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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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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 expect