the quartz tube by vacuum transfer.

2
(a) Tetradecafluorotricyclo[6.2,2,0 ’Z]dodeoa-Z,G.Q-triene (IX)

Triene (IX) (0.82 g., 2.0 mmoles) was irradiated for 120 hours (tube A).
The volatile liquid recovered (0.69 g.) was shovm by analyticsl gas
chromatography (col A) to consist of two components of very similar retention
time in approximately equal proportions; each component was obtained pure by
repeated preparative g.l.c. (col D, 48°) giving the two isomers of tetra-
decafluorotetracxclol6,2,2,02’70,5’7]dodeca—Z,g-diene (XXV) and (XXVI) (ce.
150 mg., and 100 mg.), single components on analytical g.l.c. (col A and col O
over a range of temperatures, (Found: F,64.3%. chFlh requires F,64,9% for the

shorter retained isomer (XXV)).

(b) Dodecafluorotricycle{5,2,2 02’6 undeca-2,5,8-triene (X

Triene (X) (2.28 g., 6.33 mmoles) was irradiated for 160 hours (tube A),
a volatile liquid (2,16 g.) was recovered leaving a trace of a viscous brown
0il in the ampoule. Preparative g.l.c. (col B, 75°) gave (i) triene (X) (0.25
g.), identified by i.r. spectrum and (ii) Qo@gggﬂuomtrigxclol5,2.2,02’6J-.'-
undeca-2,3,8~trieng (XXVII) (1.0 g.). (Found: C,36.4; F,63.5%; M (mass

spectroscopy) 360. )P, requires C,36.7; F,63.3%; M, 360).
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(o) 2H-heptafluorocyclohexa-1,3-diens

2H-heptafluorocyclohexa-1,3-diens (1.2 g., 5.4 mmoles) was irradiated for
157 hours (tube B); the volatile liquid recovered (l.14 g.) was separated by
preparative g.l.0. (col G, 100°) to give (i) 1,3.4.5,5,6,6-heptafluorobicyclo-
[2,2,0lhex~2-ene (XXIX) (0.58 g., 2.6 mmoles, 48%) (Found: C,34.7% H,0.5%;
M (mass spectrometry), 206, C6HF7 requires C,35.,0%; H,0.5%; M,206), a
colourless liquid, v . 1656 on™t (CP=CH) and 3125 om L @é-ﬂ), (ii) 2H-

heptafluorocyclohexa-1,3~diene (0.32 g.), identified by i.r. spectrum.

3415 Yacuum Pyrolyses
The technique and pyrolysis apparatus have previously been described in

the experimental section of Chepter 2,

(a) Dodecafluorotricyclol5,2,2 02’6 undeca-2,5,8~triene (X

Triene (X) (12.0 g., 33.3 mmoles) was pyrolysed at 6200/1(3-3 mm,Hg. and
yielded (i) tetrafluorcethylene, identified by its i.r. and m.;xss spectra and
(ii) a yellow liquid (9.28 g.) which was distilled to give a colourless liquid,
perfluoroindene (XXVIII) (7.25 g., 27.9 mmoles, 84%) b.p. 149°,  (Found:

C,41.3; F,58.1%; M (mass spectroscopy), 260. requires C,41.6; F,58.4%;

®¥s
M, 260); the 19 nem.r. showed six multiplets at 127.3 (2F), 141.3 (¥),
148.2 (2F), 150.9 (F), 155.5 (F) and 162,0 (F) p.p.m. upfield from CFC1,
external reference; the i.r. and mass spectra were substantially the same as

reported previously,lé Vpax 1754 cm_l (CF=CF).

2
(b) Dodecafluorotricyclo|5,2,2,0 6 undeca~-2, 3,8-triene (XXVII
Triene (XXVII) (0.368 g., 1.02 mmoles) was pyrolysed at 5!|-0°/10-3 mm. Hg
to give (i) tetrafluoroethylene and (ii) perfluoroindens (XXVIII) (0.231 g.,

0.90 mmoles, 88%), with correct i.r. spectrum.
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(¢) DTetradecafluorotetracyclo L'6.2.2.02’ 705’7Jdodeca-2,2-dienes (XXV) and (XXVI)
(1) The shorter retained isomer (XXV) (0.113 g.) was pyrolysed at 340°/

10—3 mm.Hg; no gas was evolved and examination of the liquid product (0.110 g.)
by analytical g.l.c. and i.r. spectroscopy showed it was a mixture of isomers
(XXV) and (XXVI) in approximately L4:1 ratio with the shorter retained material
predominating. This liquid mixture was repyrolysed at 6000/10-3 mm.Hg to give
a gas (discarded) and perfluoroindene (0.062 g.) contaminated with an
unidentified more volatile material (< 10%).

(ii) The longer retained isomer (XXVI) (0.057 g.) was pyrolysed at 600°/
107 mm.Hg to give a gas (discarded) and perfluoroindene (XXVIII) (0.018 g.)

containing approximately the same proportion of the same impurity as the

product of pyrolysis c(i).

() 1 6.6-heptafluorobicyelo[2,2,0lhex-2-ene (XXIX
Compound (XXIX) (0.032 g., 0.16 mmoles) was pyrolysed at 3500/10-3 mm, Hg,
examination of the product (0.02 g., 0«10 mmoles) by infrared spectroscopy and

analytical g.l.c., showed it was pure 2H-heptafluorocyclohexa-l,3-diene.

3,16 Reaction of 1,3.4,5.5.6,6=-heptafluorobicyclo[2,2,0]hex-2-ene (XXIX)

with furan

To 0.1 ml. of dry carbon tetrachloride was added 0.096 g. (4.66 mmoles)
of compound (XXIX) through a serum cap, After running the g.l.c. of this
mixture freshly distilled furan (0.07% g., 10.88 mmoles) was added through
the serum cap. The reaction was followed by g.l.c. (ool 4, 60° and 150°) using
carbon tetrachloride as an internal marker,and up to one hour after the
commencement of reaction the decrease in furan or (XXIX) measured relative to
carbon tetrachloride was negligible and there was no peak due to the expected
furan adduct at this stage. After standing for 3.5 days at room temperature

(col A, 60° and 150°) g.l.c. showed most of the furan and (XXIX) to have been
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consumed and an additional peak due to the adduct was evident. Removal of the
volatiles under vacuum left a residual white solid (0.098 g.) from which was
sublimed 1ll-oxa-2 6~heptafluorotetracyclol6,2,1 02’703’6 undec-9-ene
(0.063 go, 2.3 mmoles, 49.4%) (Found: F,48.0%, M (mass spectroscopy), 274

cl°H5F70 requires F,48.5%; M,274) mep. 57-57.5° (1light petroleum 60/80),

3.17 Attempted Thermal Rearrangemsnt of Dodecafluorotricz.clol5,2,2,02’6,] -
undeca~2,5,8-triene (X)
Triene (X) (0.63 g., 1,76 mmoles) was heated in a 12 ml. pyrex ampoule
under vacuum, after drying over phosphoric oxide, for 2 days at 80°. Infra-

red spectroscopy and analytical g.l.c., on the residual liquid showed it was

unchanged (X).
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4e1 DNucleophilic Substitution in Polyfluoroaromatic Cogpound5193

The parent perfluoroaromatic compound hexafluorobenzene was first
synthesised in reasonable yield in 1955 by the pyrolysis of the readily-

available compound tribromofluoromethane, as below.

SbF_ activated with Br

3 2, 630-64,0°
CBr), 120-130° > OFEry (%) “Frotupe” e (5%

Since then better synthetic methods have been discovered for the
preparation of this compound and the fully fluorinated analogues of many other
1 aromatic compounds, both homocyelic and heterocyclic, have also been prepared.
Corresponding to the range of substituted benzenes and other hydrocarbon
aromatics which are available by electrophilic attack on the parent hydrocarbons,
an equally large number of fluorocaromatics are obtainable from the attack of
nucleophiles on the parent perfluoroaromatic; elimination of a proton in the
first instance changing to the elimination of fluoride ion in the second.
Thus nucleophilic substitution in polyfluoroaromatic compounds is important
synthetically and in addition it is also interesting theoretically for like
electrophilic attack in aromatic hydrocarbons nucleophilic attack in poly-
fluoroaromatic compounds does not occur in a random manner but strict
orientation rules are obeyed.
The following discussion is restricted to nucleophilic substitution in
polyfluorohomoaromatic compounds, although the arguments advanced have been

extended to include heteroaromatic compounds.

4.2 Nucleophilic Substitution in Fluorinated Benzenssl95’195

Hexafluorcbenzene reacts readily with a range of nucleophiles affording
a good synthetic route to pentafluorophenyl compounds when the reactions are
controlled to produce only monosubstitution, The increase in reactivity

towards nucleophilic attack of hexafluorobenzene compared with fluorobenzene 1is
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evident from the rate constants for reaction with sodium methoxide in methanol
being in the ratio of 107:1. The reaction of sodium methoxide in methanol with
194

hexafluorobenzene shows second order kinetics. Examples of some typical

reactions of hexafluorobenzene are shown below,.

TABLE 17
Nucleophilic Substitution Reactions of Hexgl.fluoro'benzerlgglg3

Group Introduced Reagent Used Product
H - L:iM.Hh_ in Et20 C6I"5H
(o]
NH, NaNH, or NH3,H20/E1;OH at 170 06F5NH2
C CH Li in Et_0 C F_CH
% 3 2 6"5°3
NaOCH_ in Et,0 C ¥ _OCH
OCH3 | al 5 5 67 50CH;
SH " NaSH/Pyridine/( CHZOH) 5 c 6F5SH
o .
CH_NH_ at 11 ¢, F_NHCH
NHCH3 30y a 5 6's 3
NHNH2 NZHI..'HZO 06F5NHNH2
H_1i E C.F CH
06H5 06 5L:L in t20 6¥5%s

In addition to the formation of pentafluorophenyl compounds CGFSX further

substitution often occurs to give compounds such as CGFI..XZ and C5F3x3;

derivatives such as CGFI..XY’ CGF3XY2 and CGFBXYZ etc., can also be obtained by

reaction of 06F5X or CGFI..XY with other nucleophiles. The relative amounts of
the isomeric products obtained when 66F5X_undergoes nucleophilic attack and the
rates of these reactions follow distinet trends where the nature of X is of
prime importance and, except in a few special instances of pronounced ortho
replacement in CGFSX’ the nature of the nucleophile is of little significance.

By considering the predominant isomers produced on monoreplacement in C6F X it

5
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is possible to divide these compounds into four main categories.

The most common reaction type is attack by nucleophiles almost exclusively
at the fluorine atom PARA to X in C¢FX, and this occurs for X = H, G/, CH,,
CF,, 6H5NH OCH CH OH, N2 , C1, Br, I, etc., for example,

e
=
bxt

¥ SH

When X = NH2 or 0° attack by nucleophiles occurs almost exclusively at

the fluorine atom META to X, for example.

NH, NH

2

T F H,0,EtOH,Mi, P F

P F 220° F NH,
F | F

Attack at the fluorines META and PARA to X occurs when X = OC:H3 and

NHCH,, as below,

OCH

3
CH ONa ' F F
+
‘ CH OH ‘ OCH3 ¥ F
F

ocH

=
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205 201

. 193,1
Finally, when X = NO,, 22" ¢ ,%% cro,% ang N0*®* nuslecphilic

attack is para to X with most nucleophiles but anomelous high ORTHO replacement

occurs with some amines, for example,

CHO CHO - CHO
F F M ’
O =0 0O
- —_— +
F F F by 1y F
F F : Nite,,
ortho para

ortho/para = 3/2

In nearly all cases minor amounts of the non-predominant isomers are also

obtained,

4,3 Rationalisation of the Orientation of Nucleophilic Substitution195

Burdon has successfully rationalised the direotion and ease of
nucleophilié substitution in Eimple fluorinated aromatic systems by considering
the relative ground state and transition state stabilities of the reactions
concerned. His model adopted fornthe transition state is the Wheland-type
intermediate shown below, for the attack of a nucleophilécon hexafluorobenzene,
and it is assumed that resonance structure A makes a greater contribution to the
intermediate than structure B; this assumption is supported by molecular

orbital calculations which show a maximum density of negative charge para to

the nucleophile.
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f Na F
r - Nu
F F +Nu- F . F _F- F F
— —_—
F ¥ ~Nu F F F F
T 7 h
: [
_ F F F F
Nu = nucleophile -
' F F F
F Nu Nu F
A B

The ratio of isomeric products formed will depend on“the stabilities of
the transition states leading to the various isomers. For a pentafluorophenyl

derivative C6F X,where X has the same stabilising effect towards a negative

5
charge on the carbon atom to which it is attached as does fluorine, the ratio
of isomers obtained on monosubstitution, ortho/meta/para, should be the

F statistical Z/Z/I,as the Wheland intermsdiates al1 have the same energy. If

X tends to destabilise a negative charge on the adja@ent carbon more than -
fluorine, attack by nucleophiles should be mainly at the position meta to X

so that X will be attached to the carbon atom with the lowest electron density,
and if X stabilises an adjacent negative charge more than fluorine,attack ought
to be mainly at the para position (transition state A) with some slight

attack at the ortho position (transition state B). Thus the nearer the
stability of the transition state for nucleophilic attack in 06F5X is to that
for attack in hexafluorobenzene the closer should the isomer distribution be

to the statistical one; if the stability of the transition state is greater

than that for the analogous reaction of hexafluorobenzene para replacement

should predominate; if the opposite is true we should have predominant mete

replacement,
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A substituent can stabilise or destabilise an adjacent negative charge by
inductive effects, as occurs with alkyl groups, or by delocalization effects, as
fof a8 nitro group. In the case of a halogen substituent the order of
destabilisation is F > C1 > Br > I~ H, the reverse of what is normally found
for an inductive effect., The reason for this order of destabilization is that
the negative charge is in a melectron sysiem and electron repulsion in =
systems (I - repulsion) follows the order F 7 C1 > Br » I, as deduced from
spectroscopic measurements; the I1T -repulsive effects of oxygen and nitrogen
are not derivable from spectroscopy but are assumed to be in the order N7? 0 F,
Steric interactions can also affect the stabilising or destabilising ability
of substituents X and are responsible for the Iﬂ— repulsive effect of nitrogen
being considerably reduced in pentafluoro-N,N-dimethylaniline and pentafluoro-
N-methylaniline relative to pentafluoroaniline, and similarly account for the
reduced Iﬂ- repuléive effect of oxygen in pentafluoroanisole relative to
pentafluorophenol. The substituents on the heteroatom are thought to interfere
sterically with the orth#fluorines,distorting the group X out of planarity
with the‘ring, the p 'orbital of the heterocatom of the substituent is then no
longer parallel to the 1 orbital 6f the ring and is unable to exeroise its
maximun Irr - repulsive effect. For X = O or NH, meximum I repulsion is
realised and only meta substitution takes place; for X = NHCH3 or OCH3
distortion from coplanarity with the ring results in both para and meta
substitution occurring to an equal extent; in the case of X = N(CH})2 Iﬁ'
repulsion is so reduced that little or no meta substitution occurs, It has been
suggested that the small amount of ortho replacement which occufs when
pentafluorcanisole or pentafluoro-N-methylaniline react with nucleophiles is
due to steric interaction between the incoming nucleophile and the methoxyl
or N-methylamino group.195 The tetrafluoronitrobenzenes (246) below,show a

gradation in reactivity due to the group X adjacent to the nitro group
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preventing the latter from achieving the coplanarity essential for full

activation, the larger the group X the lower is the reactivity of the aromatic

compound..lg6
RO
2
7 X
Reactivity of C,.F_NO C,F NH NO C,F NHMgNO
o o activity o 652>/6h.22>64[e2~
F ,
csphocn.jno2 > °6F4N“‘2N°z o
(246)

Burdon's theory has been extremely successful in predicting the sites of
nucleophilic attack in simple halogenated benzenes, As an example pentafluoro-
benzene (247), pentachlorobenzene (248) and chloropentafluorobenzene (249) react

with nucleophiles at the positions shown., This is in accord with Burdon's

e ©
theory as the order of stability of the intermediate carbanions is C-H 7 C~Cl?
@

C-F.
H. H Ccl
O O )
) F Cl F F
P — c1 - I el
F . F
(247) (248) (249)

An even more illuminating example is the attack of nucleophiles on the three
tetrafluorobenzenes, Attack at the arrowed positions once more leads to the
most stable of the possible intermediates. Compounds (250) and (251) in
reacting at the arrowed positions, ensble the negative charge to be localised

mainly on a hydrogen-bearing carbon in the transition state whereas this is

>

not possible for (252); consequently (252) is 10” times less reactive than

its isomers (250) and (251).195




v ¥ o ' . F -
- ' —F _ F F «—
(250) - (251) (252)

Although the two tetrafluorohalogenobenzene systems (253) and (254) ha
not been investigated when Burdon published his theory he was brave enough

predict that nucleophilic attack would take place mainly at positions, o

3

191.

d

to

so that the negative charge of the intermediate would be mainly stabilised by

the hydrogen atom; he also predicted that attack at position B would increase

in the sequence Hal = I ? Br ) Cl as the I, effect of the halogen approached

that of hydrogen, the negative cherge in this case being mainly stebilised by

the halogen atom, see below. These predictions have since been verified

experimentally, and for (254) it was further found that attack at position

o

could be subject to steric hindrance for a large halogen substituent; this was

observed when dimethylamine attacked (254) with Hal = 1.197

H H
r Hal _ g8 — I F

g — F F Hal
7 . _ F

ta : fa

The order of the'ITr 'repulsive effects of the halogens is evident from
comparing the relative amounts of ortho and para substituted isomers formed
when pentafluorohalobenzenes react with nucleophiles, Nucleophiles attack
06F5X, X=2Cl, Br, I, H, mainly at fhe position para to X with some ortho
attack and little meta attack; this is expected as the Iﬂ repulsive effect

of X is less than that of fluorine. The difference between the ortho and




192,

- para transition states should be less as the ITT repulsion effect of X nears that
of fluorine and this is reflected in the percentage of ortho replacement
varying from 25% (X = Cl) to 12% (X = Br) and less than 5% (X = I,H) in accord
with I, repulsion increasing from X = I up to X = F, Steric effects can be
important in ortho substitution and the large nucleophile dimethylamine led
to less ortho substitution in the pentafluorohalobenzenes than did the much
smaller hydroxide ion; however the fact that pentafluofobenzene undergoes less
ortho substitution than pentafluorobromobenzene or pentafluorochlorobenzene
suggests that elgctronio factors play the major role in determining ortho/para
ratio in nucleophilic substitution.198
It has been shown above that by considering the relative stabilities of
possible transition states it is possible to predict the orientation of
nucleophilic attack in a pentafluorophenyl derivative, It is also possible to
essess the reactivity of a pentaflporophényl derivative towards nucleophilic
attack at & particular position by considering both the ground state and
transition state energies., Substituents which tend to compensate for the
electron-withdrawing fluorine atoms by electron-donation into the m system su&h
as NH,, OCH, and 1\1(0}15)2
hexafluorobenzene whereas substituents such as N02 which are electron-with

will have ground states of ldwer energy than that of

drawing will have higher ground state energies. These considerations explain
why pentafluoronitrobenzene reacts very readily with nucleophiles, penta-
fluoroaniline being quite unreactive in comparison, the difference in energy
between the ground state and transition state for the reaction of pentafluoro-
nitrobenzene with a nucleophile being far less than for the analogous reaction
of pentafluoroaniline, There is also thermodynamic evidence that increase in
. fluorine substitution of a compound decreases its stability,and C6F5H is
assumed to be of greater stability than 06F5X (where X is a halogen but not F)

which is more stable than 06F6. The usefulne&s of this approach toward
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predicting the relative reactivity of compounds is restricted because only
qualitative estimates of the magnitudes of ground and transition state energies
are possible.195
Nucleophiles also show marked variation in reactivity. Whereas methylemine
and ammonia behave as nucleophiles towards hexafluorobenzene aniline only reacts
as the anion CGH Nﬂ5>generated by mixing sodium hydride with the amine.199
Sulphur-containing nucleophiles react very readily with fluoroaromatics.
Thus 2-mercaptoethanol yields no monosubstitution produet with hexafluorobenzene,
only the S-linked para-disubstituted product (255) is fonmea in good yield
under mild conditions; under similar conditions the analogous bifunctional
nucleophiles ethylene glycol and 2-aminoethanol yield monosubstituted products,

2
see below. 00

SCHZCHZOH

SCH20H20H

(255)

The above reaction suggeststhat the S-containing substituent activates the
pentafluorophenyl ring towards further replacement. An extreme example of
activation of this type is the replacement of all five fluorine atoms by the
bulky thiophenyl group in reaction with pentafluorobenzaldehyde under very

mild conditions, see below,
CHO

F F _KSPh in D.M.F, - FPS

F " ¥ °°
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Sulphur activates by stabilising the negative charge of the intermediate using
its vacant d orbitals.201

It was previously stated that certain pentafluorophenyl derivatives were
attacked by most nucleophiles para to the substituent but that anomolous high
ortho replacement occurred with certain amines. Compounds which behave in this
way are pentafluoronitrobenzene, pentafluoronitrobenzene, pentafluorobenzoic
acid, pentafluorobenzaldehyde and pentafluorophenyl-substituted-N-oxides.

An example is the reaction of the morpholino-N-oxide (256) with morpholine
to give, after deoxygenation, compound (257) as the major product. Di-ortho
substitution is said to be due to the inductive effect of the N-oxide substituent
increasing the lability of the ortho fluorines and also the secondary amine

forming a strong hydrogen bond to the N —» 0 group which anchors the nucleophile

in a position ideal for ortho attack as shown below. (257) is only formed in

H~>»0 M=»0 --——H M-—P@
\N IM
F F F
Q. - ~ m,
—
F F F F F F
F F F
(256)
MH
M M M M
Id.eozxgenate
F F » ¥ F
F F
(257)

M = morpholino
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non-hydroxylic solvents; reaction in water or alcohol led to the 1,4~
disubstituted product as the N => 0 group hydrogen-bonded to the hydroxylic
solvent in preference to the n.ucleophile.202
Similarly pentafluoronitrobenzene was attacked para to the nitro group by
methoxide ion but underwent subst#ntial ortho attack with amine nucleophiles.
The percentage of substitution ortho to the nitro group decreased in the order
NH3 y NHchB v NH(CH3)2 which is the order of decreasing strength of hydrogen-
bonding, and solvent effects again had a marked effect on the amount of ortho
substitution.205 The high percentage of ortho substitution by amine nucleophiles
in pantafluoronitrobenzene204 and pentafluorobenzoic acid205 has also been.
attributed to hydrogen-honding between the nucleophile and the substituent.
antafluorobenzaldehydé reacted with dimethylamine to éroduce both the
ortho and para replacement products in the ratio of 3:2 respectively., In this

case reaction was sald to prooceed via an addition complex formed'by nucleophilic

attack at the carbonyl group, the nucleophilic NMe2 group being released in an

20,
ideal position for attack at the ortho fluorine, as below. 1
H OH
‘ C ﬁ H
H-c “N< H} -
CH N’/CH3
HN(CH F ci,
FN F

4e4 Nucleophilic Substitution in Polyoyclic Fluoroaromatic Compounds

The method first used for the preparation of perfluoronaphthalene, by
exhaustive vapour phase fluorination of the parent hydrocarbon using cobaltic
fluoride followed by defluorination over a heated metal,122 has been
sucoeésfully applied to the preparation of perfluoroacenaphthylene, perfluoro-
137

acenaphthene, perfluoroindane, perfluoropyrene, and perfluorcanthracene.
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Perfluorophenanthrene has been prepared by the defluorination of perfluoroper-

2
“hydrophenanthrens over diiron trioxide, 06 perfluorobiphenylene by the vacuum

o 207
a

pyrolysis of tetrafluorophthalic anhydride in a silica tube at 750 nd

1,2,3,4~tetrafluoronaphthalene is readily available by a variety of routes (see
introduction, Chapter 2). Like simple polyfluoro—benzenes,thesq fluorinated
polynuclear aromatic systems are also susceptible to nucleophilic substitution
and, to date, papers have been published on nucleophilic attack in perfluoro-

12
4 1,2,3,h—tetrafluoronaphthalene,131 perfluoroacenaphthylene,208

2 2
07 and perfluorophenanthrene, 06-

naphthalene,
perfluorcbiphenylene,
Of these compounds perfluoronaphthalene has been the most extensively
investigated. Reaction with a variety of nucleophiles results in replacement of
the p fluorine. Attack at the p position is in accord with Burdon's theory, as
the negative charge on the intermediate will be mainly localised on a carbon
atom involved in ring fusion rather than on carbons bearing a fluorine atoi?5’195
Also, attack of an amine nucleophile on the N-oxide of a B amino heptafluoro-
naphthalene occurs at the ortho positions in non-hydroxylic solvents, due to
hydrogen-bonding; in hydroxylic solvents the 2,6-disubstituted compound is
obtained; this is in accord with the results obtained for pentafluorophenyl

27,2
121,202 (see introduction, Chapter 2),

substituted N-oxides.
1,2,3,4~Tetrafluoronaphthalene undergoes nucleophilic substitution in the
fluorocarbon ring and electrophilic substitution in the hydrocarbon rihg; the
hydrocarbon ring is responsible for the low reactivity of this compound tow;rds
nucleophilic attack in comparisoﬁ with perfluoronaphthalene; for example
sodium methoxide will only react with the former compound if heated in a
sealed tube to temperatures in excess of 1000, whilst the latter reacts readily
under reflux. In agreement with Bu;don's theory nucleophiles attack the 2-

131 .
position of 1,2,3,4~tetrafluoronaphthalene. 5 (See Introduction, Chapter 2).
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Perfluorobiphenylene reacts readily with sodium methoxide in methanol;
under mild conditions the reaction can be controlled to produce mainly mono-
substitution, Monosubstitution results in two isomeriec products; the major
isomer is 2-methoxyheptafluorobiphenylene, in accord with Burdon's theory,
l-methoxyheptafluorobiphenylene is produced in much smaller amount, The
structures of these products were determined by n.m.r. spectroscopy. The

207

reaction is shown below,

F F :
r F NaOCH /CH.OH F F . 0%,
O, omyms,
F F k4 F . F o+
F F F F
major
OCH
F
F F
F C : F
F F
minor

Perfluoroacenaphthylene, like acenaphthylene, possesses considerable
double-bond character between Cl and C2; the Cl-C2 bond is readily oxidised with
potassium permanganate, can be catalytically hydrogenated and adds bromine,
Reaction with sodium methoxide in methanol, hydrazine hydrate in ethanol,
lithium aluminium hydride in diethyl ether and aqueous ammonia resulted in
replacement of the 3-fluorine, the structure of the 3-methoxy compound was
established by n.m.r. spectroscopy and all the compounds were interconvertible.
Reaction with sodium methoxide could be controlled 50 that mono, di, tri or
tetramethoxy-substituted polyfluoroacenaphthylenes were the major products

by varying the mole ratio of nucleophile to fluorocarbon; the products

obtained are shown below,
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F F F F
1 2 _
: OCH
F @ F NaOGH5/0H30H F O Q .3
—>
F @ F F F
F F F F
_ , " (1 mole’ -
(1 mole) of Bcns)

OCH

(2 moles of BCHB)

(4 moles of BCH3)

After one methoxyl group had been introduced the 8-position was then attacked,
then the 5-position and finally the 6-positionl; replacement of the most-
olefinic fluorines at Cl and C2 did not take place. It is not possible to
compare the reactivities of the 1 and 2 positions with the remaining positions
using Burdon's theory. If the 3,4 and 5 positions are considered it is
reasonable to expect the 3 and 5 positions to be more susceptible to
nucleophilic attack than the L4 position,for although all these positions possess

a carbon atom in a para position which does not bear a fluorine atom, the
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former positions have only one ortho-carbon bearing a fluorine atom whereas the
latter possesses two; the theory does not explain why attack at C-3 is preferred
over attack at C-5.208 -

Recent wotk on nucleophilic substitution in perfluorophenanthrene has
established that the 2 and 7 fluorines are the most readily replaced. Reaction
of perfluorophenanthrene with both sodium methoxide in methanol and
dimethylamine in ethanol under conditions which led to the replacement of two
fluorine atoms resulted in the isolation of the 2,7-disubstituted hexafluoro-

phenanthrenes in both cases, the structures of these compounds being established

by both n.m.r. spectroscopy and chemical means.

MeO
F or szNH X (:::) X

(X = MeO or MezN)

Burdon had tentatively predicted that attack by nucleophiles in perfluoro-
phenanthrene should take place at positions 9 and 10,based on the stabilities
of the Wheland-type intermediates., It has been suggested that the reactivity
of these positions might be lowered due to the 9-10 bond being the most
olefinic; an analogous explanation may also account for the low reactivity of
the 1 and 2 position in perfluoroacenaphthylene towards nucleophilic attack.
If Burdon's theory is applied to the non-vinylic positions of perfluoro-
phenanthrene then attack at positions 1 and 4 should be unfavoursble, as attack
at these positions would lead to intermediates in which the negative charge
would be localized mainly on a carbon bearing a fluorine atom; this simple

theory cannot however explain why the 2-position should be more reactive than

the j-position.zo6
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4.5 Some Reactions of Perfluorcindene

Perfluoroindene (XXVIII) can be conveniently prepared by the vacuum
pyrolysis of dodecafluorotriqyclo[B,2,2,02’6)undeca-2,5,8-triene (X), almost
quantitative conversion of (X) to (XXVIII) being achievable under optimum
conditions and (XXVIII) can be obtained in quentities of the order of 10 grammes
from & single experiment (see Chapter 3). The ready availability of
perfluoroindene together with interest in the sites of nucleophilic substitution
in polycyclic fluorocaromatic compounds stimulated interest in its chemical
reactions,

Although Burdon has successfully rationalised the reactivity and
orientation of nucleophilic substitution in both homocyclic mononuclear fluoro-

195

aromatic compounds,
125

and in the polycyclic fluoroaromatics per-fluoro-

207

naphthalene, 1,2,3,h—tetrafluoronaphthalen9131 and perfluorobiphenylens,

difficulties arise in predicting the sites of nucleophilic substitution in
perfluoroacenaphthylene208 and perfluorophenanthrene.206 In both these latter
compounds the most olefinic fluorines were not replaced by nucleophiles although
for perfluorophenanthrene these fluorines were predicted to be the most
susceptible to nucleophilic substitution; for perfluoroacenaphthylene it was
not possible to assess the reactivity of the most olefinic fluorines using

206,208 1. the 1ight of these results it is

Burdon's theory (see Introduction).
clearly of interest to investigate the reactions of perfluoroindene with
nucleophiles to ascertain if it behaves like perfluoroacenaphthylene and
perfluorophenanthrene undergoing substitution in the six-membered ring or if
elternatively the olefinic fluorines of the five-membéred ring are more
readily replaced, The reactions of perfluorocindene with the nucleophiles
sodium borohydride, sodium methoxide, hydrazine hydrate and lithium methyl were

investigated.

Unsaturated fluorinated compounds often react with sulphuric acid or
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oleun to produce ketones. One of the most common reactions is the hydrolysis of
a gem difluoro group to a keto group, the stability of the keto group depending
on its position in the molecule.209 This type of hydrolysis occurs in the
transformation of perfluoroacenaphthene (258) to hexafluoroacenaphthene-1,2-

quinine (259), using oleum containing 20% SO5 at 1000, see below.208

F p 1. oleum (20% 50,) 100°, 1.5h, F F
F F 2, ice F F

(258) (259)

Ketone (259) is also formed from the reaction of perfluoroacenaphthylene
with oleum containing 20% SO3 at room temperature; this reaction is said to
proceed via a mechanism related to that of the oxidation of 2,3-disubstituted
hexafluorobutenes to perfluorobiacetyl using chromic oxide, which involves the
intermgdiacy of a chromate,ester.zo8

The-reaction of perfluoroindene with oleum was undertaken to ascertain
whether the allylic or vinylic fluorines of the five-membered ring would be
attacked, the former appearing more likely as peréhloroindene gave a
quantitative yield of the hexachloroindene (260) on reaction with sulphur

trioxide at room temperaturs, see below.191

0
foom h.mp
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4.6 Reactions of Perfluoroindene with Nucleophiles

(a) Reaction with Sodium Borohydride in Diglyme

Both lithium aluminium hydride and sodium borohydride react as

nucleophiles with fluorinated olefins and aromatic compounds, the nett result
being the replacement of fluorine by hydrogen. Reaction with sodium borohydride
was investigated in preference to the former reagent, as lithium aluminium
hydride often leeds to complex reaction products due to multiple substitution
and rearrangement of initially-formed products, r'eaction; being difficult to
regulate; in contrast reactions with sodium borohydride usually proceed
smoothly under mild conditions, substitution to any desired degree being possib%?

Reaction of perfluoroindene (XXVIII) with sodium borohydride at 0° could
be regulated to give either the mono (C9HF7)- or di(09H2F6)- replacement
products as major components of the product mixture. (See Figure 8). Vhen
perfluoroindene (XXVIII) (1 mole) reacted with sodium borohydride (% mole) at
0° for 1 hour all the starting materia.llw;s consumed and analyticel g.l.c. of
the product mixture indicated two new longer-retained peaks. Separation of
these two peaks by preparative scale g.l.ce. resulted in two fractions both
of which were single peaks on analytical g.l.c. {(col O and col A) over a
variety of temperatures, |

The shorter-retained fraction, the major product of reaction, had a
parent ion in the mass spectrum at m/e 242 (C9HF7) with a breakdown pattern
consistent with its formulation as heptafluoroindene, and successfully

19

anglysed as C_HF An examination of its lH and

9T

indicated that more than one product was present, in accord with monosubstitution

F n.m.r. spectra however

at more than one position. The infrared spectrum of this mixture of hepta-
fluoroindenes no longer possessed the intense absorption at 1754 cm-l present
in the spectrum of perfluoroindene and assigned to the CF=CF stretching

frequency of the double bond in the five-membered ring, but contained instead
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two bands at 1672 cm-l and 1640 cm-l and was otherwise transparent in the
double-bond stretching region, suggesting monosubstitution at both vinylic
positions in the five-membered ring, the replacement of the vinylic fluorine by
hydrogen resulting in a reduction of the double-~bond stretching frequency as
also occurs for simple cyclic fluoroolefins.211 The remainder of the infrared
spectrum of these heptafluoroindenes resembled those of other fluorinsted
indenes prepared, in particular containing strong aromatic bands at close to
1510 cm-l; the vinylic C-H stretch occured at 3130 cm-l.

All the resonances in the n.m.r. spectra could be accounted for by
assuming this fraction to be a 1:4 or 4:1 mixture of 1,1,3,4,5,6,7-heptafluoro-
indene (XXXI) and 1,1,2,4,5,6,7-heptafluoroindene (XXXII), The M num.r.
spectrumn contained only.two broad resonances due to vinylic protons (5.28 and

19

5.876) in the ratio of 4:1 respectively; the ~“F n.m.r. spectrum was more

complex but could be interpreted as a 4:1 or 1l:k mixture of (XXXI) and (XXXII)
19

with the aid of integrated intensities. The ~“F n.m.r. spectrum contained two
low~field resopances in the ratio of 4:1 assigned to the CF2 groups of
compounds (XXXI) and (XXXII); the remaining resonances, ten in all, were
assigned to the vinylic or aromatic fluorines of these compounds, each of
these resonances integrating to half the intensity of the respective CF2
resonance (see Table 18 and Figure 8).

The structure of the major isomer, (XXXI) or (XXXII), was determined by
X-ray photoelectron spectroscopy (see Appendix 1). This technique
convincingly established that fraction 1 was a 4:1 mixture of 1,1,2,4,5,6,7-
heptafluoroindene (XXXII), the major component, and 1,1,3,4,5,6,7-heptafluoro-

indene (XXXI), the minor component. The ultra-violet spectrum of this

mixture of isomeric heptafluoroindenes was also in agreement with a fluorinated

indene structure (see Table 19).
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TABLE 19
Ultra~Violet Spectra-of Some Indenese’

Com;goundb _ A o £ (lo§ 03)

S

265", 272(3.24), 2.85(3.21), 302(3.28)

o

(XXVIII)

c

(1) 262°, 271(3.35), 283(3.31), 296(3.27)

o

(XXXI) ana (XXXII)
H

[::::]::j>> H  267°, 27(3.10), 287°, 300(3.12)
(RXXIII) ﬂ '
cH, |
cn3 or @ 265(3.15), 271(3.15), 285°, 303(3.23)
(XXXIV)

H (reference 117) 24,8(4.03), 2755, 278(3.03), 285(2.9),

H
©3H§ : | ' | 289(2.96)
H H

H 223(4.,06), 250°(4.02), 281(2.75),
H H 286(2,47), 291(2.20)

207,
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!ab 1§ 12 contd.

£
Compound” M nax (108;¢)

C1 cl

zi €1 (reference 191) 236(4e29), 242(4e32), 250(4.46),

a1, o 259(4e49).

a. cyclohexane as solvent unless otherwise stated; b. all unmarked
valencies to F; c. run as a 4:(1) mixture; d. ethanol as solvent;
e. broad peak extending from 230 my to 270 my with several shoulders between

250 my, and 270 my; f. in my; s. shoulder.
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The longer-retained material was shown by mass spectroscopy to be a
direplacement product, possessing a parent ion at m/e 224 (C9H2F6) and a
breakdown pattern consistent with its formulation as a hexafluoroindene. It
was also formed as the sole volatile product when perfluoroindene (XXVIII)
reacted with more than twice the amount of sodium borohydride used above, at
0o for 5 hours.

The n.m.r. and infra-;ed spectra of this compound werse conclusive in
assigning its structure as 1,1,4,5,6,7-hexafluoroindene (XXXIII), It possessed
a single absorption in the double-bond strefching region of the infra-red spectrum
at 1592 o™t (CH=CH) an aromatic band at 1517 on ™t and a vinylic C-H stretch
at 3125 cm-l. The 19F n.n.r. spectrum contained only five resonances. There
was a reasonably sharp low-field resonance integrating to two fluorines and
assigned to the CF2 group, and four discreet multiplets which each integrated
to one fluorine, in the aromatic region; these latter resonances were close in
shift position to four of the resonances in the n.m.x, spectrum of perfluoro-
indene, The 1H n.m.r. was a simple AB system (Table 18)'and the ultra-violet
spectrum (Table 19) was also consistent with this structural-;ssignment.
Recoveries in these reactions were generally poor and in addition to the mono-
and di-replacement products isolated, involatile red tars were also formed but
were not investigated,

(b) Reaction with Lithium Methyl in Diethyl Ether
The reaction of perfluoroindene (XXVIII) (1 mole) with lithium methyl

in diethyl ether (1.6 moles) at -78o led to a product which was separated by
preparative scale g.l.c. into two volatile fractions. The shorter-retained
fraction, a colourless liquid, was a single pure product, evident from
analytiocal g.l.c. and its spectra. It was characterised as a methylheptafluoro-

indene by analysis and mass spectroscopy, possessing a parent ion at n/e 256

(010H3F7) and a breakdown pattern consistent with this assignment.
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Substitution had once more occurred in the five-membered ring as the double-bond
stretching frequency of the parent compound at 1754 cm-1 was shifted to 1701

om T (H3CC=CF) in this methylheptafluoroindene (XXXIV); the aromatic stretching
bands at approximately 1510 cm-l were also consistent with the indene
structure as was the ultra~violet spectrum (see Table 19 and Figure 8),

The oF nem.r, spectrum of (XXXIV) contained a low field resonance,
integrating to two fluorines and assigned to the CF2 group)and five multiplets
each integrating to a single fluorine in the aromatic or vinylic fluorine region
(see Table 18); the 1H n.m.r. spectrum contained a single resonance, As for
perfluoroindene (XXVIII), 1,1,2,k,5,6,7-heptafluoroindene (XXXII), 1,1,3,4,5,6,7-
heptafluoroindene (XXXI) and 1,1,4,5,6,7-hexafluoroindene (XXXIII) the n.m.r.
spectra of compound (XXXIV) were not first-order; also the large peri-couplings
observed for other fluorinated polycyclic aromatic compounds are not found in
fluorinated indene3136 and arguments based on the chemical shifts in (XXXIV)
and those in compounds (XXVIII), (XXXI) and (XXXII) do not allow an unambiguous
assignment of structure to compound (XXXIV), see Table 18.

In an attempt to differentiate between the two possible structures for
(XXXIV) the carbon ls X-ray photoelectron spectra of 2-methylheptafluoroindens
and 3-methylheptafluoroindene were simulated theoretically and compared with
the experimental spectrum obtained for compound (XXXIV)., Unfortunately ths
experimental spectrum was not sufficiently similar to either of the predicted
spectra to allow an unambiguous assignment of either of these structures to
compound (XXXIV). The failure of this approach in resolving the structure of
(XXXIV) contrasts with its success in the assignment of structures (XXXI) and
(XXXII) to the minor and major monosubstitution products formed in the
reaction of perfluoroindene with sodium borohydride. The most likely reason
for this discrepancy is the well-known difficulty in the theoretical treatment

of a methyl group, in contrast to the comparatively simple case of a hydrogen

atom, 212




211,

No conclusion is possible at present as to the exact structure of (XXXIV)
although a detailed investigation of the n.m.r., spectra of fluorinated indenes
using decoupling techniques, which are not available at Durham, should enable
an unambiguous assignment of structure to be made within the near future.
(Work being undertaken by Dr. R.S. Matthews),

The longer-retained fraction from this experiment was not a pure compound
but a mixture of compounds inseparable on available g.l.c. packings; this was
evident from the complexity of its n.m.r. spectra. The mass spectrum of this
mixture had a top mass peak at m/e 252 (cllHGFg) corresponding to dimethyl-
hexafluoroindene and a breakfiown pattern consistent with this gross structure
(see experimental section)., If it is assumed that the components of this
mixture are of similar volatility then the absence of peaks at m/e 248, 244,
etc., and m/e 256 suggests that this fraction contains only or mainly
disubstituted hexafluoroindenes,

The infrared spectrum of this mixture contained aromatic absorptions in the
region 1520-1490 cm_l, and the indene skeleton was indicated by the ultra-
violet spectrum which possessed absorptions in the same regions as the other
fluorinated indenes prepared, although of reduced intensity (ef. experimental
section and Table 19). In addition to possessing C-H stretching vibrations
at 2940 cm-1 the ihfra;red spectrum of this mixture also contained two
absorptions in the doublé-bond region, at 1709 cm-1 and 1667 cm—l. The band
at 1709 cm_1 is at almost the same frequency as the double-bond absorption of
the monosubstitution product (XEXIV) (1701 cm-l) and may also be due to a
(H360=CF) double bond; the band at 1667 cm-l, much weaker than the former band,
can be assigned to a (HBCC=CCH3) double bond or to a (HscC=CF) double bond in
which the methyl group is attached to the vinylic position other than the
one to which it is bonded in (XXXIV); both the heptafluoroindenes (XXXI) and

(XXXIIT) had double bond absorptions at different frequencies, The presence

L
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of a (H§B=CF) double-bond in at least one of these products would indicate that
if this is a dimethylhexafluoroindene one of the substituents must be in the
six-membered ring.

The nem.r. spectra of this disubstituted fraction were complex, as
expected for an isomer mixture, it was, however, possible to deduct the major

peaks from the 19

F n,m.r. spectrum and these are documented in the experimental
section., The major peaks were a low-field resonance integrating to 2F and
assigned to the CF2 group and four multiplets integrating to 1F each in the
aromatic or vinylic fluorine region, consistent with the major component of

the mixture being a dimethylhexafluoroindene., The 1H N.Mm.r. Specirum was more

simple and contained only two resonances, both in the region expected for

methyl protons (see experimental section).

(c¢) Reaction with Sodium Methoxide
Reaction of perfluoroindene (XXVIII) with sodium borohydride and with
lithium methyl 18d to product mixtures from which it was possible to separate
and identify individual components. The reaction of perfluoroindene (XXVIII)
with methoxide ion was less satisfactory as it was not possible to obtain a
pure product adopting the separation procedures successful in the other
two cases, however tentative deductions have been made on the basis of
spectroscopic data of the unseparated products,

Refluxing approximately equimolar amounts of perfluoroindene (XXVIII) and
a solution of sodium methoxide in methanol for 18 hours gave a yellow fluoro-
carbon product in high yield. Analysis of this product by analyticel g.l.c.
showed that it contained no more than a trace of unchanged (XXVIII) and an
additional volatile peak of longer retention time than perfluoroindene.
Attempts were made to separate this product from perfluoroindene and possible
involatile products by distillation and by prgparative g.l.c.; both ettempts

were unsuccessful. In the former cese the residue after distillation of
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perfluoroindene from the product contained none of the initial volatile product,
as shown by analytical ge.l.c. and i.r. spectroscopy, but contained only more
involatile materials whose infra-red spectrum contained several absorptions in
the region 1800-1600 cm-l, characteristic of carbonyl or fluorinated double-
bond stretching frequencies, and a vast number of absorptions elsewhere,

These results are not inconsistent with the initially-formed product decomposing
to a mixture of ketones on heating. The attempted separation by preparafive
scale g.l.c. resulted in the recovery of only a trace of brown volatile
material whose infra-~red spectrum was identical to that of the product prior

to separation; brown involatile tars were found in the manifold of the
instrument.

The instability of the initial product was further evident from the yellow
fluorocarbon darkening considerably on standing at room temperature for 24
hours in a stoppered tube; % pungent fumes were emitted on unstoppering the
tube.

Examination of the product formed from the reaction of approximately
equimolar amounts of the two reactants by infrared spectroscopy showed a single
intense absorption in the region 1800-1517 cm"l, at 1709 om . The
stoichiometry of the reaction is in agreement with this being e (FC:COCHB)
stretching absorption consistent with substitution taking place in the five-
membered ring; the rest of the infrared spectrum, which contained aromatic
bands at about 1510 cm-l, was consistent with a fluorinated indene structure.

The n.m.r. spectra of this product showed.fhat it contained more than one
compound, The 19F n.m.r. spectrum contained three sets of resonances at low-
field in the CF, region. An AB quartet, J~270 Hz, of weak intensity (<10%
of the product) centréd at approximately 102 p.p.m. was assigned to the CF2
group of a methanol adduct of perfluoroindene, the value of the coupling
constant together with the shift of the fluorines indicating a CF2 group in a

fluorinated indane skeleton (see experimental section and Table 20).
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Two other resonances present in the ratio of 2:1 at similar chemical shift to
the CF2 resonances of other fluorinated indenes prepared (see Table 18 and
experimental section) were assigned to the CF2 resonances of 2-methoxyhepta-
fluoroindene and 3~methoxyheptafluoroindene. A doublet of low intensgty at

203 pepems, with J = 50 Hz was assigned to the fluorine of the geminal HF.
system in a me thanol adduct of perfluoroindene, the position of this resonance
and megnitude of the coupling constant being as expected for a fluorine of this
type.213 Two broad resonances to high-field of the remaining resonances,
which were all sharp multiplets, integrated in the ratio of 2:1 and their
combined areas wefe half the combined area of the resonances assigned to the
'CFZ fluorines 2-methoxyheptafluoroindene and 3-methoxyheptafluorindene; these
were assigned to the vinylic fluorines in the five-membered rings of these
compounds, their broadness and highfield position being presumably attributable
to the adjacent methoxyl group. The remaining resonances lay between 123,1 and
157.2 pepem, 2nd together integrated to slightly more than twice the area of
the three sets of CF2 resonances., This is consistent with the above
assignments as, in addition to the arometic and vinylic fluorines, the

fluorine geminal to the methoxyl group in a methanol adduct of perfluoroindene
might also resonate in this region. It was not possible to make any
meaningful assignments in this part of the spectrum due to its complexity
caused by a large number of extensively overlapping multiplets.

The 1H n.m.r. spectrum contained only two broad resonances at 3,15 and

3.9 §, the correct region for methoxyl protons, in the ratio of 1:2
respectively. Presumably resonances due to the methanol adduct of
perfluoroindene were either underlying these resonances or were very weak

(see experimental section).

The mass spectrum of the crude product mixture provided further evidence

for the above assignments. The top mess ion at m/e 292 (ClOFBHLp)
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corresponded to the parent ion of a methanol adduct of perfluoroindene,and

the most abundant ion in the mass spectrum was at m/e 272 (010F7H5O) due to
either the parent ion of methoxyheptafluoroindens or loss of hydrogen fluoride
from a methanol adduct of perfluoroindene, The breakdown pattern is not
inconsistent with a mixture of 2-methoxyheptafluorindene and 3-methoxyhepta-
fluoroindene containing a minor amount of a methanol adduct of perfluoroindene.
If we assume all the products are of similar volatility the absence of ions

at m/e 284, 296, 308, etc, suggests that further substitution has.not

occurred to any marked extent (see Figure 8).

Attempts to remove the methanol adduct from the product mixture after
equimolar amounts of perfluoroindene and sodium methoxide in methanol had
undergone reaction, by dehydrofluorination, were unsuccessful, Warming with
aqueous potassium hydroxide resulted in some reaction, as the reactants
darkened in colour and some fluorocarbon was consumed, however the infra-red
and n.m.r. spectra of the recovered material and the material before
dehydrofluorination were almost identical, It appears that dehydrofluorination
of the methanol adduct of perfluoroindene and decompositioﬁ of the methoxy
heptafluoéoindenesmust proceed at similar rates under these conditions.

A reaction was also undertaken between perfluoroindene and sodium
methoxiée in diglyme; the infra-red spectrum and analytical ge.l.c. trace of
the product was substantially the same as for reaction with sodium methoxide
in methenol.

(d) Reaction with Hydrazine Hydrate in Ethanol

Refluxing hydrazine hydrate (2 moles) with perfluoroindene (1 mole)
in ethanol led to a sticky black solid from which a small quantity of
sublimable material was isolated, the residue being an involatile tar,

When equimolar proportions of perfluoroindene (XXVIII) and hydrazine

hydrate, in solution in ethanol, were allowed to react at room temperature a
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brown solid product was isolated. The 19F n.m.re sSpectrum of this product showed

that it contained more than one compound and from repeated fractional orystall-
19

isations,monitored by ~“F n.m.r. spectroscopy, it became evident that the

19

product was a mixture of two compounds whose ~“F n.m.r. spectral parameters were
closely similar; although it was not possible to isolate either of these
compounds in a pure form, some degree of concéntration of one isomer was
obtained by this means and the 19F n.m,r. Spectral parameters of each
component were deduced from the l9F n.m,r, spectra of several mixtures of these
compounds. The two compounds (XXXV) and (XXXVI) were present in the reaction
product in the ratio of 85:15 respectively.

The mass spectrum of this mixture of (XXXV) and (XXXVI) possessed a
top mass ion at m/e 272 (09F7N2H3) corresponding to the loss of one fluorine
from perfluoroindene and the gain of NHNHZ, as might be expected for attack

2 2
The spectral parameters of (XXXV) and (XXXVI) showed that the indene

by NH_NH, and loss of HF; it also analysed correctly for C9F7N2 3°

skeleton of the starting material was no longer present in these products.

In particular the 19F n.m.r, spectra oflboth compounds contained a low-field
AB quartet with J~270 Hz, (cf. the methanol adduct of perfluoroindene; previous
section) integrating to two fluorines,assigned to the GF2 group in a five-~
meﬂbered ring of an indane skeleton, and four other resonances together -
integrating to five fluorines, A high-field signal close to 200 p,p.m. from
CFClB, a doublet with Jﬂ-SO Hz, is indicative of a fluorine geminal to a
hydrogen in the five-membered ring of an indane skeleton213 (cf. the methanol
adduct of perfluoroindene, previous section) and integrated to a single
fluorine., The remaining resonances were in the aroxﬂatic or vinylic fluorine
region and consisted of three multiplets, two of which integrated to one

 fluorine, the third integrated to two fluorines (see Table 20),
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The infra-red spectra of mixtures of (XXXV) and (XXXVI) contained two
absorptions in the N-H stretching region at 3448 and 3333 cm.-1 characteristic
of -NH,, en absorption at 1613 em ™ in the N-H bending region and two
absorpﬁions at 1520 and 1513 cm-l characteristic of a fluorinated benzene ring,
A single intense absorption in the ultra-violet spectrum at ?84 oy, (logldé=

4.33, CHCl, as solvent), indicates that the fluorinated indens structure is

3
no longer present in these compounds, (of. Table 19).

The spectral evidence above is consistent with (XXXV) and/or (XXXVI)
. possessing either of the gross structures (261) or (262) shown below (see

Figure 8).

E?e,
iy

f~ ‘NH’.Z‘.
(261) {(263)

It appears to be quite general that the aromatic fluorines in fluorinated
indane derivatives, as above, resonate as three signals, one due to two fluorine
atoms the other two fluorines producing discreet resonances, in contrast to
substituted polyfluoroindenes where all the aromatic and vinylic fluorines
resonate. at discreet positions (cf, Tables 18 and 20)., Presumably the fluorines
farthest from the ring junction are little influenced by the asymmetry in the
five-membered ring and possess almost the same shift. There appears to have
been little work done on the formation of fluorinated hydrazenes from the
reaction of hydrazine with fluoroolefins,

Hexafluoropropene (4 mole) when heated in & silver-lined bomb at 60° for
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8 hours with hydrazine hydrate (1 mole) in relatively non-polar solvents such as
dioxan or ether produced the o hydrazone (263, R=H) in 66% yield. Related
products (263, R_-.-C6H5, GONHZ) were formed when phenylhydrazine and semicarbazide

reacted with this olefin, see below.

H N.NHR + F_C-CF=CF, — F_CCHF-CF=N-NHR R=H, C

2 3 o 3 1{5 R CONH2

6
(263)

The o hydrazone (263, R=H) possessed infra-red absorptions at 3390, 3333,
3226 and 1626 ont due to NH, (cf. compounds (XXXV) and (XXXVI)); it was also
readily transformed into sym-tetrazines (264) on standing at room temperature,
hydrogen fluoride being evolved. The sym-tetrazines (26)4) were the only
products isolated when hexafluoropropene reacted with hydrazine hydrate in

2
hydroxylic solvents at temperatures below 1000, see below, L

CI'!'FCI?‘3
—
/ NH

2CF,CF=CF

N
3 2 2 !

2° 2
\rm{

CHFCF

(264)

Although no mention was made of the observation of more than one isomer of
compounds (263),gepmetric syn and anti isomers of some hydrazones are known
and have been separated and identified, although they have closely similar
physical c:hara.cteristics.2:]'5

Reaction of anhydrous hydrazine (4 moles) with the internal fluorinated

olefins octafluoro-2-butene or 2,3-dichlorohexafluoro-2-butene (1 mole) at 0°

in ether or acetonitrile led to two isomeric disubstitution products in each
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case, One of the products of reaction with octafluoro-2-butene was
characterised as a 1,1,1,4,4,4=-hexafluoro-3~hydrazino~2-butanone hydrazone (265)
)
' m.p. 124-125", the other isomer (m.p. 54-55°) was thought to be either another

form of this compound (syn or anti) or the cyclic structure (266) shown below.216

NHNH
NNH2 I 2
CF_CF=CIFCF N_H =CH-C~ —_—
3 3 + o, — CF3 TH C CF3 + CF3TH TCF3
> HN——DNH
(265) . (266)

On the basis of the evidence available and in the absence of compéunds of
strusture similar to (261) or (262) it is not possible to make absolute
assignments of structure to (XXXV) and (XXXVI). Clearly they could be either
syn or anti isomers of either of the structures (261) or (262).

. As attack of both sodium methoxide and sodium borohydride on perfluoro-
indene led to replacement of both the 2~ and 3-fluorines,formation of both
structures (261) and (262) is possible from reaction with hydrazine. Also the
aromatic fluorine resonances of (XXXV) and (XXXVI) are at quite different
shift positions and it is not obvious how syn and anti isomers of one of the
gross structures above, (261) and (262),.can account for this difference;
the aromatic fluorine resonances of the positional isomers (261) and (262)
however would intuitively be expected to occur at quite differsnt shifts, but
in the absence of n.m.r, data of analogous compounds it is not possible to
come to any firm conclusion as to the exact nature of compounds (KXXV) and
(XxxvI).

The formation of the hydrazones (XXXV) and (XXXVI) in preference to the

hydrazine substitution product(s) can be explained by the destabilisation
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of fluorine attached to Sp2 carbon relative to fluorine attached to sp3

carbon, A similar explanation has been invoked to account for the products of
reaction of ammonia with octafluoro-2-butene and 2,j-dichlorohexafluoro-Z;
butene., Reaction of the former compound with ammonia below 0° led to a good
yield of the imine (267),whereas in the latter case resction at 25° gave a

low yield (2%) of the vinyl amine (268), the less electronegative chlorine atom

being less destahilising towards a double bond than a fluorine atom.216

. NH
s, l
' -CF=CFCTF - g
CI'3 3 < 00 013 CHFCPB
(267)

N HZN\\\ //c1
(F_CCL=CC1CF, ——ib c=—0¢
3 3 ) ’//’
25 cE; cF,

(268)

4,7 Reaction of Perfluoroindene with Fuming Sulphuric Acid

Perfluoroindene reacted extremely readily with oleum. Examination of
the 19F n.n.r, spectrum of a mixture of perfluoroindene and oleum containing

33% S0,,vwhich had stood at room temperature for 2 hours,indicated that all

3
the initial perfluoroindene had undergone reaction. On pouring this reaction
mixture onto packed ice the expected deposition of a fluorocarbon product did
not occur but instead a pale yellow aqueous solution was obtained.

The aqgueous solution was extracted with ether; the ether extracts were

dried with magnesium sulphate and most of the ether was removed using a rotary
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eveporator; when no more ether appeared to be evaporating the red-brown oily
residue was warmed to 60°/10 mm.Hg for a further 30 minutes in an attempt to
remove any final traces of solvent. The red-brown oily residue was insoluble in
chloroform or cyclohexane but was very soluble in water to give a solution which
was acid to litmus. Due to its ready thermal decomposition, discussed below,

it could not be adequately purified, however its n.m.r. spectra were consistent
with it being a single fluorocarbon (XXXVIII) conteining a small amount of ether
as a contaminant.

Distillation of this brown oil at 1000/10-3 mm.Hg., resulted in its complete
decomposition to a more volatile fraction, which will be discussed later, and a
pale yellow liquid (XXXIX). Elemental analysis and mass spectroscopy confirm
that this compound (XXXIX) has the molecular formula C9H0F7; evidence for its
gross structure is provided by its infra-red, n.m.r, and ultra-violet spectra.

The 19F n.m.r. spectrum of (XXXIX) contained four sets of resonances.

A broad low-field resonance integrating to 2F is assigned to a CF2 group; a

high field resonance at 208.6 p.p.m. due to a single fluorine, a doublet with

J = 48 Hz, is characteristic of a tertiary fluorine geminal to a hydrogen

213

atom; three remaining resonances,two of which integrate to a single fluorine,
the third integrating to two fluorines, in the vinylic or aromatic fluorine
region, can be assigned to the four aromatic fluorines of a fluorinated indane
skeleton (see pre&ious section and Table 20)., The only resonance in the 1u
n.m.r. spectrum was a doublet, J = 48 Hz, due to the tertiary proton geminal
to a fluorine atom.zl3

In the infra~red spectrum strong absorptions at 1771 and 1639 cm-1 were
present, in the double bond or carbonyl stretching region; a third strong band
at 1515 cm_l can be attributed to the fluorinated benzene ringe.

The loss of the fluorinated indene structure in (XXXIX) was indicated by

the ultra-violet spectrum possessing strong absorptions at 240 and 246 my
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with less-intense absorptions at 285 and 289 m (see experimental section and
Table 19).
The above spectral data is consistent with (XXXIX) possessing either of

the structures (269) or (270) shown below,

HF , *)
Q- -
F, F,
(269) | (270)

In pértlcular the 9F n.m.r. spectrum supports the fluorlnated 1ndanone
structures, Ketones (269) and (270) are closely related to the fluorinated
indanone hydrazones (XXXV) and (XXXVI) which may possess structures (261) and/or
(262), aiscussed in the previous section, and this is evident from a comparison
‘of the n.m.r. spectra, (Teble 20), (XXXV), (XXXVI) and XXIX).

i It might appear anomolous that ketone (XXXIX) possesses two strong
absorptions in the carbonyl region; however both cyclopentanone and octafluoro-
cyclopentanone also show this peculiarity.-'The second band is said to be a

ring
combination band their four qnd six-membered anologues dlsplay a 31ngle

carbonyl absor;p'l::Lon.211
Infra-red or ultra-violet spectroscopy ought to be capable of distinguishing
between structures (269) and 270) for compound (XXXIX),on the basis of the
latter structure having more extended conjugation than the former, however
there is a paucity of published spectral data for structures of this type.
A distinction between these two structures is however possible from a

detailed examination of the mass spectral fragmentation pattern of (XXXIX)

(see Figure 9).- All the major fragmentation pathways are readily accounted for
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by structure (269); rearrengements need to be invoked if (XXXIX) has structure
(270).

The major fragmentation ions are those at m/e 230 (70%, P-28), 180 (63%,
P-78) and 161 (9#%, P-97) and metastable ions are present identifying the
fragmentetion processes m/e 258 = m/e 230 with elimination of a unit of 28
a.m.us (CO); m/e 230 = m/e 180 with elimination of 50 a.m.u. (CF2) and m/e
230 = m/e 161 with elimination of 69 a.m.u. (CFB)' Initial jonization will
remove an n electron from oxygen and subsequent fragmentation can be

17

rationalised as shown in Figure 9.2 In addition to the major fragmentation
proceases shown, which are supported by metastable transitions, the less
important transitions can alsoc be accounted for by structure (269) but not by
(270). (see Appendix 2).

Having assigned structure (269) to compound (XXXIX) it is possible to
speculate as to the nature of its precursor (XXXVIII) and attempt to elucidate
the mechanism of the formation of this unexpected product.

The brovm oil, precursor to (XXXIX), contained a small amount of ether and
a single fluorocarbon (XXXVIII) as deduced from its spectra. The acidic nature
of (XXXVIII) was evident from its insolubility in relatively non-polar solvents
but ready solubility in water to give a solution acid to litmus, its infra-
red spectrum contained a broad acid OH absorption which had a maximum at
3450 cm-l and extended to 2500 cm—1 and its 1H n.m.r, spectrum possessed a
low-field resonance at 8,36 which can be assigned to an acidic proton.

A comparison of the spectra of (XXXVIII) and (XXXIX) indicates structural
similarities. The infra-red spectrum of (XXXVIII), like that of (XXXIX),
possesses two absorptions in the carbonyl region (1770 and 1645 om™) at
almost the same frequencies as the latter (1771 and 1639 cmfl), and possesses

a further strong abhsorption at 1515 on™ which can be attributed to a

fluorinated benzene ring,
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The 1% n.m.r. spectra of (XXXVIII) and (XXXIX) are also closely similar
(see Table 20). In the aromatic fluorine region (XXXVIII), like (XXXIX),
possesses three resonances two of which integrate to a single fluorine, the
fhird integrating to two fluorines; these resonances are at approximately the

same shift for both compounds. The low-field CF, resonance of (XXXVIII) is an

2
AB gystem with J = 271 Hz, indicative of the coupling expected in a fluorinated
indane skeleton (cf. compounds (XXXV) and (XXXVI) in Table 20), the AB system
being centred at approximately the same shift as the broad CF2 resonénce of
(XXXIX), and integrating to two fluorines. The rémaining resonance in the
9% nom.r. spectrum of (XXXVIII) is a Qery sharp signal integrating to a single
fluorine, to high field of the aromatic fluorines at 170.5 pe.p.m.,
the position and sharpness of this fluorine suggesting a tertiary environment.
The ultra-violet spectrum of (XXXVIII) contained an intense absorption
at 265 m and a weake; one at 290 my; (XXXIX) also possessed absorptions in the
same region, _
The above evidence suggests that (XXXVIII) has a structure related to that
of (XXXIX) in which the hydrogen atom of (XXXIX) is replaced by some other
group X which on pyrolysis becomes a hydrogen atom. Thus compound (XXXVIII)

can be assigned structure (271).

o

(271)
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The nature of the group is not easy to determine due to the ready
decomposition and hence incpmplete purification of (XXXVIII). An attempt to
obtain a mass spectrum of (XXXVIII) was unsuccessful, only the spectrum of its
decomposition product (XXXIX) was obtained. The presence of sulphur in X was
indicated by analysis of (XXXVIII); after removing as much ether as possible
without excessive decomposition to (XXXIX) the oil was found to contain 8,22%
sulphur. Further evidence of the nature of X was obtained from a spectral
investigation of the volatiles obtained when (XXXVIII) was completely
decomposéd to (XXXIX). The gas-phase infra-red spectrum of the volatiles was
almost identical to that of pure ether, the contaminant of (XXXVIII); however
the mass spectrum of the volatiles possessed ions due to the fregmentation of
ether and in addition ions containing only one atom of sulphur, deduced from
the ratio of the intensities of the parent ions to the parent +2 ions; parent +
. ions were absent. Peaks at m/e 64 and m/e 4B were suggestive of Sd; and SO

+
respectively, a peak at m/e 81 suggested SO.H and the top mass ion at m/e

5
5+ (02H5)20].

The most likely structure for (XXXVIII), based on the above data, is

155 was not inconsistent with [HSO

(272) shown below,

(272)

A number of perfluoroalkane-sulphonic acids have been prepared and their

infrared spectra, particularly the asymmetrica and symmetric stretching

frequencies of the -802- group, have been recorded. It appears that the

symmetric stretching frequency of the —802— system is little influenced by the.

L-: .
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presence of fluorine in a molecule whereas the asymmetric stretching vibration
is shifted to higher frequency, being at 1260 cm-1 for CFBSO3-systems as
against 1190-1160 om ™ for analogous hydrocarbon systems.218 Compound (XAXVIII)
possesses a strong band at 1266 cm-1 which may be assignable to the asymmetric
stretching vibration of the 302 group. (XXXVIII) is also very corrosive and
after running its infra-red spectrum the potassium bromide plates were found to-
be badly etched; this is consistent with the behaviour of a fluorinated

2
sulphonic acid. 18 The sulphur content of CHF_SO, is 9.95%; the value of

977%%

8.22% obtained above is not unreasonable both in terms of (XXXVIII) not being
analytically pure, still containing some ethep, and also as fluorinated
sulphonic acids are known to readily absorb water.

Ketone (XXXIX), the decomposition product of (XXXVIII),has been assigned
structure (269) in preference to the alternative structure (270) on the basis of
its mass spectral fragmentation pattern. As (XXXVIII) and (XXXIX) are
structurally related then if it can be shown that (XXXVIII) does not possess
structure (273) below, this will provide further evidence for the assignment of

structure (269) to ketone (XXXIX).,

(273)

Structure (273) is most probably ruled out on the basis of the sharpness
1l
of the tertiary fluorine resonance in the 9F n.m,r. spectrum of (XXXVIII).
The 19F n.m.r. spectra of the products of fluorination of 2-methyl indene and

indene, compounds (274), (275) and (276) respectively, see below, contain a
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vicinal FF coupling of approximately 8 Hz, where(fFFvio = 0° and e viccinal FF
coupling of approximately 4 Hz where( FFvicru 900. The tertiary fluorine in
compound (272) might also be expected to contain some evidence of couflings

of this type,however the tertiary fluorine of (XXXVIII) is a sharp resonance

only 2 Hz wide at half-height. This supports the assignment of structure (272)

(274) (275) ' (276)

to compound (XXXVIII) and hence that of (269) to compound (XXXIX).213

The sulphonic aecid (XXIVIII) was obtained when a mixture of perfluoro-
indene (XXVIII) and oleum, which had been standing for two hours at room

19F n.m.r, spectrum of the reaction

temperature, was poured onto ice. The
mixture prior to its addition to water closely resembled that of the sulphonic
acid (XXXVIII) (see Table 20). It contained resonances integrating to eight
fluorines; as for (XXXVIII) there was an AB quartet in the CF, region
integrating to two fluorines, three resonances in the aromatic fluorine region,
two of which integrated to a single fluorine, the third integrating to two
fluorines, and the distinctive sharp resonance dus to a tertiary fluorine
which integrated to one fluorine; in additiop, to very low field, below CFClB,
an extremely sharp resonance was present which also.integrated to a single
fluorine,

The loss of a fluorine atom in forming the sulphonic acid (XXXVIII)

from perfluoroindene (XXVIII) must occur either in solution in oleum or on
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adding the reaction mixture to water., If the former is true then the 19F Nl T
spectrum of the mixture of perfluoroindens and oleum, prior to its addition to
water,must be that of a mixture of the sulphonic acid (XXXVIII) and some other
species containing a single fluorine,which must account for the very low-field
signal, Although marked solvent shifts might occur in oleum solution it is
considered more likely that the considerable shift differences in the 19F
n.m.r. spectra of (XXXVIII) and the mixture of perfluoroindene and oleum prior
to the addition of water are due to the presence of the aulpbonyl fluoride
(XXXVII) in the latter solution, In addition ,the most plausible mechanism

for the transformation of perfluoroindens (XXVIII) to ketone (XXXIX) would
involve the intermediacy of (XXXVII), and also the very low-field signal present

19F nem,r. spectrum of the reaction mixture prior to its addition,to

in the
. : . . ... 105 '

water is consistent with the S-F signal of a sulphonyl fluoride; however,

loss of fluorine from perfluoroindene (XXVIII) in the oleum solution would no

doubt result in its displacement as F which would then attack some speoies in

oleum with the formation of an S-F bond, sulphur being the most electrophilic

centre; this might also account for the low-field signal. Sulphonyl fluoride

(XXXVII) would possess structure (277) below.

Foo
b02E
¥,
(277)

The mechanism for the conversion of perfluoroindene (XXVIII) to 1,1,3,4,5,
6,7-heptafluoroindan-2-one (XXXIX) via the intermediate compounds 1,1,3,4,5,6,7~

heptafluoroindan-2-one-3-sulphonyl fluoride (XXXVII) and 1,1,3,4,5,6,7-

ﬁ-»




232,

heptafluoroindan-2-one-3-sulphonic acid (XXXVIII) (see Figure 16) can be best
rationalised as proceeding initially from the B swltone of perfluoroindene.

In marked contrast to bydrocarbon olefins, fluoroolefins readily add
sulphur trioxide forming g sultones. Many of these compounds have been
prepared and it appears that the initial stage of reaction is attack at the
double;bond by.the eieotmphilic‘ sulphur atom; reactions with unsymmetrical
fluoroolefins. proceed in accord with the polarity of the double bond and there
is a decreasing tendency towards sultone formation with increasing hydrogen

substitution in the fluoroolefin, see below,

CFé——CFH
CF =CFH + 80, —>. | < | (60%)
0—— 80,
_ CF CP—GF,
CF,=CFCF, + 50, —> 5L l (85%)
3+ 5% 05—

A catalytic amount of a hueleophilic reagent is sufficient to completely
decompose the sultone; the sultone ring is cleaved to yield initially a
sulphonio_—carbo:quic acid halide. An example of a process of this type is the
addition of a few drops of .triethyi_l.a.mi.ne to 2-hydroxytetrafluoroethane-
'suiphoriic acid swltone (278) é.t Oo, fluorosulphonyldifluoroacetylfluoride (279)

. 21
is formed exothermiocally in 90% yield by the mechanism below. 9
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F>c t2 | | : I; + -
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I l + Et,N :) s0, — ?I OF5—S0;—NEt; + F
0 —— 50, | . |
NEt 0
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BN o+ || 22
0
(279)

The double bond in the five-membered ring of perfluoroindene has previously
displayed olefinic charoter in foming a methanol adduct (in the reaction with
sodium methoxide in methanol) in forming a hydrazone (in the reaction with
hydrazine hydrate in ethanol) and it is not unreasonable to postulate the
addition of sulphur triomide to form (280) as the first stage in its reaction
with oleum; as only one compound appears to be present at each stage in the
mechanism it is assumed that the 3~position of perfluoroindene is more electron~
rich than the 2-position and is attacked exclusively by the electrophilio
sulphur atom of sulphur-trioxide.

Once the sultone (_280)_has been formed nucleophilic species in the oleum,
such as sohz' or HSOhf etc., will be responsible for its decomposition to the
sulphonyl fluoride (XXXVII), Sulphonyl fluorides of this type, for example
(279), are readily hydrolysed to the corresponding sulphonic acids by water
at room temperature, hence (XXXVIII) will be obtained by hydrolysis of (XXXVII),
219

The reaction scheme is outlined below.
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F F F F _s0
F F 2
F 302 0
F F F
F F, F F,
(XXVIII) (280)
[N ©
F
F S0_H F
3 F
F Ho ¥ 302F
0 €l
F
F
F
F 2
F F,
(XXXVIII) (XxxvII)

The pyrolytic elimination of sulphur-trioxide from (XXXVIII) may proceed
via the cyclic transition state shown below to yield initially the enol (281)

which then tautomerises to the final product (XXXIX).

A
¥ S PH F
0 A OH
F —_—
'F ¥ 4 -
F 2 F T
(XXXVIIT) (281)
F l H
. \ F
0
F
F T
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An alternative mechanism for the formation of (XXXVIII) from perfluorc-
indene (XXVIII) would be nucleophilic replacement of the 2-fluorine by HSOI:
followed by tautomerism of the substitution product to the sulphonic acid

(XAXVIII), see below.

; F
T 4+ HSO = —— ‘\ 080_H
b ; 3
F F2

A

r

F oy
@

F o5
(XXviII)

(XXXVIII)

The former mechanism is considered more likely as the major species
present in oleum is sulphur trioxide; HSO, ~ is only present in quite small

IN
202
amount.

4.8 Spectral Parameters of Perfluoroindene and Derived Compounds
(a) Mass Spectrg
As is generally the case for fluorinated aromatic systems, the parent
ions of perfluoroindene and the highly fluorinated indenes and indanes prepared
during this work are in high ebundance in their mass .spec't:ra.l"0 For
perfluoroindens (XXVIII), the mixture of heptefluoroindenes (XXXI) and (XXXII),

117

the hexafluoroindene (XXXIII) and 4,5,6,7-tetrafluoroindene, the base peaks

in their mass spectra correspond to the loss of a fluorine atom from the
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molecular ion, a transition supported by a metastable ion., For the methyl-
heptafluoroindene (XXXIV), the mixture of dimethylhexafluoroindenes (section
4.6(b)) and the mixture of methoxyheptafluoroindenes conteining some methanol
adduct of perfluoroindene (section 4.6(c)), the molecular ion is the base peak
and the ion corresponding to the loss of a fluorine atom from the molecular ion
is less abundant than that corresponding to the loss of a methyl group from the
molecular ion, the latter being the second most abundant ion in the mass
spectrume IlIons due to loss of a difluoromethylene group from the molecular
ion are abundant in the mass spectra of perfluoroindene (XXVIII), the mixture
of heptafluoroindenes (XXXI) and (XXXII), the hexafluorindene (XXXIII), the
methylheptafluoroindene (XXXIV) and the mixture of dimethylhexafluoroindenes
(section 4.6(b)) but absent from the mass spectrum of the mixture of methoxy-
heptafluoroindenes containing some methanol adduct oflperfluoroindene (section
L.6(c))e _

In both the mass spectrum of the mixture of hydrazones (XXXV) and (XXXVI)
and that of the ketone (XXXIX), which possess indane skeletons, the molecular
jon is slso the base peak, The mass spectrum of (XXXIX) has been discussed
in detail in section 4.7

| (b) Infra-Red Spectra

The infra-red spectra of all the substituted fluorinated indenes
prepared in this work possess absorptions characteristic of the fluorinated
aromatic nucleus and an absorption due to the double-bond in the five-membered
ring., Absorptions at approximately 1515 cm-l are characteristic of the
aromatic ring in all the fluorinated indenes and indanes. The frequency of
absorption of the double bond in the five-membered ring depends upon the
substituents in the vinylic positions. For perfluoroindene the double bond

absorbs at 1754 cm-l; the indene (282) which also possesses a CF=CF band in

-1 81
the five-membered ring absorbs at 1740 cm ",
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(282)

As expected replacement of a vinylic fluorine by CH,, H or OCH, causes a

3
reduction in the frequency of the double-bond absorption, the CH=CF stretching
frequencies of (XXXI) and (XXXII) being lower in frequency than the GF:CCH3

stretching frequency of (XXXIV) which is in turn slightly lower than the CF=

COCH, stretching frequencies of the 2~ and 3—methoxyheptafluoroindenes.211

3
It is of interest that the two polyfluoroindenes substituted at a single vinylic
position by hydrogen, (XXXI) and (XXXII), have quite different double~bond
‘stretching frequencies whereas a mixture of the analogous methoxy-substituted
; heptafluoroindenes possesses a single broadened double-bond absorption,
The CH=CH stretching frequency of (XXXIII) is lower than those of the mono-
substituted compounds (XXXI) and (XXXII).

(o) Ultra-Violet Spectra

It has previously been found that the ultra-violet spectra of fully

fluorinated carbocyclic polynuclear aromatic compounds closely resemble those
of their hydrocarbon analogues both in the positions and in the intensities of
their absorptions; this is true for the fully fluorinated analogues of indane,

131 and biphenylene.207

acenaphthene, pyrene, phenanthrene, acenaphthylene
In contrast the ultra-violet spectra of highly ohlorinated carbocyclic

polynuclear aromatics bften differ considerably from those of their hydrocarbon

and fluorocarbon analogues. Thus in octachloronaphthalene some absorptions are

considerably broadened and the whole spectrum experiences a bathochromic shif't

relative to naphthalene and the ultra-violet spectrum of decachloropyrene is

.
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hardly recognisable as that of a pyrene derivative, there being a pronounced
bathochromic shift with modificetion of all the absorptions relative to those of
less highly chlorinated pyrenes. The anomolous spectra of these chlorocarbons
can be explained by the steric size of the chlorine atoms preventing the
molecules from achieving full coplanarity and consequently reducing conjugation.
In the case of the fluorocarbons, fluorine must exert little or no sterio
effect, and will therefore not inhibit conjugation in this way.221
A comparison of the ultra-violet spectrum of perfluorocindene (XXVIII)
with that of indene, similar to the previously reported spectrum,222 shows
marked differences (Figure 11). The main absorption in the spectrum of indene
is on the short wevelength side of 270 mp, the extinction coefficient
attaining é maximum value of the order of 10,000 at 246 mp; in the spectrum of
perfluoroindene four broad absorptions are present with extinction coefficients
of between 1620 and 2130 at longer wavelength, 265,272,285 and 302 my; in
addition there are no analogues of the weaker well-resolved peaks on the long
wavelength side of the broad maximum of indene in the spectrum of perfluoro-
indene. It is also of interest that the ultra-violet spectra of indene and
styrene are very.similar; the latter also possesses a broad intense maximum
at 246 mp (¢ ~10,000) with two weaek maxima at 291 and 282 my; this suggests
that the absorption of the 06H5-C=C- system is 1little influenced by ring-
closure.222 In contrast the ultra-violet spectruﬁ of perfluorostyrene possesses
strong absorptions in the region 225-280 my with maxima at 235 my (e = 5754)
and 265 my, (¢ = 1413) and therefore differs oonsiderably from the ultra-violet
spectra of both styrene and perﬂuoroindene.223 Perchloroindene has a strong
absorption in its ultra-violet spectrum in the same region as im-lenel91
(see Teble 19).
It appears from the above data that perfluoroindene and perfluorostyrene

both possess anomolous ultra-violet spectra in contrast to the closely-related
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perfluoroacenaphthylene which,although a non-alternant like perfluoroindene,has a
spectrum resembling that of acenaphthylene., Replacement of the 2- or 3-
substituents of perfluoroindene by & hydrogen atom or a methyl group has little
influence on the form of the ultra-violet spectrum,which closely resembles

that of perfluoroindene; however replacing the difluoromethylene group of
1,1,4,5,6,7-hexafluorcindene (XXXIII) by a methylene group in 4,5,6,7-tetra-
fluoroindene results in a major change in the ultra-violet absorptions, the
U.v. spectrum of (XXXIII) closely resembling that of perfluoroiniene whereas
that of 4,5,6,7-tetrafluorindene is like the spectrum of indene, with an
intense absorption at 250 my (e ~10,000)swith weli-resolved absorptions of
reduced intensity at longer wavelengths.ll7 (see Table 19). This suggests that
the difluoromethylene group in perfluoroindene and highly-fluorinated indenes

may have a major influence on the form of their ultra-violet spectra.

(@) Nym.r, Spectra

As might be expected the 19F

n.m,r, spectra of the fluorinated indenes
prepared in this work are extremely complex and not first-order; consequently
it has not been possible to completely analyse the spectra of any of these
compounds, Attempts are at present being made to analyse some of these spectra
with the help of decoupling technigues (work being undertaken by Dr. R.S.
Matthews),

- The 19F n.m.r. spectra of all these compounds possessed certain features

in common, The resonance to lowest field in all cases integrated to two

fluorine atoms and was assigned to the CF, group; it contained no large

couplings and was sharper than the other resonances in the spectrum. The
aromatic and vinylio fluorines occur in the same region to high field of the
CF2 resonance. Apart from perfluoroindene, in which two fluorines resonats
at about the same shift, these aromatic and vinylic fluorines resonate at

discrete positions, each resonance being a complex multiplet,




It has not been possible to distinguish between the vinylic and aromatic
fluorines in these compounds, a distinction which would be helpful in
determining the sites of nucleophilic substitution. The large easily-identified
peri F=F coupling which has been observed in other polycyclic fluoroaromatios136
is not found in the n.m.r. spectra of fluorinated indenes and arguments based
on chemhboal shift correlations with nearly analogous structures are not
rigorous, Thus, if the n.m.r. spectra of perfluoroindene (XXVIII), the
heptafluoroindenes (XXXI) and (XXXII), and the hexafluoroindene (XXXIII) are
epmpared it might appear that the highest field resonance at 158.7 p.p.m. in
(XXXI) is due to the 3-fluorine and that the 2-fluorine in (XXXII) is at 120.8
PepPol.; the presence of an high field fluorine at 158.5 pe.p.m. in the methyl-
heptafluoroindene (XXXIV) might then suggest that this compound is 3-methyl
heptafluoroindene (see Table 18), However the two methoxyheptafluoroindenes
substituted in the five-membered ring, both have high-field resonances at
about the same chemical shift which ere most logically assignable to the vinylic
fluorines in these compounds (see section 4.6(c)). There is alsono obvious
correlation between the spectra of these fluorinated indenes and the spectra
of fluorinated styrenes.224

In the fluorinated indane systems (XXXV)-(XXXIX), in which an aromatic
six-membered ring is fused to a saturated five-membered ring, the CF2 system
is to 1qw-field of the CF2 system in fluorinated indenes and apart from
(XXXIX), in which this resonance is a single broad peak, is an AB quartet with
a coupling constant of the order of 270 Hz. This is comparable to the coupling
constant of 260 Hz for the CF, group of the dienophilic residue (283) of the

Diels-Alder dimsr of perfluorocyclopentadiene.17
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The aromatic fluorines in all these fluorinated indane skeletons are present
as three resonances; the two fluorines farthest from the ring junction

presumably having almost the same chemical shift,

4,9 The Chemical Reactions of Perfluoroindene

Perfluoroindene reacts readily with nucleophiles displacing initially
one of the vinylic fluorines in the five-membered ring; in contrast perfluoro-
acenaphthylene and perfluorophenanthrene were attacked by nucleophiles
exclusively at the non-vinylic sites.208’206

Monosubstitution products were obtained from replacement of both vinylio
fluorines when perfluoroindene reacted with sodium borohydride and sodium
methoxide; reaction with methyl lithium yielded only one product, the substituent
again being introduced into the five-membered ring. Attack by hydrazine also
occurred in the five-membered ring but it has not been unambiguously determined
whether both or only one position are attacked.

Clearly Burdon's theory;95

is inapplicable to predicting the sites of
nucleophilic substitution in perfluoroindene. In an attempt to rationalise the
relative reactivities of ths,varioqs sites in this syetem towards attack by
nucleophiles CNDO/2 MO calculations have been useds The results obtained by
Kilcast and Clark for nucleophilic substitution by H are shown below, The
numbers adjacent to each position indicate the reactivity of that position
relative to the most reactive position taken as zero, the greater the number
the lower is the reactivity of the position, The units used are a.u. and the
nunber is the amount by which the activation energy for the reaction exceeds
the value of the activation energy for the most reactive site., Values in

brackets also account for solvation of the intermediate anion whereas the

other values are based on the isolated molecule model.
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0.037(0.045) 0.047(0.028)
F
F
(0.036)0.031 F

F 0.0(0.0)
(0.037)0,028 F

F Ty

0. 04(. 045)

The model which includes solvation is closest to experiment in predicting
the vinylic sites to be more reactive than the aromatic ones,although both
models predict the 2-position to be the most reactive site. Solvation would be
expected to be important in this system as attack at position-2 leads to the
highly delocalised benzyl anion whereas in position-3 the charge is completely
localised at C-2, This approach succeeds in predicting that vinylic
replacement should take place in preference to aromatic although the predicted
order of reactivity is incorrect.z12

Perfluoroindene displays olefinic character in forming a me thanol adducf
on reaction with sodium methoxide in methanol and in forming a hydrazone on
reaction with hydrazine in ethanol. The reaction wi th oleum, which might have
been expected to form hexafluoroindone by attack of the allylic fluorines or
hexafluoroindan-2,3-dione by attack of the vinylic fluorines, resulted in the
isolation of 1,1,3,4,5,6,7-heptafluoroindan-2-one (XXXIX). The formation of
this product is best rationalised as proceeding via the B sultone of
perfluoroindene, another example of perfluorcindene displaying the properties

of a typical fluoroolefin,
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4,10 Reagents

Sodium borohydride was purchased from B.D.H. Chemicals Ltd. and oleum
from Hopkin and Williams Ltd. Di(2-methoxyethyl)ether, diglyms, was dried over
sodium and distilled off sodium wire under nitrogen, b.p. 1630, and stored over
molecular sieve, Lithium methyl was prepared from lithium metal and methyl

iodide as in reference 225,

4,11 Reactions of Octafluoroindene §XXVIII} with Nucleophiles
(a) With Sodium Borchydride in Diglyme

Experiment 1. Sodium borohydride (0.185 g., Le89 mmoles) was
dissolved in the minimum of diglyme (7 ml.)'andvadded dropwise over 35 mins to
a solution of perfluoroindene (XXVIII) (2.43 g., 9.34 mmoles) in diglyme (3 ml.)
at 0° (ice~bath). After stirringvat 0° for 1 hr. the deep-red solution was
poured into ice-cold HCl (250 ml., 0.2N), The lower red fluorocarbon layer
which separated (1.7 g.) was distilled in vacuo off phosphoricoxide to yield
a yellow liquid (1.3 g.) and a red residue. Separation of this liquid (col
B; 95° for (i) raised to 120° for collection of (ii)) gave: (i) 1,1.3.4.5.6,7-
and 1,1,2,4,5,6,7-heptafluoroindenes (XXXI) and (XXXII) respectively (0.4
g+, 1.69 mmoles, 18,1%) (Found: C,4h.6; H,0.4; F,54.5; H (mass spectrometry),
242, C9HF7 requires C,4l.7; H,0.4; F,54.9; M,242) a liquid mixture of
(XXXI) and (XXXII) in the ratio of 1:4 respectively (see Appendix 1), v

max
1672 and 1640 om t (CH=CF), 1510 and 1500 om™ (fluorinated benzene ring),

3130 cnt (=6-H); (ii) 1,1,4.5,6,7-hexafluoroindens (XXXIII) (0.15 g., 0.67
mmoles, 7.2%) (Found ¥ (mass spectrometry) 22i. C9H2F6 requires M 224);
colourless liquid, v 1592 com™F (CH=CH), 1517 on ' (fluorinated benzene
ring) 3125 . (:é—H),f

Experiment 2, Perfluoroindene (XXVIII) (1.89 g., 7.27 mmoles) was

rapidly added to a solution of sodium borohydride (0.35 g., 9.2 mmoles) in

-
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diglyme (30 ml,) at room temperature. The cherry-red reaction mixture was
cooled to 0° for 10 mins. and was then stirred at room temperature for 4h.
Excess sodium borohydride was destroyed by HCl (200 ml., N) and a lower red
layer which separated (l.1 g.) was shown by apalytical gelece and i.r. to
consist of two volatile components, 1,1,4,5,6,7-hexafluoroindene (XXXIII) and
diglyme. Further washing with a large volume of water followed by separation
by preparative g.l.c. (col B; 110°) led to 1,1.4,5.6,7-hexafluoroindene
(XXXIII) (ce Ou3 8o, 1le3 mmoles, 18%), with correct i.r. spectrum.

(b) With Lithium Methyl in Ether
A solution of lithium methyl in diethyl ether?z5 (2%, 9 ml., 18 mmoles)
was added over 15 mins. to perfluorcindene (XXXVIII) (3.0 ey 11.5 mmoles) in
diethyl ether (15 ml.) which was being rapidly stirred at -70° (acetone/COz)
The brown reaction mixture was stirred at -70° for 30 mins, and was then
ellowed to warm up to room temperature over 30 mins. HCl (20 ml., 2N) was
added and the ether layer separated; the residwlred liquid,after removing

5 mm up to 100°) off phosphoric

the ether,was distilled under vacuum (10
oxide to yield a yellow liquid (2.3 g.) and a red residue. Separation of this

yellow liquid by preparative g.l.c. (col E, 140° for (i) raised to 150° for

collection of (ii)) gave: (i) 1,1,3.4.5,6,7~heptafluoro-2-methylindene or

1,1,2,4,5,6,7-heptafiuoro~3-methylindene (XXXIV) (0.51 g., 1,99 mmoles, 17.3%)
(Found: C,46.8%; H,1.3%; M (mass spectrometry), 256, _010H3F7 requires

C,46.9%; H,1.2%; M, 256), colourless liguid b.p. 188?, Vpax 170% on > (CH:CCHS),
1515, 1508 1497 . (fluorinated benzene ring), 2940 cnt (=C-H). (ii) a
mixture of dimethylhexafluoroindenes (0.84 g., 3.33 mmoles, 29%),-three over=-
lapping broad peaks on analytical col A and col O inseparable on available
g+l.c. packings, one component appeared to be present in major amount, e 70%.

Major peaks in the mass spectrum were: m/e(grigin of ion, assignment, % base

peak) 252 (Parent and Base Peak, C,H.Fc, 100%); 251 (P-H, 011H5F6, 21.3%);
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238 (P~CHy, C)H Fe, 6.78); 257 (P-CH,, G, H.F,, 56.2%); 236 (P-CH,, C) HF,

6335, Fes 16.7%); 219 (P-F-~CH,, C ot Fos 5.9%); 218 (P-F-CH,, CyotisFs, 13.8%);

213 (P-F-HF, °11H5F4’ 6.9%); 202 (p-CFz, G, oHeF), s 15.5%); 201 (P—CFZH, 010}151'#,
16.3%); 200 (P-CFH,, C i F,, 6.3%); 187 (P-_-CFZ-GHB, Cgtl,F) , 22,4%); 183

i (p~CF,, clOHGFj’ 9.6%); 182 (P-CFBH, ClOH5F3, 7.9%); 151 (P-CzFl'_H, C9H5F2,
3.9%); 100 (G,F,, 497 ........  Metasteble ions. 252 —¥237 (~CH,) at
222,9, 252 — 232 (-HF) end 252 ~— 233 (~F) broad metastable at 212-215, 252 —
202 (-CF2) at 161.,9, 237 — 187 (-ch) at 147.6, 202 — 187 (-cnj) at 173.1.

' The lH n.m,r, showed a complex resonance at 1,905 and a single resonance at

1.625, (CH3 groups) in ratio of c.5:1 respectively (ref. ext. (CH.), 8i). The

. ),

F n,m.r, spectrum was complex, all resonances occurring between 123,2 and
154.6 p.pem. (ref. ext. CFClB). The major peaks were at: 126.8 p.p.m. (2F)
CF, group; 131.2 p.p.m. (1F), 138.6 pepeme. (1F), 147.5 pepem. (1F) and 150.5p,p.m.
(1F). Vinylic or aromatic Fluorines. Less intense resonances were present in
agreement with»a'mixture of products, The i.r. spectrum had absorptions at
2940 — (C-I-i), 1709 om'l (cr=ccr13) , 1667 on~t (ccﬁfccrij), 1517, 1513 and
1493 c:m-1 (fluorinated benzene ring). The u.v. spectrum (qyclohexane as
soivent) had ebsorptions at 2658m (e = 316), 272 (e = 339), 2gg® (e =339)
305 (¢ = 427).

(d). With Hydregine Hydrate in Ethanol
Experiment 1. Hydrazine hydrate (100%, 1.2 g., 24 mmoles) was added

repidly to a mixture of perfluoroindene (XXVIII) (2.8 g., 10,8 mmoles) and
dﬁsolute ethanol (5 ml.). An immediate red colouration developed and a further
10 ml. of absolute ethanol were added. After heating under reflux for 17 h.

the reaction mixture, now black in colour, was poured into water (150 ml.) and

a black sticky solid separated, which was washed with more water. Several

3

extractions with hexane followed by sublimation (10- mm.Hg pressure at 1000)
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led to the isolation of 0.2 g. of pale yellow crystals, from CHCl,, with an

3’

involatile intractable black tar remaining,
Experiment 2, Hydrazine hydrate (100%, 0.54 g., 10.79 mmoles) in

absolute ethanol (1 ml.) was added dropwise to perfluoroindene (2,61 8¢, 10,04
mmoles) in absolute ethanol (6 ml.), whilst being stirred at room temperature.
On the addition of the hydrazine an immediate red colouration was evident, and
. after stirring at room temperature for 4 h. the reaction mixture was poured
into water (500 ml.), releasing & brown solid_(l.53 g.)s After thoroughly
‘'washing with water the solid was recrystallised from chloroform yielding 0.89
g. of fawn crystals, N.,m.r. and i.r. spectroscopy indicated this solid to be
a mixture of two isomeric compounds and repeated recrystallisations from o
chloroform and other solvents failed to completely separate these compounds
pure and they were examined as mixtures. ?hg initial product contained 85%
(XXXV) and 15% (XXXVI) syn and/or anti 1,1,3,4,5,6,7-hoptafluoroindan-2-one
hydrazone or 1,1,2.4,5,6,7-heptafluoroindan-3-one hydrezone (0.89 g., 3.27
mmoles, 33%)(Found: C,39.4%; H, 1.3%; N,10.0% M (mass spectrometry) 272.
C9H3N2F7 requires C,39.7%; H,1l.1%; N,10.3%; M, 272) pele fawn crystals, Vmax
1613 om (N-H bend), 3448 and 3333 om L (N-H stretch), 1520 and 1513 en™t

(fluorinated benzene ring). V pax (CHCIS) 28k my, (1ogloé 4e33)

(¢) With Sodium Methoxide

Experiment 1. A solution of sodium methozide in methenol (5 ml.,
0.452N, é.26mmoles) was added over 5 mins, to perfluoroindene (XXVIII) (0.525
g+, 2.02 mmoles). The reaction mixture was heated under reflux for 18 h,
and was then shaken with HC1 (2N, 50 ml,); the lower yellow fluorocarbon layer
was separated (0.5 g.). Analytical g.l.c. of the fluorocarbon showed a trace
of perfluoroindens and only a single less volatile peak (col 4, 150°). The
infra-red spectrum of this liquid had bands at 1709 omt (cF=cocn3), 2963 and

2857 cm-l (c-H) and 1517, 1504 om Y (fluorinated benzene ring). The g
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n.m.r. (ref., ext. (CHZ)ASi) contained broad absorptions at 3,155 and 3.,9§ in the
ratio of 1:2 respectively, assigned to methoxyl protons of 2- and 3-methoxy-
heptafluoroindene, The }9F nem.r. (ref., ext. CFClB) contained a weak intensity
low-f'ield AB system qABﬂ4270 at 102 p.p.m., assigned to the CF2 group of a
methanol adduct of perfluoroindene, two resonances at 123.1 and 122.4 p.p.m.
in the ratio of 2:1 respectively assigned to the CF2 groups of 2- and 3-methoxy-
heptafluoroindene. Between 123.1 and 157.2 p.p.m. a series of extensively
coupled resonances vere assigned to aromatic fluorines, Two broad resonances
at 173.3 and 174.7 pe.pem. in the ratio of 2:1 respectively were assigned to the
vinylic fluorines in the five-membered ring of 2- and 3-methoxyheptafluoroindene;
these resonances together integrated to half the area of the two resonances at
123.1 and 122.4 p.p.m. Integration of the resonances between 123.1 and 157.2
PePele and comparison with the area bencath the CF2 systems gave a ratio of
slightly greater than 2:1 but less than 5:2 for these two areas; this suggests
| that the fluorine geminal to a methoxyl group‘in the methanol adduct of
perfluoroindene also resonates in this region. It was not possible to assign
the aromatic resonances of the two Substitution ﬁroducts due to extensive
overlap of resonances in this region,
The mass spectrum of this mixture was also run: m/e(assignment, origin of ion_
2.5%); 272
P_OH_, Parent, 100%); 258 (64 0H, 10.3%); 257 (G F, 5» 80%); 253
F,OH_ , P'-F, 13.5%); 242 (C9F7H, P'-0CH,, 5.6%); 241 (C9F P'-0CH_, 19,0%);

(clo 6 3, 2 7’ 3’

238 (09F60, P'-CHBF, 14, 7%); 230 (08F7H, P'-0C,H,, 8%); 229 (c8F7, P'-OCZHB,
69.5%) 223 (CgFcH, P'-OCH,F, 8.4%); 210 (CqF, P'-0C,H,F, 17.2%); 179

{ . . oZ) . of ) .
(CFgy 42:2%); 260 (C.F,, 10.5%); Lkl (G5, 15%); 117 (CoFy, 67); 95 (Cofs,
5.5%); 69 (CFz, 4%).
After standing for 24 hours at room temperature this yellow liquid

% base peek): 292 (C)FqOH, , Parent, 13.5%); 277 (C9F80H, P;cn5,
'-
(Co 0, P'-CH

blackened and on opening a stoppered sample of the liquid pungent fumes were



http://%ba.se

250,

emitteds The nemer., ier. and g.l.c. of this liquid however were identical with
the previous yellow liquid.
On warming with potassium hydroxide solution (1 gm. in 1 ml.) the solution

rapidly darkened in colour, and acidification released a yellow fluorocarbon

c. 0.2 g, with n.m.r., i.r. and g.l.c. not significantly different from the
previous samples above. It thus appears that dehydrofluorination competes
unsuccessfully with decomposition of the substituted compounds.

Experiment 2. As for experimentl, perfluoroindene (XXVIII) (2.05 g.,
7.8 mmoles) and a solution of sodium methoxide in methanol (18 m1., 0.452N,
8,13 mmoles) were refluxed for 4h. Work up as above led to 1,72 g. of a
yellow fluorocarbon whose gel.C., i.rs and n.m.r. spectra were essentially the
same a&s above, Attempted separation by g.l.c. (co} B, 1500) resulted in only
a trace of brown volatile material being recovered, whose infrared spectrum
was the same as the material before separation, Brown involatile oils
collected in the manif'old of the instrument,
Experiment 3. Sodium methoxide,prepared from 0,286 g, of sodium

(12.44 mmoles) and 25 ml. of dry methanol after removing all the solvent by
vacuun distillation followed by warming at 1000/10—3 mm,Hg. for 24 h., was
suspended in dry diglyme (ce 20 ml.) and stirred vigorously. Perfluoroindene
(XXVIII) (3.36 8., 12,92 mmoles) in dry diglyme (5Im1.) was rapidly added to
the methoxide suspension at Oo (ice bath) and thercactionwas kept at Oo for 1h,
was allowed to warm up to room temperature and was kept at this temperature
for 3h., and was finally-heated at 92o for 14h, Work up, as above, led to a
fluorocafﬁon layer (3.3 g.) whose i,r. spectrum and g.l.c. showed the presence
of unchanged perfluoroindene and a product or products of similar infrared
spectrum and g.l.c. retention time to the products of experihents 1l and 2,
Distillation of this liquid product led to perfluoroindene (el g.) and a red
_residue, which on distillation at 100(’/10-3 mn gave a yellow liquid (c. 1¢5 g)

Examination by g.l.c. and infrared spectroscopy showed the absence of any
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of the initially formed product,. The infraredISPectrum showed aromatic bands at
-1 -
~1520 cm ~ and strong bands at 1780, 1740, 1710, 1680 and 1640 cm 1, and a weak
C-H stretch at 2950 cm-l, there was no volatile material evident from g.l.c.

(col A, 150°), and this material was not further investigated.

4,12 Reaction of Perfluoroindene (XXVIII} with Fuming Sulphuric Acid

Experiment 1.

(a) Perfluoroindene (XXVIII) (3.0 g., 11,53 mmoles) and fuming sulphuric
acid (33% 803’ 20 ml.) were mixed at room temperature and allqwed to stand for
2 hrs, At the end of this time a small amount of the reactizg::gi withdrawn
and sealed in an n.m.r, tube; the 19F n.m.r. spectrum of this mixture (Table
20) is consistent with it being a solution of 1,1 6, 7=heptafluoroindan~
2-one-3-sulphonyl fluoride (XXXVII) in oleum; the remainder of the homogeneous
yellow solution was poured onto packed ice (c. 50 g.) and a further 200 ml. of
water were then added. The pale yellow aqueous solution was extracted with
¢.100 ml., of diethyl ether (twice); the ethereal solution was dried (Mgso#)
and the ether was removed on a rotary evaporator connected to a water pump/

10 mm,Hg. After all the ether appearedto have been removed the residual brown
0oil was warmed to c. 60° for 15 mins, The brown oil (substantially 1,1,3.4.5,
6,7-heptafiuoroindan~2-one~3-sulphonic acid (XXXVIII) was soluble in water,
insoluble in hexane and chloroform and the aqueous solution was acid to litmus.
An analysis of the red oil indicated 8,2% sulphur,

In the infrared spectrum there was a broad band stretching from maximum
intensity at 3450 cm-1 down to 2500 cm-l assigned to an acid O-H stretch, a
sharp band at 1770 coT and a less intense sharp band at 1645 — (c=0),

a broader band at 1515 cm-l (fluorinated benzene ring), and a broad band at
1266Icm_1 (-802-). The ultra violet spectrunm (HZO) possessed an intense
absorption at 256 mp, and a weak shoulder at 290 m;, Due to ready decomposition

it was not possible to obtain a meaningful mass speotrum.
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(b) Distillation of the brown oil (XXXVIII) formed as above (from 1.4 g.,
5.38 mmoles of perfluoroindene (XXVIII)) under 107> mm.Hg pressure up to 100°

yielded a pale yellow liquid, which was further distilled off phosphoric acid to

give 1,1,3.4.5,6,7-heptafluoroindan-2-one, (X(XIX) (0.36 g., 1.40 mmoles, 26.0%)
(Found: C,42.2%; H,0.8%; F,51.3%; M (mass spectrometry) 258. 69H0F7 requires

C,41.9% H,0.4%; F,51.5% M 258), pale yellow liquid b.p. 213°, “max 1771, 1717
and 1639 cm—l (c=0), 1515 cm'.l (fluorinated benzene ring).*vmax (cyclohexane),
s 5

246 m, (logloe = 4.06), 240" my, (1ogloe = 4.02), 285 m, and 289 my (log 56 =
3.15); chloroform) 287.5 my, (1ogloe = 2.83).

Experiment 2. As in experiment 1, perfluoroindene (XXVIII) (2.16 g.,
8.31 mmoles) and fuming sulphuric acid (33% 505, 20 ml.), led to 1,0 g. of a
brown oil (XXXVIII), This was decomposed as before at 1072 mm.Hg. pressure
up to 150°, to produce (i) a very volatile fraction (0.23 g+); the mass
spectrum of this gaseous product contained peaks at m/e 64, 48, 81 and 155
(top mass peak) whose P/P+2 ratios were consistent with the prescence of a single
sulphur atom in these ions, peaks assigned to S0,, SO, HSOB, ChﬁllsOB; in
addition peaks at m/e 29, 45, and 74 contained no sulphur and ere consistent
with the breakdown peaks of Et20, i.e. 02H5’ 02H50 and 02H5002H5 respectively.
These were the only main peaks in the mass spectrums The infre-red spectrum
was almost identical to that of diethyl ether. (i1) a pale yellow liquid
(XXXIX) (0.509 go, 1.97 mmoles, 24%), identified by infra-red and n.m.r.

spectroscopy. (iii) an involatile black residue (trace).
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Photoelectron Spectroscopx226

There are two types of photoelectron spectroscopy, X-Ray Photoelectron
Spectroscopy (XPS), sometimes referred to as Electron Spectroscopy for Chemical
Analysis (ESCA), and Ultra-Violet Photoelectron Spectroscopy (UPS); both
techniques involve irradiating a sample and accurately measuring the kinetic
energy of the emitted photoelectrons; in the fommer case irradiation is
accomplished by X-rays, whereas the latter technique uses vacuum ultraviolet
photons. The measured kinetic energy of the emitted electron is related to
its binding energy and is a function of the element irradiated and its eleotronic
environment, In ESCA we are concerned with emission of electrons from one of
the lower energy levels whereas for UPS only valence electrons are e jected;
this is a consequence of the energy of the exciting irradiation, Although
UPS is capable of much better peak resolution than ESCA its spectra are
normally quite complex and difficult to interpret; in contrast X-ray photo-
electron spectra are simpler and have proved useful in structure determinations

in quite complex systems,

22
Experimental Applications of ESCA 6

ESCA has been widely used throughout the field of chemistry and it
possesses certain inherent advantages over other spectroscopic techniques.
It is applicable to the study of solids, liquids or gases. Gases are

studied at low pressure (< 1070

torr); solid samples can be investigated as a
crushed powder adhering to conducting tape or as a flat plate or wafer;

liquids at room temperature are either frozen or vapourised before examination.
Very little material is required to obtain a spectrum and in most cases the
technique is non-destructive; it is also possible to obtain photoelectron

spectra of all elements apart from hydrogen.

As ESCA is a surface technique, the escape depth of eleotrons in the X-ray

0
photoelectron emission process being{ 100A, it has been much used in
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investigations of catalysis; in order to ensure no surface contamination care
needs to be exercised in sample preparation.
Some of the general uses of ESCA are in chemical analysis, investigations of

bonding, and the determination of structures.

226

Use of ESCA in Structure Determination

In ESCA the kinetic energy (E,) of the electron emitted after irradiating
a sample is the observable and depends on the incident X-ray energy (h,) and
the binding energy (EB) of the electron in the element., The equation relating

these quantities is, E, = hy - E

k B’

The binding energy is the parameter of interest and it is found,for
instance in the carbon ls ESCA of ethylchlofoformate,that all three carbon atoms
in different electronic environments have different carbon 1ls electron binding
energies., Although these "chemical shifts" in electron spectra,caused by
differences in the electronic structure of atoms,are small compared with changes
in binding energy on going from one element to another, they provide insight
into the bonding of the atom. The conventional X-ray sources (MgKo&,2, Aqui’z)
for carbon ls levels have linewidths of the same order of magnitude as
chemical shifts in most orgenic systems,and hence ESCA has been little used
as a routine structural tool in orgenic chemistry. When highly electronegative
substituents are attached to carbon there is a range of ~10 eV in carbon 1s
levels and as linewidths are of the order of 1.2 eV (the inherent width of the
X-radiation) ESCA becomes a useful structural tool in these circumstances.

Theoretical explanations for chemical shifts vary in sophistication. For
the examples to be discussed below their complexity precludes a ¥igorous
approach but analysis of experimental spectra has been helped by CNDO/2-SCF-H0
calculations, CNDO/2 calculations produce molecular charge distributions from

which binding energies E, can be obtained using the charge potentisl model of

Siegbahn from the equation below.




255,

: q.
- —tl
E:.L = Eo + kqi + z rij

j#i

E° is a reference level; kqi is the contribution from the charge @n the
atom in question; the third term is an intramolecular Madelung potential.
The values of Ei-E° caloulated as above give a theoretical estimate of the
relative binding energies. The value of k, which depends on the definition of
atomic charge, and- in an SCF-MO treatment on the basis set, may be
equated approximately to the one~centre Coulomb repulsion integral between a

227

core and a valence electron,

The Orientatioﬂ of Nucleophilic Substitution in Perfluoroindene

The reaction of perfluoroindene with sodium borohydride gave 1,1,4,5,6,7-
hexafluoroindene (XXXIII) and & -4:1 mixture of two heptafluoroindenes which
were inseparable on available g.l.c. packings but from the n.mer. and i.r.
spectra of the mixture were assigned the structures 1,1,2,4,5,6, 75heptafluoro~
indene (XXXII) and 1,1,3,4,5,6,7~heptafluoroindene (XXXI); it was not
possible to determine which was the major isomer using these spectroscopic

techniques (see Chapter &).

As it had previously been found that charge distributions in perfluoro-
indene as determined by CNDO/2 SCF MO éalculations vere in close agreemeﬁt
with experimental charges obtained from experimental binding energies and
known parameters using Siegbahn's charge-potential model, it was decided to
calculate the spectra expected for 1:4 and L4:1 mixtures of (XXXI) and (XXXII)
and, if these spectra were sufficiently different to allow a distinction between
the two mixtures, to compare the experimental spéctrum with these predicted

228
spectra.
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Firstly theoretical carbon 1ls spectra of the two isomers were determinsd
by using charge distribution calculations for (XXXI) and (XXXII) by the CNDO/2
method and previously established values of Eo and k, in conjunction with the
charge potential model. The carbon 1ls spectra were then computed using a Du
Pont 310 Anologue Computer and linewidths previously derived from a study of
perfluoroindene (see Figure 12).228 The carbon 1ls spectra of 1l:4 and 4:1
mixtures of the two isomers were also computed ani were compared with the
experimental carbon 1ls spectrum for the 1l:4 mixture of the two isomeric
heptafluoroindenes (see Figure 13). The experimental spectrum matches the
theoretical spectrum of a 4:1 mixture of (XXXII) and (XXXI) respectively. The
theoretical spectrum of the othsr possible mixture has a totally different
appearance to this spectrum, possessing two distinct peaks at low binding

energy; this conclusively proves the mixture to be 80% (XXXII) and 20% (XXXI).

Charge Distributions in Dodecafluorotricyclo}5,2,2 02’6 undeca=2 8-triene (X

and Tetradecafluorotricxclo[642!2,02’7jgggpca-2.6l9-triene Six!

In the above example molecular core binding energies were assigned on the
basis of CNDO/2 SCF MO calculations using the charge potential model of
Siegbahn. Using experimental values of Ei

is also possible to set up a series of simultaneous equations which can be

and suitable values of Eo and k it

solved uniquely to give charge distributions within a molecule, the reverse of
the above process., This is useful for molecules which are too iﬁrge to
accommodate using conventional molecular orbital calculations; a crude idea of
charge distribution is often useful in understanding the chemistry of such
complex systems,

Trienes (IX) and (X) were considered to be sufficiently complex systems on
which to test the feasibility of this approach, The carbon 1s spectra of

these trienes are shown in Figure 14 together with the deconvolution into their

component peaks,
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Triene (IX) has four component peaks with area ratios, in order of
decreasing binding energy, (4:2:4:2), assigned to the (‘>CF2) carbons, the
tertiaryl (-:C-F) carbons, the vinylic ( ;\C-F) carbons and the bridgehead (—/cf )
carbons, respectively. TIriene (X) has five component peaks in the area ratio
(3:2:2:2:2). The two types of vinylic ( st) carbons, which have slightly
different binding energies (289.9 and 289.4 eV), are still readily distinguished
from the tertiary (i;C-F) carbons (290.9 eV). The experimental binding

energies and assignments are tabulated below.

TAEBLE 21

Binding Energies and Their Assignments

COMPOUND (X) COMPOUND (IX)
) Environment Binding Energy Area Binding Energy Area
of Atom (eV) ‘Ratio (eV) Ratio
is ‘18
N\
_CF, 292,53 3 292,3 L
—BCF _ 290.9 2 290,.6 2
W 289.9 |
* . 2 289.
/= N 094 ‘*
—c,;’/ 288,0 2 287.8 2
F1s T
; A1l F atoms 690.9 691.0
i .
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These binding energies and assignhments were used with the values of k and

28

Eo for carbon and fluorine obtained from the perfluoroindene stud;y2 o]

calculate the experimental charge distributions (Figure 15). Theoretical
charge distributions in these molecules are determined by CNDQ/2 SCF MO
calculations are also shown in Figure 15, and the excellent agreement evident
from these figures was confimed by least squares analysis.

The calculations in the above discussion and the running and interpretation
of the X-ray photoelectron spectra were undertaken by Mr., D. Adams, Dr. D.T.
Clark and Dr. D, Kilcast in this department.

Spectra were recorded on an A.E.I. ES100 electron spectrometer using
ngui’z radiation and under the conditions used the Au hf7/2 level at 84 eV
(used as a standard) had a half-width of 1,15 eV. The samples were
introduced via a heated reservoir shaft, leaked through a metrosil plug and
were condensed as a thin film on gold on a cooled.probe, Partially resolved

spectra were deconvoluted using a Du Pont 3lo curve resolver,




FIGURE 15

Experimental and CNDO/2 charge distributions

(=0,14)
-0,16

F
0,15 (-0.0
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Theoretical CNDO/2 charges are in parentheses
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The mass spectra of compounds prepared during this work are tabulated
below, Ions are tabulated in the form: mass number (intensity as % of base peak ,
assignment, proposed origin of the ion); charges on ions are omitted. Base
peeks and parent ions (parent abbreviated to P in assignments) are indicated,
and where observed, metastable ions are tabulated below the mass spectrum in
the form: A —¥ B (-C) at D, the metastable ion being observed at m/e D,
D = B2/A, A* giving B® by the loss of the neutral fragment C. In the structural

formulae all unmarked bonds are to fluorine,

H

H

(1)

450 (7.4, C,,F H), PAREND), 431 (3.3%, C P, H,, P-F), 351 (7.0%), 350

(65.2%, CyF 1y, P—CZFA_), 349 (3.5%, CoF1oH, P—CZFL'_H), 299 (26,1%, Sy ot
P-C,FH), 22 (8.4%, CcFg, P-C¢FgH,) 207 (20.9%, CcFH,, P-CcFy), 205 (3.8%,

06F7, P-66F9H2), 200 (8.4%, C,Fgs P-08F8H2), 199 (100%, C7F6H, BASE PEAK,

P-C.F) H), 181 (10.4%, CF,, P-CgPoH,), 155 (4.6% CF, , P=C.F) Hy), 150

(11.4%, C.F¢s P-09F10H2), 131 (5.0%, c3'F5, P-09F11H2), 100 (9.9%, C,F,),

Motastable fons: 450 — 350 (-C,F,) at 272.2. 350 —> 199 (-03F6H) at 113.2

H

(11)
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400 (16.7%, €11, Hos PARENT), 381 (11.5%, C11F13H2, P-F), 310 (6.5%, ¢, %100

P-CFZ-ZHF), 300 (100%, C9F10H2, BASE PEAK, P-02F4), 241 (15.2%, 09F7, p-c2F5-2HF),

200 (27.2%, C-FgH,, P—CAFa), 199 (100%, C_FgH, BASE PEAK, P-chssn), 181

(20.9%, C-FoHy, P-Cqu), 157 (22.5%, CoFH,, P-06F9), 149 (21.7%, ¢
P=05F10H), 100 (19.6%, cth), 69 (16.2%, CFB).

GF)...H’

Metastable ions: 300 —» 199 (-C3F6H) at 132,0

K
(111)

350 (907%, cloF12H2’ _.____PARENT), 331 (4-6%, clOFllHZ L P-F)) 311 (009%’ ClOFl() ’

P-F-HF), 281 (2.1%, C9F9H2, P-CF3), 250 (14 2%, CaFgtss P-csz), 231 (3.0%,

CgFHy, P-02F5), 212 (2.6%, CgFcH,, P-C,F.), 206 (5.5%, CeFH, P—CAFBH), 181

(13.3%, CF H,, P-03F7), 150 (100%, CcF,Hip, BASE FEAK, P-CAFB), 126 (u.é%,
C,F,Hy, P-CcFg), 113 (6.7%, C,FH, P-C.FGH), 108 (19.7%), 100 (3.8%, C,F,),

99 (3.6%. C5F2H), 69 (11.8%, CFB).

Metastable ions: 250 — 150 (-CZFA.) at 90.0.

(I7)

306 (29.4%, C, FgH, PARENT), 242 (11.6%, C F H, P~CH,~CF,), 219 (9.6%,

C7F7H2, P—CSFHB), 206 (33.1%, C1 0P o0 p-cth), 205 (15.4%, °10F439’ p-cthﬁ),




265,

187 (5.8%, °10F3H10’ P-02F5), 181 (6.4%, CthH9, P—CAFAH), 164 (13.4%,

c_,ilﬂh, P~G,F, ~C,H.), 163 (38.5%, C.F,Hy, P-0,F-C,H), 155 (LL.A%, CGPH,,
P—C3F6H), 150 (19.2%, CBFG), 5 (14, 9%, 04H2F5, P-08F5H6), 131 (10.1%, 05F5),

104 (21.6%), 100 (31.6%, °2F4)’ 99 (9.2%, C HgFs P—C6F6H2), 82 (48.5%, cGHIO),
81 (78.2%, C6H9), 80 (19.2%, Ccg), 79 (16.4#), 77 (15.8%), 75 (8.6%), 69
(35.5%), 67 (100%, C.H,, BASE FEAK, P-C7F8H3), 55 (17.8%), 54 (34.1%),

53 (15.4%), 51 (16.4%), 41 (66.5%), 39 (45%).

B H
“:f;:l:::>rﬂz
H Hy
()
292 (18.9%, C,,FgHg, PARENT), 193 (11.5%), 192 (100%, CgF,Hg, BASE FEAK,
P-CZI-‘A_), 163 (25.5%, c.F H,, P-02F4-02H5), 150 (21.4%, 03F6)_, 86 (26,3%,

C5H7Fs P"C6F7H)’ 68 (43.5%, C5H89 P_C6F8)’ 67 (55-7%: C5H7’ P"C6F8H): 1"'2
(14 8%, c3H6), 41 (15.6%, c3H5).

CH=CF

2
H or g
CH=C
cis/trans F3
(v1)

350 (0.35%, CoF;oths PARENT), 331 (1l.4%, Cj F ,H,, P-F), 311 (0.52%,

C, ¥ ofts P-F-HF), 281 (1.6%, 09F9H2, P—CFB), 262 (1.1%, CoFgtas P-CFA), 231
(1.6%, CaPHy, P-02F5), 225 (1.1%), 212 (1.1%), 205 (6,3%, CeFs P-Ch_Fst),

200 (1.0%, chFa), 199 (2.7%, CFeH, P—CBF6H), 181 (6.0%, 6, P-C6F5H2),
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161 (2.3%), 155 (4-7%),.150 (1.8%, CEFS)’ 5 (5.0%, ChF5H2, P‘.66F7)9 131

(2.7%, 031"5), 127 (6.7%), 126 (100%, C F H_ BASE PEAK, P-06F8) 12 (2.7%, caFu)’

b b2
117 (2.8%, 05F3), 113 (2.9%, C.F_H), 100 (2,3%, cth) ......... .

35

CH=CF 2

or H

cis/trans CH=CF 2

(viI)

- 350 (0.38%, G Fi,H,, PARENT), 331 (L.1%, C)F..H,, P-F), 311 (0.52%,
CyoFyoHs P-F-HF), 281 (1.2%, CoFgH,, P-CF,), 262 (0.9%, CoF gty P-CF, ), 231

(1.6%, CoFHos P-czFS), 224 (1.3%, CcFg, P-ChFqu), 205 (5.2%, C6F7, P—CLF5H2),
199 (1.8%, C.FcH, P-C,FcH), 181 (3.9%, CF,, P-G/F.Hy), 161 (1.6%), 158 (3.3%),
155 (3.6%), 150 (1.6%, C5F6), 145 (4.0%, C.FH,, P-06F7), 144 (2.08), 143

(1.1%), 131 (1.8%, 03F5), 127 (5.8%), 126 (100%, CAFAHZ, BASE PEAK, P-cst),

124 (1.9%, cAF#), 117 (2.0%, C5F5), 113 (2.7%, 03F5H), 100 (1.6%, Cze,)"”""

H H

(A

H H

(VIII)

252 (49.5%, CgFgH, , PARENT), 233 (17.2%, CgF.H,, P-F), 213 (9.1%, CgF¢Hy,
P-F-HF), 202 (9.1%, CoF e, » P-CFZ), 201 (8.1%, CBF6H3, P-CHFZ), 188 (12.6%),
183 (100%, C7F5H4, BASE PEAK, P-CF3), 163 (41.4%, 0734}15, P—CFB—HF), 152
(32,3%, c71?4114, P-cth), 151 (33.3%, CF Hs, P-CZF’_'_H), 133 (86.9%, CoF,H, »

_
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P-02F5), 132 (20,2%, CeF 51 P-CZFSH), 126 (88.9%, 6,F,H, P-ChFhHZ), 120 (37.4%,
C2F5H), 119 (15.7%, 02F5), 114 (14 7%, 03F4H2), 113 (59.1%, CBFLFH), 101 (19.2%,
CZFAH), cecenss 69 (Lh, 4%, c1?3).

Metastable ions: 183 —» 163 (-HF) at 145.2

(Ix)

510 (9.4%, C,oF,,, PARENT), 391 (h.O%, C,,F, ., P-F), 341 (4.T#, CyyFq,, P-CF,),
310 (45%, CyF:qs P-Cth_), 291 (19.0%, C1oFy? P-02F5), 272 (9.9%, C;oFgr
P-CzFé), 260 (11.0%, C9F8, P-CBFG), 24,1 (100%, c91-'7,
222 (4.1%, C9F6, P-c3F8), 210 (5. 5%, CgFes P-cl..FB}’ 203 (3.6%), 11 (4.6%),
117 (5.0%), 93 (3.6%, C,F;), 69 (3.6%, CF,).

Metagtable ions; 410 = 310 (-CZFL) at 234.4, 310 ~ 241 (-CFB) at 187.4,

BASE PEAK, P-03F7) ,

291 — 241 (-CF2) at 199.6, 260 — 241 (-F) at 223.4,

Ve

(x)
360 (18.0%, C,4F,,, PARENT), 341 (2.5%, C ,F,, P-F), 291 (11.8%, C10F g P-CFB),
272 (4.9%, CoFge P-CFA_), 261 (9.8%), 260 (100%, C9F8, BASE PEAK, P-c?_F#),

242 (6.5%), 241 (61.2%, 09F7, P-CzFB), 222 (3.1%, C9F6’ P—02F6), 210 (21.2%,
CaFes P-03F6), 203 (2.7%), 168 (7.8%), Wl (8.6%), 117 (8.5%), 93 (5.9%, G3F5),
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69 (3.9%, c1a*3).
Metastable ions: 360 —» 260 ('-021«‘#) at 187.8, 341 —» 2,1 (-cth) at 170.3,

260 =» 241 (=F) at 223.4

(X111)

61 5% ot » P-CF,), 319 (8.5%, C10F ot » P—CFB), 288 (100%, C,,Fgll,» BASE PEAK,
P-C2F5), 268

P—C2F4), 273 (7%, €. oFgtls P-cth-cns), 269 (8.5%, 011F7H#,
(5.5%), 267 (4.2%), 260 (48.5%, C9F8, P'°2F4'°2H4)’ 255 (7.3%, CloF7H2,
P-C}FSHZ), 249 (7.9%), 243 (18.8%, o P-02F5-02H}+), 238 (73.3%, CyoFeH,
P-CBFG), 257 (86.7%, €1 FeHs, P—C3F6H), 236 (8.5%), 224 (15.8%, CoF(H,,
P—CBFs-CHZ), 223 (14.6%, C9F6H, P-C5F6-CH3), 220 (9.7%, CLPF9H), 219 (73.3%,
°10H4F5’ P-c3F7),. 218 (29.7%, CIOHBFS, P-CBF?H), 210 (7.3%), 205 (23.6%, C6F7),
200 (7.6%, chFS), 187 (26.7%), 169 (20%, 031-‘7), 100 (7.6%, cth_), 69 (9.7%,
CFB)’ 65 (9.1%, 02F2H3)

Metastable ions: 388 —> 288 (-cth) at 213.8, 288 —> 238 (-CF,) at 196.7,

237 —» 187 (-05'2) at 147.6, 219 — 169 (—CF2) at 130.4

(xIv)
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388 (Lolif, Cp5F)oH,, PARENT), 369 (4.4%, Cy5F1qH,, P-F), 338 (5.9%, Cy oF10Hy,s

PCF,), 319 (7. 7%, C)oF gty » P=CF,), 268 (94.1%, C),FeH,, P-C,F)), 273 (6.9%,
¢, oFgtls P-CZF#-CHB), 269 (7.8%, C1aF A, P-C2F5), 268 (1.6%), 267 (4.1%), 260
(61.8%, C9F8, P—CzF#—CZHl‘_), 255 (6.9%, 610F7H2, P-03F5H2), 249 (7.7%), 21
(24. 7%, 09F7, P-62F5-02H4), 238 (64.7%, C10F6H4, P-c3F6), 237 (100%, ClOFGHB,
BASE FEAK, P-C.FH), 236 (7.9%), 224 (15%, CqFgllys P=C,F~CH,), 225 (Lh.ifh,
CoFgH, P-03F6-CH3), 220 (9.4%, chFC)H), 219 (88.2%, C,gH T, P-03F7), 218
(29.7%, 010}131"5, P-C3F7H), 210 (9.1%), 205 (22.4%, c61-'7), 200 (6.3%, C#Fa),
187 (27.1%), 169 (22.4%, 03F7), 100 (15.3%, CZFA), 69 (11.2%, CFB) 65 (7.1%,
21{3).

Metastable ions: 388 —» 288 (-cth) at 213.8, 288 —» 238 (-CF,) at 196.7,

C2F

\f 237 —» 187 (-CF,) at 147.6

H
CH,
(xv)
400 (5.3%, Cq, Fp ot s PARENT), 385 (0.5%, 013F12H, P-CHB), 381 (0.6%, Clh_Flth,
3 y =Ll Og - o Jf0

c12E_‘8H4' P-CZFA_), 281 (3.6%, 012F7Hh, P-c2F5), 251 (13.5%), 250 (100%,
011F6H4, BASE PEAK, P—C3F6), 249 (20.7%, cllF6H3, P-C5F6H), 231 (107,
CllF5H4, P-03F7), 229 (4%, CllF5H2, P—03F7H2), 223 (4.9%), 211 (2.7%), 205
(2.4%, 06F7), 200 (5.2%, chFB), 100 (2,8%, c2F4), 81 (1.4%, CZFB), L (11.8%,
CZHF).

Motaskable ions: LOO = 331 (~CF;) at 273.9, 250 —r 231 (-F) at 213.4, 350 ~>

250 (~C,F,) at 178.6, 250 —» 200 (~CF,) at 160.0.

L |
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(xv1)

400 (3.5%, Cp T, H, , PARENL), 385 (0.4, C);F),H, P-CH), 381 (0.7%, C),F) H,,

P-F), 350 (10.2%, cl3FloH4,_P-CF2), 331 (4.8%, 015F9Hh, P-QF3), 300 (b 3%
ClZFSHl..’ P-CZFh), 281 (3. 7%, 0121?71{4, Pf-C2F5), 251 (13.1%), 250 (100%,
C,1FgH, , BASE FEAK, P-c3F6), 249 (22.5%, C11F¢ts, P-03F6H), 231 (10,4%,

613 FoH, » P_03F7), 229 (L4e1%, C15F ity P—03F7H2), 223 (4.6%), 211 (2.9%), 205
(2.1%, 06F7), 200 (5.4%, cth), 100 (6.8%, CZFA), 81 (5.9%, 02F3), L. (8.3%,
02F3). _

Metastable ions: 250 = 231 (-F) at 213.4, 350 = 250 (-cth) at 178.6, 250 —»

200 (-CFZ) at 160,0.

CH

CH

(o)

414 (100%, C

15Fotlg, PARENT and BASE FEAK), 264 (52%, CypTgHc, P-C;F¢), 249

(8, L%, C11F¢Hs,s P—03F6-CH3), 236 (12%), 234 (;8%), 219 (5%), 205 (6.5%, C6F7),
199 (5.8%, C7F6H), 156 (7.7%), 149 (9.4%, C6F3H), 115 (20%), 105 (10.7%,
C)+F3) ceseenes 69 (20%, CF3).
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CH

CH

(XVIII)

41k (10.6%, C1 571 o> PARENT), 399 (0.9%, Oy Fp o5 P-CHB), 395 (1.6%,

F,Hgs P-F), 36k (L.6%, C),F, He, P-CF,), 345 (14.3%, 6y, Foflgs p-w3), 314

Gy
(705%, 013F8H6, P-czFll_), 299 (8%! 012F8H3’ P-CzF)_'__CHB)’ 295 (705%9 013F7H69
P-02F5), 265 (13.1%), 264 (100%, C.,Fglc, BASE PEAK, P—C3F6), 263 (9%), 250
(702%), 214'9 (54%, 011F6H39 P__C3F6"CH3): 245 (9'11‘%5 012F5H6’ P"CBF7)’ 2)"'2 (902%)’
241 (9.6%), eeeee 205 (6.6%), eaees 69 (4%, C_FB).

Metastable ions: 414 —> 345 (-CFS) at 287.5, 364 —> 26l (-CZFL..) at 191.5,

26k = 249 (~CH,) 8t 254.9.

Q0.

(XIX)

3

350 (7.5% Cy3FyqH,, PARENI), 331 (3.7%, Cy5FoH,, P-F), 300 4ok, CyoFgH ,

F-CFZ), 281 (3.6%, 0121"7114, P-CF5), 251 (1k4.5%), 250 (100%, ansHu, BASE PEAK,

P-CZFLL), 249 (27.5%, Cy1Flls, P-CZFLH), 231 (12, 3%, Cy9F5Hy,» P—02F5), 229

(5.1%),223 (6.7%), 211 (3.8%), 205 (3% CgF), 200 (7.1%, C,Fg), 100 (4 2%,
C,F,), 99 (2.2%), «evne 69 (1.9%, CF) «o...
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Metastable ions: 350 —* 250 (-C2Fl+) at 178.6, 250 => 231 (-F) at 213.4, 250

~» 200 (-cxn'z) at 160

(%)

36k (13.5%, Cy,F) e, PARENT), 345 (3.6%, 014F9H6,_P-F), 295 (2.1%, 6 5F-He.

P-CFB), 265 (13.8%), 264 (100%, C, FeHes BASE FEAK, 2-021?#), 263 (13%),

249 (23.7%, 011F6H3’ P-'-CZFZF-CH}), 245 (2.8%, 012F5H6,‘ P-czr5), 242 (3.2%),

236 (2.8%), 231 (2.0%), 229 (2.2%), 224 (3.0%), 223 (3.4%), 205 (2.8%, C.F-),
193 (1.8%), 187 (2.3%), 118 (1.5%), 100 (1.6%, C,F,), 99 (1.1%), 81 (1.5%) .....
Metastable ions: 364 —2 264 ('°2F4> at 191.5, 264 =¥ 249 (-CH5) 2t 234.9.

’

(XX1)

250 (100%, C,1FgH, PARENT and BASE PBAK), 249 (73%, cux-*ény P-H), 231 (33%,

CllFSHh-, P-F), 229 (14%, CllF5H2, P-F-Hz)_, 223 (20%, C9F6H, P-02113), 218 (4%,

CyF iz, P-CHF), 211 (7%, Gy F Hy, P-HF,), 205 (8.1%, Cg¥.H,, P-C,FH,), 200

€ P H - O/O OO aseee
(19%, CF H,, P CF,) +eees 100 (7.3%), 99 (4 2{)
Metastable ions: 250 =¥ 231 (-F) at 213.4, 250 ==* 200 (-021-‘#) at 160,

_ .
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.CH3
CH3

(xx11)

264 (100¢%, 012F6H6, PARENT and BASE PEAK), 263 (27%, 012F6H5, P-H), 250 (7.5%,

an6H4, P-CHZ), 2,9 (50.2%, CllF6H5, _P-CH3), 245 (6.5%, cle5H6_, P-F), 242

(5.8%), 236 (4T, CyoFcHy, P-CZHA), 231. (b 2%, 0y, FeH, , P-CH,F), 229 (3.7%),
223 (5.8%), 205 (ko i, CoF.Hy, P-C,H, ~CF), 195 (2%), 187 (2.9%), 132 (3.45%),
118 (3.2%) veeee

Metastable ions: 264 => 249 (-CHB) at 234.9.

CH3

(XxX111)

450 (11.9%, € F; H , PARENT), 431 (4.8%, G 5T 5t s P-F), 381 (13.1%, AR

P-CF,), 350 (100%, C)F) K, BASE FRAK, P~C)F)), 335 (52.4% Cy,F)H,

P-C,F, -CH;), 331 (19.1%, C),FH,, P-C,F5), 300 (14.3%, C),FgH,, P-C'31?6), 299

(1. 3%, 01 oFgHss p-chBH), 285 (33.3%, G ,FgH, P-C, 6-CH3) , 281 (81%, Gy oFH, s

P-C,F.), 250 (45.2%, CpyFgH, P-C,Fo), ?49 (21.4%, C) FeH,, P-C FgH), 251
(33.3%, €, FgH,, P-C,Fy), 113 (31.0%, C,F H), 109 (19.1%), 100 (15.5%), 69
(21,45, 01'"3).

Metastable ion: 450 = 350 ('Cze) at 272,2
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@ '
c

i3

(XX1V)

450 (19.0%, 0151-‘14114, PARENT), 431 (6.9%, 0151?131_{#, P-F), 400 (3.5%, cthler#,

(6.9%, € P H, P.csz-c:I%) , 331 (10.3%, '013F9Hh_, P-c2F5),_300 (12.1%, -

C, oFgH, » P—C3F6), 299 (3.5%, CyoFgHs, P-CBF6H),_285 (12.1%, C, FgH, P-CBFG—CH3),
281 (69%, Cy F R, P-C3F7), 250 (56.9%, cllFégh, P-chFB), 249 (16.6%,

C19FHs, P-CAFSH), 231 (22.4%, CllF5Hh,.P-CAE9), ?19 (20. 7%, Oy oF5Hys P-c5F9),
ceees 127 (1007, C,F\Hss BASE PEAK), 113 (8.6%, C,F,H, 127 -CHB), 100 (5.2%,

CZFL)’ eesoces 69 (10.3%, CFB).

(xxv)

410 (1.2%, Clelh,APARENT)? 391 (2.4%, 012F13P-F), 360 (0.9%, € ;F ., P-CF,),

361 (10.1%, C4Fpq, P-CFB), 322 (4.0%, CllElo,.P-CFh)? 310 (26.9%, ¢ oF 100

P-02F4), 291 (18.9%, 010F9, P-CZFS), 272 (9.9%; C, oFge P-cst), 260 (21.7%,
Co¥gs P-c3F6), 2,1 (100%, CgF,, BASE PEAK, P-03F7), 222 (L4.6%, CoFgs P-CBFB),
210 (11.1%, CgFg, P-C Fg), 1l (9.1#), 117 (9.3%), 93 (6.5%, CF5), 69 (7.6%
CFB).
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Metastable ions: 310 = 241 (-CFB) at 187.4, 291 = 241 (-CF2) at 199.6, 260
= 241 (-F) at 223.4.

Ve

(xxvI)

510 (2.7%, C),F), PARENT), 391 (2.5%, C1,F;s, P-F), 360 (1.2%, €)F,,, P-CF,),
j 341 (7.5%, C1Fq) P-CF3), 322 (2.8%, C ,Fy ., P_-CFh), 310 (28.7%, C o 0»
P-cth), 291 (15.5%, CyoFgs P-C2F5), 272 (16.8%, C,oFas P-02F6), 260 (19.9%,

chB, P-CjFé), 241 (100%, BASE PEAK, P—C3_F7)“, 222 (4 9%, ch6, P-cst),

S92
21.0 (107, CgF,, P-chFS), W (7.3%), 117 (7.7%), 93 (5.8%, 031'“3), 69 (6.6%,
CFB).

Metasteble ions: 310 — 241 (-CFB) at 187.k, 291 =% 241 (-CF,) at 199.6,

260 = 241 (-F) at 223.4

(XxXVII)

360 (11.3%, C1 ¥ s PARENT), 341 (4.7%, CiqFy1s P-F), 291 (19,0%, ClOF9,
P-CF3) » 272 (6.0%, Cj Fg, P+CFI+) » 260 (100%, CoFgs BASE PEAK, P-C, ‘4), 241

(66.7%, CoFos P-C2F5), 222 (4. 7%, Co¥es P-cst), 210 (27.3%, CgFes P-03F6),

e




276.

203 (ll-oo%, C9F5)’ 191 (407%’ CBF5! P-03F7), 179 (14'07%) 071(‘5)! 172 (lho%’ CBF&_)!
160 (6.0%, C7F4), Ll (12.0%), 122 (4.3%), 117 (8.0%), 100 (7.3%, czp#), 93
(7. 3%, 031'“5), 81 (4.0%, 021"3). 69 (6.0%, QFj).

Metastable jons: 260 = 241 (-F) at 223.4, 360 —» 260 (-C2F4) at 187.8, 341 —»
24 (-cth) at 17043

(XXVIII)

260 (64, CoFgs PARENI), 241 (100%, CGF., BASE PRAK, P-F), 210 (k% CgFy,
P-CF,), 191 (6. 9%, c8F5, P—CFB), 160 (9.4%, CF\s P-Csz), 141 (20%, c7F3,
P-czrs), 122 (6.3%), 117 (8.1%, ch#), 93 (6.5%, °3F3)°-

Metastable ions: 260 — 241 (-F) at 223.4, 260 = 210 (-CF,) at 169.6,

241 —=» 191 (~CF,) at 151.k.

45

® previously obtained in impure form.

(XXIX)

206 (26.4%, C.F-H, PARENT), 187 (15.3%, C/FH, P-F), 168 (3.6%, C,F 1, P-2F),

7
156 (25.2%, C5F5H_, P-CF,), 137 (100%,.653‘#11, BASE PEAK,_P-CFB), 117 (44%),
106 (41.5%, c,T,H, P-cth), 99 (5.8%), 93 (11.1%, 031'5), 87 (bu4%), 75 (17.1%),

69 (29.3%, ch). , ,
Metastable ions: 206 = 187 (-F) at 169.8, 187 = 137 (-CF2) at 100.4,

206 —» 137 (-cﬁj) at 9L.1, 156 —» 106 (-CF,) at 72,0,
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(xxx)

274 (v. weak, CloF7H50, PARENT), 206 (16%, C6F_7H, P-ckaho), 187 (28%, C,FH,
P-ChHAO-F), 156 (23.3%, GsFSH, P-cuﬂho-CF?_),_l}?_ (100%, C_SFI‘_H, BASE FEAK,

P-Ch_I-Ih_O-CF3), 106 (50%, C9I"3H,_P-CAH40-C2FLF), 99 (13%), 93 (18%), 75 (28%),
69 (37%, CF;), 68 (100%, C,H,0, BASE FEAK), 40 (21%), 39 (64%), 31 (18%, CF),

29 (14%, 02H5) .....

o O

(XXX1I1) + (XXXI)
80% 20%

242 (51.5%, 091?75, PARENT), 241 (7.4%, C§F7, P-H), 223 (100%, c91-‘61{, BASE PEAK,
5H, P-CF2), 161 (6.6%, C_F H, P-02F3)_, 142 (6.1%, C7F3H,
P-Cth_), Ul (6.6%,_07}?3, P-cthﬂ), 123 (16.2%), 117 (6.6%, 05F3), 104 (5.2%),

99 (6°l% ’ 93 (7.4%;.033‘3).. i
Metastable ions: 242 =% 223 (-F) at 205.5, 242 =¥ 192 (~CF,) at 152.3.

P-F), 192 (33.2%, CgF

(XXXIII)
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224, (72.7%, 09F6H2, PARENT), 223 (38.7%, O FeH, P-H), 205 (100%, CgF.H,, BASE
_..._PEAK’ P‘F), 174 (21'*-'7%’ CSFI'_Hz.v P'CFz): 124 (30.3%, C7F2H2a P-(-)ZFI'.)’ 123 (607%s
CFH, P-C,F H), 117 (4 0%, CF,), 112 (4.0%, C,F,), 10k (4A), 99 (5.3%),

93 (5'0%: c3F3)'

Metastable ions: 224 —» 205 (-F) at 187.6

oD OO

or

(XXIV)

256 (100%, 010F7H3, PARENT and BASE PEAK), 255 (15.4%, c10F7H2,' P-H), 241

(48.5%, CoF-, P-CH,), 237 (25.4%, C) F Hy, PfE), 236 (39.1%, G, F¢H,, P-IF),

223 (9.2%, C9F6H, p-cnzxe), 206 (30.8%, C P-CF,), 205 (49.45%, C.F H

95038 oFi5tips

P-CF2H), 187 (46.2%, C_F H P—CFB_)

943 :
Metastable ions: 256 = 237 or 236, 255 —» 236, 235 (-IF, ~F) broad metastable

at 216-219, 206 = 187 (-F) at 169.8, 256, 255 =» 205 (-CF,, -CF,H) broad

metastable at 164-166, 257 = 187 (~CF,) at 147.6, 256 —> 187 (-CF;) at 136.6.

(syn/anti) | (syn/anti)

NHo
N
H
@:}NNHZ and/or @ H
(Xxxv) + (XXXVI)
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272 (1004, C9F7N2113, PARENT and BASE PEAK), 253 (11.}%, C9F6I\12113, P-F), 252

9F61\12H2, P-HF), 23k (8.2%, C9F5N2_H3, P-2F), 225 (24.4%, C9F6H3 or

CgFNH, P-F-N, or P-CFBH,) 224 (23.7%), 223 (77.8%, CoFH, P-F-N,H,), 206 (ik,u%,

225-F), 205 (75.6%, 224-F), 204 (27.0%, 223-F), 192 (8.9%, CgF, H, P-CF,-N,H,),

179 (11.9%, CF)s 'P-02F3N2H3), 174 (13.3%, CgF'5H,. P-CFE—NZH),_ 154 (7.4%,
CgF,H, P—CF#-NZHZ), 148 (8.2%, r_;7F2H, 171..-01-”), 123 (13.7%), 120 (17.0%), 104
(21.1%), 103 (17.0%), 99 (7.4%), 93 (9.6%, C;F;), 77 (9.6%), 69 (6.7%, CF,),

51 (7.4%, CHF,), 48 (13.0%, CHFNHé), 31 (7.43%, CF), 29 (8.5%).

(28.9%, C

(XXXIX)

258 (100%, C9F70H, PARENT and BASE PEAX), 239 (17.4%, C9I-‘6

ch60? P-HF), 230 (69.6%, 08F7H, P-C0), 211 (13.0%, CgFH, P-COF), 210 (18.8%,

OH, P-F), 238 (18.8%,

CeFes P-co-m'{), 180 (63.0%, C_FH, P-C0-CF,), 179 (29.0%, CFes P-CO-CF,H),
161 (9. 2%, CF H, P-co-01-‘3), 148 (39.1%, CgF,» P-C0-C, 3H), 1 (18.1% C7F3),
117 (17.4%, CgFy), 10k (17.4%), 98 (16.7%), 93 (17.4%), 79 (18.8%), 58 (29.0%).

Metastable ions: 258 —* 230 (-CO) at 205.0, 258 —> 238 (-HF) at 219.6, 230 =

161 (-CF3) at 112,7, 238 —» 210 (-C0) at 185.3, 180 == 161 (-F) at 14k4.0,

230 —» 180 (-CFZ) at 140.9,




APPARATUS AND INSTRUMENTS
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Vacuum System

A conventional vacuum system incorporating a rotary oil pump and a mercury
diffusion pump was used for handling voletile compounds, Gases were stored in
3 1, storage bulbs and measured by noting the pressure on a wide-bore manometer
connected to one of two standard volume bulbs (672 ml. and 4040 ml.). The
smaller bulb was used for quantities of gas less than 10 mmoles, the larger

one for quantities up to 50 mmoles,

Infrared Spectra were recorded on a Perkin-Elmer 137 (sodium chloride)
spectrometer and a Grubb Parson Spectromester. High resolution work was done on
either the Grubb-Parsons Spectromaster or on a Perkin-Elmer 457 Grating

Infrared Spectrophotometer.
Ultra-violet Spectra were recorded on a Unicam SP800 Spectrophotometer.

Mass Spectre were measured with an A.E.I. MS9 spectromster at an ionising beam

energy of 70 eV,

Nom,r. Spectra were measured with a Varian A56/60 spectrometer, operating at
56.46 MHz for 1% and 60,0 MHz for lH spectra, operating temperature 40°,
191" chomical shifts are in p.p.m. from fluorotrichloromethane (positive upfield)
and l}I chemical shifts are measured on the § scale relative to tetramethyl

silane, Wherever possible internal references were used on either neat liquids

or solutions in carbon tetrachlqride.

Analytical Gas Liquid Chromatography (g.l.c.)

A Perkin-Elmer 452 using hydrogen as carrier gas and a hot wire detector
was used for analytical work, The stationery phases used were:
Column A: 2.2m x 7 mm. diam., di-n-decylphthalate/Celite

Column O: 2.2m x 7 mm. diam., silicone grease/Celite
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Preparative gel.ce 4All instruments used nitrogen carrier gas.

Column A: 4,9m x 75 mm diam.,, dinonylphthalate-Celite 1:2, N, carrier
(1100 m1/min)

Column B: Perkin-Elmer F.2l, Praparativer Gaschromatograph,
4,5m x 0,95 om. diam.,, di-n-decylphthalate-Chromosorb P
(1:4); N, carrier (cas 0.8-1.5 atmos).

Column C: As for Column B but with silicone o0il-Chromosorb P (1:4)
as sté.tionery phase,

Column D: Perkin Elmer F.2l, Praparativer Gaschromatograph,
J.7m x 0,95 em. diam,, di-n-decylphthalate-~Chromosorb P
(1:4); N, carrier (cas 0,8-1.5)atmos).

Column E: As for Column D but with silicone oil-Chromosorb P (1:4)
as stationery phase,

Column F: Varian "Autoprep”. 6.lm x 13 mm diam., silicone elastomer-
Celite (1:2), ca. 10 1./hr.

Column G: As for Column F with di-n-decylphthalate-Celite, (1:2)

Carbon and Hydrogen Analyses were carried out with a Perkin-Elmer 240 CHN

Analyser.

Melting Points and Boiling Points are uncorrected. The boiling points were

measured by Sivoloboff's method.




APPENDIX

INFRA-RED SPECTRA




The infra-red spectra below were run on a Grubb-Parsons Spectromaster.

All spectra were run using KBr cells under the following conditions,

Compound Number

(1)
(I1)
(111)
(1v)

(V)

(v1)

(viI)
(VIII)
(IX)
(x)
(XI1I)

(XIv)
(xv)

(xv1)
(XVII)

(XVIII)

§A; Liquid film
KBr disc

Thin contact film produced by melting a solid
between the infra-red plates.

Name of Compound

2H,7H-hexadecafluorotricyclo[6,2,2,02’7]dodec-9- ens

2H,6H—tetradecafluorotrioyclo[5,2,2,02’6]undec—8-ene
2

2H,5H-dodecaf1uorotricyclofh,2,2,0 ’5]dec-7-ene

- 2
1,8,9,10,11,11,12,12~octafluorotricyelo [6, 2, 2,022 71—
dodec-9-ene

2,6
1,7,8,9,10,10,11,11~octafluorotriayelo[5,2,2,0° ]~

undec-8-ene

cis~ or trans-7H or 8H-decafluorotriqycloLh,z,d]-
ooct-2-ene

3,3,4,#,7,7,8,8-octaf1uorotrioyclo[3,3,0,02’6]octane
perfluorotrioyclo[6,2,2,02’7]dodeca-2,679-triene

perfluorotriqyclo[5,2,2,02’6]undeca-2,5,8-triene

AH,hH,5H,5H—dodeoafluorotetracyclo[6,2,2,13’602’73-

tridece~2(7),9-diene

' 6.2
hH-dodecafluoro-5-methy1tetracyclo[6,2,2,13’ 0 ’7]-

trideca=-2(7),4,9-triene

dodecafluoro-k,5-dimethy1tetracyclo[5,2,2,13’602’7]-
trideca=-2(7),4,9~triene

282,

écg Nujol mull - nujol bands marked 'n' in the spectrum

(a)
(a)
(4)

(B)

(4)

(a)
(8)
(c)
(4)
(4)

(D)
(B)

()

(B

(B)
(B)



Compound Number

(X1X)
(xx)

(xx1)
(XX1I1)

(&XIII)
(xx1V)

(xxv)
(xxvI)
(xaven)
(XXVIII)
(Xx1X)

(%xx)

20% (XXXI)
(XXXIII)

(3xxIV)

85% (XXXV)

(XXXVIII)

(XKXIX)

131’3’)""5

and 15% (XXXVI) syn and/or anti 1,1,3,4,5,6,7-heptafluoroindan-
2-one hydrazone or 1,1,2,4,5,6,7-heptafluoroindan~

Name of Compound
LH-decafluoro-ﬁ-methyltricycloi},2,2,02’7]-
dodeca~2,4,6,9-triens
decafluoro-#,5-dimethy1tricyclo[;,2,2,02’7]-
dodeca-2,4,6,9-tetraene

2H-hexafluoro-3-me thylnaphthalene

2,3=-dime thylhexafluoronaphthalene

hH-tetradecafluoro-6-methylpentacyclo[7,2,2,15’704’6
2
0 ’BJtetradeca-2(8),lo-diene

hH#tetradecafluoro-G-methylhexacycloE7,2,2,13’702’41
02’806’8]tetradec-10-ene

perfluorotetracyclo[6,2,2,02’705’7]dodeca-2,9-diene
" " " ) U " "

. 12,6 .
perfluorotrlcyclo[5,2,2,0 ’ ]undeca—2,3,8-tr1ene
perfluoroindene
1,3,4,5,5,6,6-heptaf1uorobicycloié,Z,O]hex—Z-ene

11-oxa-5,h,h,5,5,6,7-heptaf1uorotetracyclo[6,2,1;

02’703’ ]undec-9-ene
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(a)

(B)
(D)
(B)

(8)

(B)
(4)
(4)
(4)
(4)
(4)

(B)

,6,7- and 80% (XXXII) 1,1,2,4,5,6,7-heptafluoroindenes (A)

1,1,4,5,6, 7=-hexafluoroindene

(4)

1,1,3,4,5,6,7=heptafluoro-2-methyl-indene or 1,1,2,4,5,6,7~-

heptafluoro-3-~methyl-indene

3-one hydrazone

(a)

(B)

1,1,3,k,5,6, 7~heptafluoroindan-2-one-3-sulphonic acid (4)

1,1,3,4,5,6, 7-heptafluoroindan-2-one

(4)
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