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SYNTHESIS AND PROPERTIES OF

ABSTRACT

The work described in this thesis was concerned with
‘the synthesis and metathesis ring _opening polymerization of
some fluorinated norbornenes and norbornadienes. The object-
ives of the work were to synthesise some new stereoreqular

fluoropolymers,

This thesis is divided into five chapters. In the
first chapter the background of the olefin metathesis re-
action is reviewed. Chapter Two gives details of the syn-
thesis of some fluorinated norbornenes and norbornadienes.
The third chapter discusses the ring opening metathesis poly-
merization of a series of relatively simple monomers, and the
characterization of the polymers produced, by l3C n.m.r. and
infrared spectroscopy. In the fourth chapter the polymeri-
zation of a series of more complicated monomers is described.

The final chapter details some of the physical properties of

the polymers.
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1.1 General Introduction

Despite the importance of both synthetic and naturally
occurring polymers to man, an understanding of the science
of high polymers has begun to emerge only relatively recently.
In the early years of this century scientists believed that
materials such as cellulose and rubber were colloidal agg-
-regates. "Stauaingefl challenged this idea and>his—Qork
forced scientists to accept the concept that these molecules
were built up by the repetition of small structural subunits
(monomers), to form long chains or macromolecules, By the
middle of the twentieth century the discovery and utilization
of, for example, nylon, perspex, polystyrene and poly(vinyl-
chloride) caused an avalanche of activity in the area of
polymer science, as a result of which knowledge was greatly
expanded. This process of invention, study and increasing

understanding continues to the present day.

1.2 Polymer Classification

Classically W.H. Carothers2 divided pblymerization re-
actions up into two types; addition and condensation. This
classification had several drawbacks3 and it is now more
appropriate to describe polymerization reactions on the
basis by which the chain grows: either

(i) chain growth polymerization, or

(ii) step growth.

The synthetic method of polymerization described in this
thesis is the olefin metathesis reaction, an unusual type of

chain growth polymerization,



1.3 Definition of the Olefin Metathesis rcaction

The olefin metathesis reaction is a catalytically
induced bond reorganization process involving the making
and breaking of carbon--carbon double bonds. During the

process the number and type of bonds remains unchanged.

For acyclic olefins the overall process leads to

exchange of alkylidene units.

RlCH = CHRl RlCH HCRl
+ pr——— ” + u
RZCH = CHR2 RZCH HCR2

This reaction was discovered by Banks and Bailey,4 who

termed the reaction "olefin disproportionation”.

For cyclic olefins the metathesis reaction leads to

ring opening and the formation of linear polymers.

HC

~
% ” (CH,) =~ === HC —(-CHzé—n—CH%X

e

HC

The first citation of ring opening polymerization of alkenes
was given'in a patent by Eleuterio5 in 1957, and later re-

6 It was not until

ported in the open literature by Truett.
the work of Calderon7 in 1967, that it was realised that
ring opening polymerization of alkenes to yield unsaturated
polymers and the olefin disproportionation reaction were
governed by the same mechanism, and the term olefin meta-
thesis was introduced to describe both of these reactions.

The olefin metathesis reaction has been extensively re-

3,9a,b

viewed and is the subject of recent books. A detailed



description of the reaction is therefore unnecessary, and
an outline of salient features and recent developments in
the metathesis of cyclic olefins, relevant to the work to
be described in this thesis, will be given in this brief

review,

1.4 Catalyst Systems

Tﬁe olefin metathesis reaction is catalytically in-
duced, and the range of catalysts which will initiate the
reaction is very.large,lo . They consist of compounds of the
transition metals from groups IVA to VIII as shown in

Figure 1.1

Iva VA VIA VITA VIII

Ti v Cr
Zr Nb Mo Ru Rh
HE Ta W Re Os Ir

FIGURE 1.1 Metals active in the catalysis of metathesis

Catalyst systems consist of three main types:
(i) single component systems comprised of a metal carbene;
(ii) two component systems containing a transition metal
compound and an alkyl, aryl or allyl containing
species;
(iii) compounds with neither a preformed carbene or an
alkyl, aryl or allyl containing species, and usually

consisting of a transition metal halide.



The number of catalysts which will initiate a partic-
ular metathesis process is governed to some extent, by the
magnitude of the free energy change. Reactions with large
negative AG values will, in general, be initiated by a
larger range of catalyst systems than reactions with small

AG values.

The ratio of e¢is and trams double bonds in a ring opened
polymer is primarily dependent on the catalyst, but other
parameters such as concentration, temperature and the nature
of the monomer can also have an influence. In this work
catalysts based on W, Mo, Re, 0Os, Ru and Ir have been used,
and in general, it seems that W and Mo based catalysts are
more reactive than those based on the other transition metals.
The selectivity of W and Mo based catalysts is variable
whereas the other systems seem to be more specific; thus,
ReCl5 gives ring opened polymers with a high ¢7s vinylene

content, whereas 0OsCl RuCl, and IrCl, all tend to give

37 3 3

high trans products. It has to be admitted that most studies
reported to date have concentrated on W or Mo based catalysts,
and consequently there is much more data about these systems.

It may well be that the generalisations about Re, Os, Ru and

Ir based catalysts will not stand the test of time. Indeed,

a recent reportll concerning the polymerization of endo-dicyclo-
pentadiene with RuC13,3H20 catalyst describes an unusual result.
For a wide range of substituted norbornenes, including exo-
dicyclopentadiene, RuCl3.3H20 gives rise to a high trans poly-
mer, whereas with endo-dicyclopentadiene a high ¢7s polymer is
obtained. This observation was rationalised in terms of pro-

pagation by a sterically restricted catalyst in which endo-

dicyclopentadiene acts as a bidentate ligand. The resulting



increase in stevic bulk forces the monomer to approach in

such a way that a c¢is double bond is formed.

1.5 Thermodynamics of the Olefin Metathesis Reaction

For any reaction the change in Gibbs free energy has

to be negative for the process to be favourable.

AG = AH - TAS

The entropy term for polymerization reactions is always
negative since the freedom of the monomers has been con-
strained by binding them into macromolecules. Consequently,
the second term in the expression for AG is always positive.
Successful reaction requires that the enthalpy change (AH)
outweighs the TAS term. It has been observed that there is
a temperature, characteristic of the monomer, above which
polymerization cannot be achieved. This "ceiling temperature"
effect is readily understood in terms of the above consider-
ationsc12 If the temperature is too high then the overall
AG becomes positive and the process unfavourable. The temper-

ature at which the TAS term balances the AH term defines the

"ceiling temperature".

It seems reasonable to expect that the most important
factor in determining the AG value for a ring opening process
will be ring strain. The experimental evidence supports this
view; thus small membered rings are easily polymerized, but
cyclohexene in which there is no ring strain has so far proved

extremely resistant to attempts to polymerize it.

However, there is a report in the literature which quest-

ions this argument°l3 It is claimed that ring strain is not



the most important feature in explaining the different re-
activities of cyclic clefins towards metathesis catalysts.
These workers propose that it is the relative reactivity of
the propagating carbene (see Section 1.6) that is crucial.
The rates of reaction of norbornene and cyclooctene, in the
presence of tungsten hexachloride/tetramethyltin catalyst
system, were measured; and it was determined that norbornene
was polymerized faster by a factor of 1020 This was ration-

alized in terms of the relative reactivity of the chain carry-

ing species for norbornene (1) and cyclooctene (2).

O

\

(1)

(2)

It was suggested that the vinylenes in the polymer chain

in (1) could not coordinate to the metal centre, whereas in

(2) co-ordination could take place, as shown above. The
tungsten carbene in (1) has a "free active site" which is
therefore more reactive than that in (2), where the active

site is shielded by an 'in chain' vinylene. Arguments about
coordinated vinylenes have been advanced previously to account
for observed tacticity effects (see later), It seems that
the distinction envisaged by these authors is somewhat tenuous,
since in the polymerization mechanism the in-chain vinylene

is produced as a result of cleaving a metallocyclobutane and,



at the moment of its formation, it must be in very close
proximity to the newly formed active site and metal carbene.
Whether it stays coordinated to the active site influencing
the approach of incoming monomer (and thereby affecting both
tacticity and reactivity) or rapidly becomes decoordinated,
would be expected to be a function of strain in the system.

Thus, it seems that the established view of the dominance of

ring strain is not seriousi& challenged by this receﬁé-pﬁb=

lication.

1.6 Mechanism of the Olefin Metathesis Reaction

(a) Transalkylation or transalkylidenation

The currently accepted mechanism for the olefin meta-

thesis reaction is one involving a carbene as chain carrier.

Initially two interchange processes, transalkylation14
and transalkylidenation were postulated as possible routes,

as illustrated in Figure 1.2.

Rl - CH = CH T Rl Rl - CH = CH - R2
| = +
R, - CH = CH - R, R|CH = CH - R,
TRANSALKYLATION
Rl - CH ? CH - Rl RlCH HCRl
: —_— +
[}
R2 - CH T CH _.RZ RZCH HCR2
TRANSALKYLIDENATION

FIGURE 1.2 Transalkylation and transalkylidenation as
possible pathways for the metathesis reaction




A transalkylidenation scheme was proved by 14C and

15--18 Further confirm-

deuterium labelling experiments.
ation that cleavage was occurring at the double bond itself,
came from copolymerizing cyclooctene and labelled cyclo-

rentene, followed by ozonolysis and reductive cleavagealg”zo

Early mechanisms for the reaction which were consistent
- with cleavage at the double bond involwved. quasi-—-cyclobutane

. . 21- s
intermediates, 1-23 tetramethylene transition state524 or

metallocyclopentanes,25’26

all involving a pairwise mechanism.
The evidence for a non-pairwise mechanism, first proposed by

. .27 . . .
Herisson and Chauvin, involving a metallocarbene as chain
carrier is now overwhelming, and pairwise mechanisms have
been abandoned. Olefin metatheses reactions, like other
chain processes proceeds via initiation, propagation and

termination steps, and some of the main evidence for the

species involved in each step is given below.

(b) Initiation

The fact that stable metallocarbenessuch as the Caseyzs_30

and Fischer‘j’lﬂ34 carbenes will induce the olefin metathesis
reaction provides good evidence that these species are in-

volved in the initiation step.

Osborne et aZ35=37 have synthesized and established the

structures of several stable tungsten IV carbenes including
(3), which although inactive itself, gave highly active
catalyst systems on addition of AlBr,. The active species

3
were shown to be (4) and (5).
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Bu CH..O

. % H cH,0 B H
N / ‘N4
/W=c /w_c
ButCH2O L %\bR ButCHZO é \\$Bu
4 Y
AN
AlBr3

—~
(98]
~—
—_—
>N
~

Bu CH 0]

\
e

N F—

\R
(5)

In cases where the initiating species is a transition
metal compound and an alkyl or allyl containing species, re-
action between these components is believed to yield a metallo-
carbene compound. Several possible mechanisms by which this
may occur are suggested in the literature°38m43 Two examples

are shown in Figure 1.3

-zacl, N | — \ |/
WClg + (CHy),2n ——= W + CH,
//I CH // ‘\j:]
CH,
- CH, - CH |
[, ] _Xen LI 2 1 — “ + CH,CH,
N
CH2 [Mt]— CH, U“t]

FIGURE 1.3 Postulated metallocarbene formation sequences

Some single component transition metal halides are active
in metathesis catalysis, although it may be that trace amounts
of oxygen or water in the monomer or reaction vessel serve as
a second component involved in the generation of the active

species.

In other cases,reaction between the substrate olefin and

transition metal compound is believed to result in the form-
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. _ 44 . .
ation of a metallocarbene. 446 In Figure 1.4 an allylic

hydrogen in the co-ordinated alkene migrates first to the

metal centre and then to the central carbon of the resulting

n3 allyl ligand, to give a metallocyclobutane, which cleaves

o generate the required metallocarbene.
H

4

R, CH T CH - CH,R, o Ry HC fﬂl*NCHRzp RlFH x $H2
i e =
[m] M ]-H [M.] - CHR,
R.CH CH
lU_ o 2
[M.]  CHR,

FIGURE 1.4 Possible pathway for the generation of a
metallocarbene from a coordinated alkéne

Figure 1.5 illustrates a pathway in which a metal hydride bond
is generated (a), which then adds to the alkene to give a

metal alkyl, which undergoes oCH bond migration to the metal
centre with accompanying formation of a metallocarbene

(a) Ln[M] + HX — Ln[M]-H
|

X
(b) Ln[M]—H + CH, = CHR — Ln[¥]=CH2 - CH-R — Ln[M]=CHCH-R
I l
X X X H

|-

Ln [M]=CHCH,R

FIGURE 1.5 Possible pathway for the generation of a
metallocarbene via initial hydride formation

= e oo e e e oo e

A recent publication47 concerning the nature of the
initiating species involved in the ring opening polymerization

of norbornene using W((CO)3)ClZ(AsPh3)2 as catalyst, constructs
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a hypothesis on the basis of the species isolated wnhen the
reaction was quenched by ethancl at low conversion. The

products present were identified by combined gas chromato
graphy/mass spectxoscopy. The major product was the ester (6).
Smalier amounts of (7) and (8) were also identified, as well

as some 2-:chloronorbornane.

(8)

When water was added to the system (HZO/wil) prior to the
polymerization, and the reaction subsequenﬁly quenched with
cold water, the yield of the polymer dropped significantly
and increased quantities of (7) and 2-chloronorbornane were
identified, while the esters were absent. The ketene (10)
and its dimer (1l1l) were suggested to be the most likely pre-

cursors for (6)=(9).

(10) (1)
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It was then envisaged that the ketene was formed via tne

following sequence.

The hydrocarbon part of the initiating carbene is hence

formed by a 2,3-hydrogen shift in the coordinated alkene.

(c) Propagation

Propagation takes place via reaction of the initiating
metallocarbene and olefin leading to the formation of a
metallocyclobutane. , The metallocycle cleaves regenerating

a carbene at the chain end, as shown in Figure 1.6,

P /H P P /ﬂ P H

e
o LM]G’.—D i:_D o, \D

FIGURE 1.6 Outline of the propagation pathway for ring
opening metathesis polymerization

Evidence to support the formation of a metallocyclobutane
as an intermediate came from the work of Green,48 who isol-
ated a stable metallocyclobutane, which subsequently gave a

metal carbene and alkene on thermolysis or photolysis.
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More convincing evidence for this pathway comes fvom a
recent publication by Grubbs and Gillion49 who have shown
that the titanocyclobutanes (12) and (13) {see Figure 1l.7),

derived from norbornene, will initiate the polymerization of

norbornene,
CH2 -
\
cpgi Al <
\Cl N
T
szl <

(13)

excess

FIGURE 1.7 Examples of isolated metallocyclobutanes

P e R

The authors also proved that the catalysts produce "living
systems" in the polymerization of norbornene, in which the

"living" chain end is a metallocyclobutane.
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An alternative mechanism to the currently accepted
propagation sequence has been proposed by Rooneya50 In
this modification the consequtive steps of coordination of
the olefin to the metal centre followed by formation of a
metallocyclobutane, (as shown in Figure 1.6) are replaced

by a single cycloaddition step as shown in Figure 1.8.

| l
N~ N 7 —
c” ¢ ~NC----.C C—C >¢ o<
I I | o= | || = !
M, /9\ M, C M, — CJ M Cr_
=>c = <<
M, = C<

FIGURE 1.8 Alternative mechanism for the propagation step
in olefin metathesis

This mechanism was postulated to account for the steric and
polar factors which influence the stereospecificity observed
in some polymerizations (discussed later, Section 1.9). The
scheme has also received support from various theoretical

calculations.51

There are two reports of the olefin metathesis reaction
occurring in the absence of a transition metal compound. 1In

particular, it was found that norbornene could be ring opened

52,53

by EtAICL,.

37 has

In conjunction with the work of Osborne, Ivin
shown that tungéten carbene complexes initiate the ring opening
of some bicyclic alkenes., Using the catalyst system

W(CHBut)(OCHzBut)zBrz/GaBr3 several monomers including (14)

to (16) were mixed with the catalyst at 240K, The 1H nmr
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spectra of these samples were recorded and the expected

carbene species were identified in each case, (Figure 1.9)

%@ ST wirekS CHCH-P

Me Me

(W]=CH CH:CH-P < [w]=CH CH:CH-P
H H

(W]=CH CH=CH-P

Me

(16)

FIGURE 1.9 Some carbene species identified by lH nmr
spectroscopy

The authors also prove that these complexes could be de-

scribed as 'living polymers’'.

(d) Termination

1. Chain transfer

(i) Chain transfer between Propagating Species and
Polymer Chains

Termination of chain growth may take place via a
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non—productive metathesis reaction between a propagating

metallocarbene and carbon--carbon double bond of a newly

formed polymer chain, (Pl, P2 and P3 represent polymer

chains) .

lemmCH - CHmmmPZ PmemCH CHA AP

|

|-
M, = CHWAPS M, CHWWP, = —

2

—O

Although this type of reaction does not destroy active catal-
yst sites, it effectively reduces their availability for pro-
pagation. Monomer and polymer carbon=carbon double bonds
compete for active sites, and the greater the conversion of
monomer to polymer, the greater the number of catalyst sites
involved.

(ii) Chain Transfer between the polymer chain and
an acyclic alkene

Addition of an acyclic alkene to a polymerizing
system causes a reduction in the molecular weight of the
polymer. A cross metathesis reaction occurs between the
acyclic olefin and polymer chain.

pluvicH = CHVAP? ploanch CHVP 2

— I+

R-CH CH - R R-CH CH - R

This type of reaction does not destroy active catalyst
sites. This reaction can be used to characterize polymers
if sufficient acyclic alkene is added and small fragments
can be isolated in which, for example, the end groups of the

alkylidene moieties can be detected.

2. Back biting and the Formation of Cyclic Oligomers

During the polymerization of cyclic olefins the product
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consists of two main fractions; a high molecular weight
fraction, and a low molecular weight fraction consisting
of cyclic oligomers. Cyclic oligomers are formed via an

intramolecular backbiting reaction (X — growing chain end)

An equilibrium between monomer, high polymer and cyclic
oligomer is established. In cases where the initial monomer
concentration fMO] is below a critical value only cyclic

oligomer formation is observed.

3. (i) Termination by Reaction of a Metallocarbene

The chain termination reactions described above do
not destroy the propagating metallocarbene. Reactions in

which the carbene species is destroyed are clearly critical.

Termination, by proton transfer, can be brought
about by the introduction of water or an alcohol. This type
of reaction can usually be avoided by modification of experi-

mental procedures.

Termination, by the formation of a cyclopropane seems

a feasible possibility. (Pn represents the polymer chain).
CHRl CHR:L
P CH = MX " —— P _CH
CHR? ' cur?

Bimolecular terminations between species that are

similar in structure are common in free radical reactions.
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In Ziegler Natta such reactions have been proposed to occur
via B-hydrogen transfer., This can be extended to the meta
thesis reaction, if it is assumed that the metallocarbene
is in equilibrium with a simple transition metal alky%,as

shown below.

t .2 . 2 c
B , _ -
i ] H

: CH - CH, + P_ z= M=~
n

—_

Reaction between two metal alkyl species is the effective

termination step:

M, - CH, CH, P_ ] + CH, CH, P_
H —_—
|

P = CH=CH, M, P CH = CH,+ [Mt]

1.7 Range of Monomers Susceptible to Olefin Metathesis

(a) Acyclic Olefins

A list of the acyclic olefins susceptible to olefin
metathesis would be long and, in any event, is not the concern
of this thesis. Nevertheless it can be said that such meta-
thesis reactions, in which product distributions are statist-
ically determined, can be particularly useful both for the
synthesis of materials required in abundance and for low
tonnage, highly specialized alkenes°55n6l The reaction has
been used commercially in large scale processes such as the

Phillips triolefin process and the Shell FEAST process for

producing respectively, ethylene and higher molecular weight



alkenes,; and speciality olefins and polyenes. Phillips have
also used the process for the synthesis of insect pheromones

and perfumery chemicalsu54

(b) Cyclic Olefins

The ability of mono—- and bicyclic olefins to undexgo
metathesis depends largely on ring size; for 3,4,8 and largerx
membered rings metathesis is generally thermodynamically
favourable. For 5,6 and 7 membered rings the situation is
less clear cut, and the polymerization is sensitive to phys-
ical factors such as temperature, monomer concentration and

pressure.

Substituents can have a large effect on whether a given
cyclic olefin will polymerize. In general only substituents
remote from the double bond to be opened can be tolerated.
The exception to this rule is when substitution occurs in
highly strained rings; thus l-methyl cyclobutene can be poly-

merized with ease,62 Figure 1,10,

CH, ctly
n ] —— {on,-c=ocu-cu,t

n

FIGURE 1.10 Ring Opening polymerization of l-methylcyclobutene

-— e e em o e o o

In less strained rings the outcome is less certain, depending
to some extent on the amount of strain and the position, nature
and size of the substituent. Hence, although 3-methylcyclo-

pentene polymerizes, 3-isopropylcyclopentene will not,63

neither will l-methyl cyclopentenen64

In bicyclo[2°2°l]heptenes methyl substituents are toler-

ated in all positions; thus Ivin has polymerized methyl
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65,66 56"/-—-69 70

norbornenes substituted at the 1, and 7 positions

and Katz71 has reported the polymerization of the 2-substituted

isomer.

Heteratom substitution in particular)plays a significant
role in the outcome of a polymerization; presumebly unless
the heterocatom is situated sufficiently far away from the
double bond, it will dgstrgy the ca;alyst by occupying the
active site on the initiator, since the heteroatom will have
donor properties and the active site acceptor properties.
A wide range of norbornenes substituted at the 5 and 6 position
have been polymerized; thus ester,72 nitrile,73 chlorine,74

75,76 imide,73 pyridyl,,73 anhydride,77 carboxyl,78

fluorine,
. .79 80 . -
amide and carboxylate functionalities can be tolerated by

some, but not all, metathesis catalysts.

An alternative explanation to the lack of polymerizability
of certain substituted monomers may be given in terms of
orbital interactions between a distant group and the olefinic
double bond. This type of interaction reduces the electron
density on the double bond making co=ordination with a metallo-
carbene less favourable. Evidence for this type of inter-
action comes from the U.V. photoelectron spectroscopy work of

Aitken.81’82

For example, the m electrons of the double bonds
in (17) and (18) have ionization potentials which are 0.62eV
and 0.75eV higher than those of norbornene and bicyclo[2,2,2]

oct-2-ene respectively.

—350,

(18)
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1.8 Microstructure of Polymer Chains and Stereoregularity
(a) Stereoregularity

The physical behaviour of a polymer depends not only
on the general composition, but also on subtle differences
in microstructure and morphology. It is possible in some
cases to tailor make polymers to have the desired micro-

structureus3 Not only does this allow one to attempt to

design polymers with the required physical properties, but
also extends the range of macromolecular species that can

be derived from a particular monomer.

The work described in this thesis is concerned with ring
opening polymerization of several fluorinated norbornene

derivatives as shown in Figure 1l.11.

FIGURE 1.11 Generalised case for the ring opening polymer-
ization of a fluorinated norbornene derivative

For this generalised case there can be variations in the
abundance and distribution of three features of micro-
structure of the polymer:

(1) (¢is and trans double bonds,

(ii) head, tail effects,

(iii) and tacticity effects.
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(1) Cis/trans_double bonds

The metathesis ring opened polymer of norbornene
is unsaturated, and the double bonds along the chain may
have c¢is(¢) oxr trans(t) geometry, as shown in Figure 1.12;
the carbon—carbon bonds from the cyclopentane ring to the

vinylene are of course 1,3-¢is disposed on each ring.

= CH o CH:CH — CH=CH CH=
€ t

FIGURE 1.12 (zs and trans double bonds in poly(norbornene)

P L ]

(ii) Head/tail effects

If the monomer is unsymmetrically substituted
head/tail effects may be introduced into the polymer chain.
Consider, for example, the polymer of 5-trifluoromethyl
norbornene, for which the repeat unit and numbering system

is shown below.

//’
8 CF,

By definition the portion of the repeat unit substituted with
the CF3 group (Z.e. carbons 3,4,5 and 8) is called the head (H)
fragment, and the other portion (carbons 1,2 and 6) is de-

fined as the tail (T). This leads to the environment of the
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head portion being HH or HT depending on the coniiguration
of the adjacent unit; similarly TT or TH environments are
created for the tail part of the repeat unit. This effect

is illusirated in Figure 1.13.

o
- wm o o - am - - —q-ﬁu‘l’j-a—-—

W

-4
—

FIGURE 1.13 Head/tail effects in poly (5-triflucranethyl norbornene)

(iii) Tacticity Effects

The allylic carbons in polynorbornenes are chiral
giving rise to the possibility of having centres on either
side of the vinylene unit with the same or opposite chiral-
ities. When the chiralities are the same we have a racemic(r)
dyad and sequences of r dyads define a syndiotactic polymer;
when the chiralities are opposite we have a meso(m) dyads and
sequences of m dyads define an isotactic polymer. An atactic
polymer is derived from a random distribution of m and r dyads
along the polymer chain. These definitions are illustrated
in Figures 1.14 and 1.15 for all eis and all trans polymers

of norbornene.
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/

\

Ny = P/A\“ :CH "C/\“

CH \\ //’ CHi

CHi

meso or m dyads
cis isotactic

=CH -CH=CH CH=

e

racemic orr dydds
cis syndiotactic

a
CHZCHGCHZ CH Q CH= CHYQ

m and r dyads "
cis atactic

a - viewed from above.

b - perspective drawing, heavy lines project towards
the observer.

¢ - o indicates the CH bond at this point approaches
the viewer,

0 recedes

FIGURE 1.14 Tacticity of poly(norbornene)
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a
‘QECH: : CHLZ\ ey m/ CH= CHe // )

maso or m uy@f
trons isotactic

racemic orr dyads
trans syndiotactic

a

m and r dyads
trans atactic

a - viewed from above.

b - perspective drawing, heavy lines project towards
the viewer.

c - o indicates the CH bond at this point approaches
the viewer.

FIGURE 1.15 Tacticity of poly{(norbornene)
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1.8 Stereoreqularity and the Olefin Metathesis Reaction

In the olefin metathesis reaction different catalysts
give rise to different microstructures. The question as
to why this phenomena should occur has been extensively

investigated.

(a) Formation of cis or trans double bonds

It is genéfally accepted that the olefin metathesis
reaction proceeds via a metallocyclobutane intermediate.

One mode167

for the process is based on the proposal that
the propagating metallocarbene has octahedral symmetry, one
of the positions being a vacant site (J). Two chiral forms

are available, Pr and PZ (chiral with respect to Pn’ H and

[j, where Pn represents the growing polymer chain).

H P P JH
/” n n 4
Ve
C C
I [
Mt-——!! ;::Mt———ji
Pr PZ

In this model the plane containing the metal atom, the
carbene carbon and the hydrogen is perpendicular to the
vacant site. The reacting norbornene approaches the vacant
site of the metallocarbene by its most reactive and least
hindered exo face. This it may do in two ways; the bridg-
ing methylene (C7) may be orientated into (Mr) or out of (MZ)

the plane of the paper.
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Clearly, either of the chiral forms of the metallo-
carbene may react with either orientation of the olefin.
The overall result of one of these possibilities, addition

of PZ and MZ is shown in Figure 1.16

P
f
/S
'7*""%"
A
|
| / c’H
'=M—==
/| >
Pnﬂ
P

FIGURE 1.16 Addition of PL and M

7

The reaction leads to the formation of a ¢7s double bond,

and a metallocarbene at the chain end having the opposite
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chirality to the propagating species. Therefore, the mode
of addition of monomer, MZ or Mry to the two chiral forms
of the metallocarbene, PZ or Pr’ determines the geometry of
the double bond formed and the chirality of the subseguent
metallocarbene formed at the chain end. The results of

all possibilities are shown in Figure 1.17.

1. PZ+ M, » P _ ¢1s double bond
2 r
2. P+ M_ > P,cis double bond
r r A
3. PZ + Mr - PZ trans double bond
4, Pr + MZ -+ Pr trans double bond.

FIGURE 1.17 Modes and consequences of addition of monomer
and metallocarbene

B e RRPE

(b) Tacticity effects

The argument outlined above also provides a rationale
for the formation of stereoregular polymers. For example,
under the constraint that the configurations Pl or Pr are
preserved between additions, an all e¢<s polymer could only
result from repetition of steps 1. and 2. This would ult-
imately lead to the formation of a syndiotactic polymer, since
the monomer approaches alternatively in the MZ and Mr sense.
This results in the incorporation of the cyclopentane rings,
in alternatingly opposed orientations with respect to the
polymer backbone. An all trans polymer would result from
the repetition of steps 3 or 4; this eventually leads to the
formation of an all ¢prgns isotactic polymer since the monomer
is repeatedly incorporated into the polymer chain in the same
orientation ({.e. MZ or Mr)’ Hence,; in this model, cis

double bonds are associated with a syndiotactic polymer and

trans double bonds with an isotactic polymer.
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It is thought that an atactic polymer originates from
a propagating species that is achiral, Pso PS may be an
octahedral achiral form of PZ or Pr” or formed through a
chiral species which rapidly epimerizes from the chiral

form between successive propagation steps.

(c) Head/Tail Bias in Polymer Chains

Polymers with a completely regular head/tail structure
are observed in some ring opened polymers, especially in
cases where the alkene is substituted on or adjacent to the
double bond. Thus monomers (19), (20) and (21) all give
polymers with a marked degree of HT bias with certain qatala

ysts.

(20) (21)

In the particular case of l-methyl norbornene,65 polymer-
ization of a racemic mixture using ReCl5 as an initiator
leads to the formation of an all ¢%s,all HT polymer., The
formation mechanism of an all 0;{s polymer has been described
previously (see Section 1.9(a)), Z.e. by alternation of the
two propagation steps shown in Figure 1.17. It is believed
that the explanation of the high ¢7s specificity of rhenium
based catalysts may be a consequence of the fact that the

newly formed double bond remains in the coordination sphere



FIGURE 1.18 Stereoreqular polymerization of t*l-methvlnorbornene to give a c¢is HT syndiotactic solymer

T¢
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of the metal, the resulting steric constraint favouring
the formation of a subsequent c¢is double bond. Figure 1.18
is an attempt to illustrate the consequences of this hypo-

thesis for the case of l-methyl norbornene polymerization.,

Stage 1 is simply the repetition of the process de
scribed in Figure 1.16 in which one enantiomer of 1l:-methyl

norbornene has been arbitrarily labelled (+). Stage 2

attempts té show how the incoming monomer aéproaches the
active chain end, displacing the coordinated chain vinylene,
and producing a new cis double bond. The mode of approach
clearly requires that the bridgehead methyl is situated as
shown, that is, it must avoid a sterically unfavourable
interaction with the catalyst/polymer complex. The inev-
itable consequence of this steric requirement is that the
enantiomers of the monomer are alternatively incorporated

in an all HT sense,

When l-methyl norbornene was polymerized using OsCl3
as initiator the polymer was all trans and had a strong HT
bias. The metallocyclobutane required to form a trans

double bond is not so sterically hindered, and in this case

the polarity of the metallocarbene and monomer provide a

rationale for HT bias. (see diagram over page)

The overall process leads to the repeated formation of
HT dyads. The polar and steric dependence of the micro-
structure of the polymer formed is consistent with a mechanism
proceeding vpia a 2n+2n cycloaddition step, to form a metallo-

cycle (see Figure 1.8).

In the polymerization of optically active 5,5-dimethyl

norborneney84 ReCl. gives an all cis, mostly head to head,

5

tail to tail polymer. Analysis along similar lines to that
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described above leads to the conclusion that the only way
one enantiomer can be incorporated into the polymer chain

is by repetition of the steps

PZ +MZ (+) — Pr

Pr + Mr (+) — PZ

The recurrence of these two processes ultimately leads to a
polymer in which the cyclopentane rings have the opposite

configurations along the polymer chain (Z.e. syndiotacticb
with HH, TT units. Any HT or TH dyads that-are formed are

due to the presence of a small amount of (-) enantiomer.

The fact that a HH metallocyclobutane transition state
is formed in the 5,5-dimethylnorbornene case is due to the
location of the substituents relative to the active centre,
creating less steric hindrance. Indeed, attempts to poly-
merize enantiomerically pure l-methyl norbornene failed due

to the necessity to create a HH metallocyclobutane transition
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state, which in this case is sterically forbidden; clearly
with no HH units there can only be a maximum of one TT unit

in the chain, and consequently no polymer.

1.10 Blockiness in polymer chains

A general trend is observed for polymers of norbornene
depending on the fraction of ¢is double bonds, Oc, present
in the chain. Usually for oc<0,35 the polymer has a random
distribution of ¢7s and trans double bonds, and for values
oc>O=5r a blocky distribution is obtained, that is, e¢7s is
formed after e¢is, and trans after trane. It is possible to
divide catalysts up into four types depending on the tacticity

of the resulting polymer, and these types are listed below,85

1. (or)c N (om)t-% 1.0 Z.e. all eis vinylenes occur in
racemic environments, and all trans

in meso.

2. (o) .~ (om)t v 0.6-0.9 Z.e. 60 to 20% of e¢is vinylenes
occur in r dyads and 60 to 90% of

trans are found in m dyads.

.. a greater proportion of ¢7s vinyl-
enes are found in r dyads, than trans

vinylene in m dyads.

4. (or)c v (om)t v 0,5 71.e. 50% of thecisvinylenes are in r

dyads and 50% of the trans vinylenes
are in m dyads.

The first type of behaviour leads to the formation of a
polymer in which all the trans double bonds are associated
with m dyads and all the ¢¢s double bonds with r dyads. This
type of behaviour may be accounted for by postulating that

the propogating species Pr and P, (see Section 1.%a) are



kinetically distinct, that is they cannot interconvert between
propagation steps. The metallocycle leading to the formation
of ¢is double bonds has a dipole resulting in stronger com-
plexation of the newly formed c¢is unit. Consequently, the
newly formed c¢is double bond remains within the coordination
sphere of the metallocarbene formed at the chain end, and

steric factors force the next monomer to add, so as to form

another cis double bond; this was illustrated in Figure 1.18.
When the last formed double bond is trans, it is less strongly
complexing and moves out of the coordination sphere of the
metal; that is, Pt (the propagating chain end with newly
formed trans vinylene still in the coordination shell) re-=
laxes immediately to P (which can be either PZ or Pr or
Section 1.9a). This sequence of events favours the formation
of a subsequent trans double bond, since there is least steric
hindrance in the metallocycle formed from lehich is a pre-

cursor of a trans vinylene. Figure 1.19 illustrates the

structures of Pc or Pt and P.

(@ C
I cH __
Mt-'" /Mt—D
/5
H Pn
P
Pc or Pt
(22) (23)

FIGURE 1.19 Structures of Pc’ Pt and P,

o o am o = o e

It is believed that the stability of (22) is dependent on

the electron density at the metal site,86 and anything which
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reduces electron density will be stabilising, It is intexr-
esting to note that although the metallocarbene need not
necessarily have the same oxidation state as the catalyst,
ReCl5 has a low d orbital occupancy (dz) and gives rise to

3 (ds) has a higher 4 orbital

cis double bonds, and RuCl

occupancy and gives rise to polymers with high trans contents.

Type 2 behaviour is observed when there 1s partial race-

mization of the propagating species to PS (7.e. the sym-
metrical metallocarbene of Section 1.9b), and type 4 when

there is total racemization, Pr‘-"=aPS é;on

Type 3 behaviour may be explained by assuming that cis
double bonds remain coordinated to the metal site favouring
the production of subsequent ¢is double bonds. Trans
double bonds are less strongly held and decoordinate. The
equilibrium Prf; P |

Sf; PZ occurs after formation of trans

double bonds only and therefore (om)t < (Or)c°

1.11 The Reactive face in Norbornene derivativeg

In the mechanisms of metathesis postulated above it
has been assumed that the exo face of the norbornene monomer
is most reactive, which is in agreement- with the general re-

87  his

activity of norbornenes with electrophilic species.
theory receives support from the results of polymerizing a
mixture of syn and anti 7-methyl norbornene,7O When poly-
merized with a range of catalysts only the anti isomer was
incorporated into the polymer. In one case however the syn

isomer, recovered from a polymerization in which only the anti

isomer was incorporated, was successfully polymerized using
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the hignhly active mesitylene W(CO)B/EtA1C12/epoxide catalyst.
An attempt was then made to polymerize 1,1,7 trimethyl nor--
bornene which was unsuccessful. However, it was found that
bicyclo [2°2a2]oct~2~ene, in which the exo and endo faces

are equivalent, could be polymerized using this aciive catalyst
system. Thus, although endo attack has been demonstrated

to be possible it is clear that unless constraints operate,

exo face approach to the catalyst is preferred.

1.12 Application of the Olefin Metathesis Reaction to the
Synthesis of Stereoreqular Fluoropolymers

The previous sections indicate that stereoregular hydro-
carbon polymers are accessible vZa the olefin metathesis re-
action. Our approach to the synthesis of stereoregular
fluoropolymers was to polymerize a range of fluorinatedmono-
mers with a variety of metathesis catalysts, 1in the expect-
ation that observations made for hydrocarbon systems would be
extended to fluorocarbon monomers. Encouragement for this
approach came from the results of previous workers;88ﬂ90
fluoropolymers are accessible via the olefin metathesis re-

action, and different catalysts give rise to polymers with

different microstructures.

We believe that stereoregular fluoropolymers may prove
to be interesting materials; fluoropolymers in general have
attained wide technological importance, and the introduction
of stereoregulation into polymer chains often has a profound
effect upon polymer properties. Section 1.13 outlines the
interesting features of some fluoropolymers, and Section 1l.14
indicates the kind of effect stereoregulation can have upon

polymer properties.
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1.13 Range and Uses of Some Common Fluoropolymers

(a) Fluorine in Organic Chemistry

Fluorine is unique in its ability to replace hydrogen
in a wide range of organic molecules, resdlting in a vast
change in chemistry and propertieso91 Fluoropolymers re-

present, in many respects, an extreme in polymer properties.

Thus, high thermal and chemical stability are often observed
along with other useful properties. However, on the whole,
the uses of fluoropolymers are specialised due to the high

cost of precursor materials.

(b) Some Common Fluoropolymers

(i) Poly(tetrafluorocethylene)

Poly(tetrafluoroethylene) is probably the best known
of all the fluoropolymers. It is extremely inert to almost
any organic compound, a direct result of the kinetic shield
provided by the high degree o0f non-bonded electron density
associated with the fluorine atoms. Thus, poly(tetrafluoro-
ethylene) is resistant to attack by solvents up to 3OOOC,
boiling KOH solutions, acids and many other harsh environments.
There is a recent report,92 however, that poly(tetrafluoro-
ethylene), which is a linear polymer, may be dissolved in its
oligomers having a chain length of 21 carbon atoms or more,
confirming the basic principle that 'like dissolves like'.
The uses of the polymer are varied. It is perhaps best known
for its use in non stick cookware but also finds applications
in protective clothing, wire and cable insulation, pump and
valve parts, and generally for the manufacture of components

required to operate in aggressive environments.



(ii) Poly(vinylidene fluoride)

Poly(vinylidene fluoride) is a semi crystalline
polymer,with good strength properties, and chemical and sol-
vent resistance. The prime use of the polymer, when it
became commercially available in 1961, was as a thermo-
plastic; thus it is used as wire and cable insulating material,.
One pf its more interesting uses however, is as a transducer
material, since poly(vinylidene fluoride) displays a greater

piezoelectric response than other polymers,93’94

The polymer
has a number of crystalline forms, the piezoelectric response
being associated with the § form. The 8 form may be maxi-
mized by elongating the melt produced o form at elevated
temperatures. In the B form the crystallites are arranged
in an extended zig-zag, so that the fluorine atoms line up

on one side of the polymer chain with the hydrogen atoms on
the opposite side, thus producing a dipole. However, overall
the crystallites are randomly orientated with respect to each
other and poling is required to make the whole film, rather
than the individual crystallites, piezoelectric. Poling
(that is exposing the film to a high electric field gradient
while it is heated above its Tg) whilst stretching, creates

a material with an unusually large piezoelectric response.

The material has found many potential applications and the
literature is abundant with patents on the subject. The
properties of the polymer which define its uses are. its
flexibility, light weight and processibility, coupled with

its good acoustic match to water and body tissue. Therefore,
uses of the piezoelectric material are found in devices to
measure breathing rate, heart and pulse rate, in hydrophones,

as well as in the audio market in general.
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(iii) Poly(vinyl fluoride)

Poly(vinyl fluoride) is commercially available as
a highly crystalline, tough flexible film. The polymer
shows extreme chemical resistance and thermal stability. it

has found largec use as a coating and as a glazing material.
g g g

(iv) Poly(chlorotrifluoroethylene)

Poly(chlorotrifluoroethylene) is similar to, but
inferior to, polytetrafluoroethylene,95 in many of its pro-
perties. Its advantage is that its melt viscosity is low
enough for the usual processes of polymer fabrication to be
practicable. Typical applications include gaskets, tubing,

wire and cable insulation.

(v) Difluoroethylene-hexafluoropropene Copolymer

The copolymer of 1,l1-difluoroethylene and hexa-
fluoropropene is renowned for its elastomeric properties.
It has found extensive use in many applications where fuel
resistant thermally stable elastomers are required, partic-

ularly as a fuel line sealant in the aircraft industy.

(vi) Nafion Membranes

Du Pont have developed a series of cation exchange
membranes based on a poly(tetrafluoroethylene) backbone with
sulphonic acid groups attached at the end of short side
chains based on the perfluoropropylene ether unit,

%CFZ—CFZ-%E——JECFZCIF}Y
OCFZ?FCF3

OCF2CF2503H
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Membranes formed from this polymer are called Nafion,95

and are used in the electrochemical production of chlorine
and caustic soda.97' Traditionally these materials were
produced employing a mercury or diaphragm cell, the Nafion
membrane replaces the diaphragm in such systems.

Nafion has also found use as a catalyst for a

widéngériety of 6;ganic reactions‘,gg"99

(c) Conclusions

Fluoropolymers clearly have interesting and varied
properties and make a significant contribution to current
technologies. The synthesis of new fluoropolymers, there-

fore seems a worthwhile topic of research.

1.14 Stereoregulation in Polymer Chains and property dependence

The recognition, study and exploitation of the stereo-=
regular polymerization of alkenes is one of the more notable
recent achievements of polymer science.lOO An ability to
regulate the fine details of microstructure extends the range
of materials accessible from a particular monamer, and fre-

quently there are spectacular differences in the properties

of a stereoregular product and its atactic analogue.

Stereoregular polymerization of alkenes is usually
associated with the use of Ziegler Natta catalysts (although
as described earlier, the olefin metathesis reaction gives
stereoregular products, and it is postulated that the two

101

processes are closely related ) Ziegler102 discovered in

1952, that ethylene could be polymerized at low pressure in
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the prescnce of a mixture of transition metal compound and
aluminium alkyl. Shortly afterwards Natta103 applied the
Ziegler catalyst to propene, and showed that the polymeriz-
ation could be regulated tc give isotactic, syndiotactic and
atactic forms of the polymer. The different forms of poly-
propene display well the property differences that may occur;
thus atactic polypropene is a mechanically weak waxy ma?eri?l
which is virtually useless, whereas the isotactic form is a
tough thermoplastic and has a range of uses. The isotactic
form has high heat resistance and tensile strength, good
optical clarity and low specific density. Its applications
include injection moulded items from food containers to car

bumpers, and as a film it is used extensively for packaging

applications.

Polymers of the higher olefins can be produced using
Ziegler-Natta catalysts. Typically isotactic polyolefins
exhibit higher mechanical strength and chemical stability

than their atactic equivalents.

1.15 Stereoreqular Fluoropolymers

(a) General

In view of the general outline of the properties assoc-
iated with fluoropolymers, and the cbvious beneficial effect
stereoregulation can have upon polymer properties, it is
perhaps surprising that the literature contains very few
references to stereoregular fluoropolymers. As far as we

are aware there are none available commercially.
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(b) Specific Work on Stereoreqular Fluoropolymers

Some work has been carrxied out on the polymerization
of same fluorinated alkenes using Ziegler-Natta catalyst
systems. In 1962, Overbergerlo4 set out to determine if
a catalyst system could be found for the Ziegler-Natta poly-
merization of some fluorinated monamers. A vanadium tri-
chloride, tri-isobutyl aluminium catalyst was found to be
“effective for the pol&mefization of 4,4,4-trifluorobut-l~-ene,
5,5,5-trif luoromethylpent-1l-ene, 3-trifluoramethylbut=1l-ene
and 4-trifluoromethylpent-l-ene. 3,3,3-Trifluoroprop-1l=ene
could not be polymerized; it was concluded that the polar
perfluorocalkyl groups must be at least one carbon atom removed
from the double bond before polymerization can occur. In
all cases, substitution of a CH4 for a CFy caused an increase
in melting point,lo5 and all polymers prepared using the VCl3
based catalyst had higher melting points than their radically
derived analogues, which is consistent with scame measure of
stereoregulation. A later publication by the same author106

was concerned with reactivity rather than an investigation

into microstructure.

Haszeldine107 published some work on the Ziegler-Natta
polymerization of vinyl fluoride. The best catalyst system
was prepared fram vanadium oxychloride, tri—=isobutyl aluminium
and tetrahydrofuran. The kinetics of the reaction were
followed and were found to show typical Ziegler-Natta para-
meters. However, no discussion of any examination of micro-

structure of the polymer chains was presented.

There has been a comparatively large amount of work pub-

lished on the microstructure of polymers of the simple fluor-

inated alkenes and theirx copolymex:sc,lO&=ll4 Thus Tonell%og’109
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has compared the actual and calculated microstructures of
poly(trifiuoroethylene), poly(vinylidene fluoride) and poly-
(vinyl fluoride). The microstructure of the polymers may
be predicted from bond rotation probabilities obtained from
conformational models.,llsulzO In all cases, the predicted

and actual microstructures obtained compared favourably.

All polymers showed a mostly head/tail structure, with a

minor aﬁount of head to head, tail to tail mode of additioil‘nz,l’l22
and all polymers were atactic.

Caisllz has looked at the microstructure of six fluoro-

ethylenes. He prepared all head to tail poly(trifluoro-
ethylene) by dechlorination or debromination of the precursor
polymers, poly(bromotrifluoroethylene) or poly(chlorotri-
fluoroethylene) . The polymers were not, however, stereo-
regular. Lee123 et al have investigated the microstructure
of some fluorinated methacrylate polymers. The microstruct-
ures of the polymers were determined by 1H nmr spectroscopy.
Commercially available fluorinated methacrylate monomers had
bulky side groups containing protons. Overlap of the side
chain and backbone resonances made interpretation of spectra,
and hence microstructure determination, difficult. To avoid
this the authors prepared some special methacrylate monomers.
1,1-Dihydroheptafluorobutyl methacrylate and pentafluorophenyl
methacrylate were prepared and polymerized vZa emulsion tech-
niques at 5°¢C. The polymers produced were reported to be pre-

dominately syndiotactic. Similarly Pittman124 assigned the

microstructure of poly(methyl a-fluoroacrylate) as syndiotactic.

{c) Conclusions

The summary above illustrates that little wcrk has been
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carried out on the synthesis of stereoregular fluoropolymers.

1.16 Objectives of the Work described in this thesis

Our objectives wexre to synthesise some new stereoregular
fluoropolymers. Our approach was to prepare some fluoxrin-—
ated norbornene derivatives and polymerize them with a range
of available metathesis catalysts.  The microstructures of
the polymers thus produced were investigated using 13C nu-
clear magnetic resonance and infrared spectroscopy. The
properties of the polymers were investigated and an attempt
to correlate property and microstructure was undertaken.

Hence ,the monomers shown in Figure 1.20 have been prepared

and investigated during the course of this work.

Chapter Two describes the synthesis and characterization
of these monomers. Chapter Three is concerned with the meta-
thesis ring opening polymerization and microstructure deter-
mination of monomers (I)-(1IV). In Chapter Four the poly-
merization of monomers (V)-(X) is discussed, as a survey of
the type of monomer which will undergo metathesis. Chapter
Five attempts to correlate the microstructure obtained with

the physical properties observed.
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(VIII)

(IX) ( X)

FIGURE 1.20 Compounds synthesised as potential monomers
for metathesis rina opening polymerization
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CHAPTER TWO

SYNTHESIS AND CHARACTERIZATION OF MONOMERS
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The monomers synthesised during the course of this
work have been made either directly via a Diels Alder re-
action, or by further reaction of a Diels Alder adduct to

yield the desired product.

In the Diels Alcder reaction a compound containing a
double or triple bond, the dienophile, adds- to a cenjugated

diene to form a product containing a six-membered ring, as

— )

FIGURE 2.1 The Diels Alder reaction between a dienophile
and conjugated diene

shown in Figure 2.1.

7/ N\

In the reaction two new 0 bonds are formed at the expense
of two 7 bonds in the starting materials. . The reaction is
favoured by the presence of electron withdrawing groups on
the dienophile and electron donating substituents on the
diene, or alternatively, elecﬁron withdrawing groups on the
diene and electron donating substituents on the dienophile.
The diene must be in the c¢is configuration before it will
react; reaction of a trans diene would result in a product
with a high degree of strain and this type of reaction is
not observed. Cyclopentadiene in which the double bonds
are held in the ¢<s configuration is highly active in Diels

Alder reactions, and has been used exclusively as the diene
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during the course of this worka125 The reaction of cyclo-
pentadiene with a fluorinated dienophile would be expected
to occur fairly readily; this is indeed the case, and the
product is a strained bicyclic cbmpound in which the fluor-
ine substituents are remote from the double bond0126’127
An unsymmetrical dienophile may add to cyclopentadiene in
two possible ways, giving rise to exo and endo isomers.

This is illustrated in Figure 2.2, where R; represents a

perfiuoroalkyl group.

endo exo

dienophile and cyclopentadiene

The ratio of exo and endo adducts formed in a reaction is
dependent upon the experimental conditions} the exo adduct
is generally favoured at equilibrium, and the endo adduct

FIGURE 2.2 Diels Alder reaction between an unsymmetrical
usually predominates under conditions of kinetic control.

The reaction is highly stereospecific, and the geometry

of the dienophile is maintained in the adduct.
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2.2 Synthesis and Characterization of 2,3-bis(trifluoro-

methyl)bicyclo[2.2.1]hepta~2,5~-diene(I)

2,3~Bis(trifluoromethyl)bicyclo[2.2.1]hepta-2,5-diene (1)
has been used extensively in these laboratories as a potential
monomer for the olefin metathesis reactionegs It was syn-

thesised via the Diels Alder reaction between hexafluoxobut-

2—-yne and cyclopentadiene as shown in Figure 2.3. -

FIGURE 2.3 Diels Alder reaction between cyclopentadiene
and hexafluorobut-2-yne

The infra-red spectrum of the product (Appendix B, 1) was
identified with that of an authentic sample. The monomer
was stored over maleic anhydride to remove any trace amounts
of cyclopentadiene, and vacuum transferred from the solid
residues when required. Although this monomer has been
characterized previouély, during the course of this work
better quality high field nmr spectra were obtained and

spectra data are tabulated in Tables 2.1 and 2.2.



TABLE 2.1

1 e . L N
_H nmr shifis and assignment of monomer I,

recorded at 300,13 MHz, TMS internal standard

Shift/ , o Eéte— Assign-
Compound o, ‘_yg%?1311C1ty ral ment
6.92 resolved into three lines 1 2,3
b ]
3 > separated by 1.95 Hz
¢§F3
2 __}9CF 3.90 broad unresolved signal 1 1,4
;e 3 FWHM SHz .
2.17 ABq, 6A=2,08, GB=2°26, 1 7
JAB=6°95HZ
B limbs resolved into
three lines separated by
163Hz. A limb unres-
olved, FAHM "\5Hz
PR
TABLE 2.2 13C Nmr shifts and assignments of Monomer I,
recorded at 75.45MHz, TMS internal reference
Compound S?;it/ Multiplicity Assignment
149 .4 S 2,3
" 8
\ 5 CF3 142.9 S 5,6
s 122.9 q, Yg. _=270Hz 8,9
2 C-F
6 CF3
! 74.0 s 1,4
53.3 S 7
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2.3 Synthesis and Characterization of 2-—trifluoromethyl--
bicyclo[2.2.1]hepta-2,5-diene(II)

2--Trifluoromethylbicyclo{2.2.1l]lhepta--2,5-diene was
synthesised via the Diels Alder reaction between 3,3,3-
trifluoropropyne and cyclopentadieneu88 3,3,3 - Trifiuoro-
propyne is available commercially, but at high cost, which
made its synthesis by the established route>? preferable.
The reaction of 3,3,3-trifluoro-1,1 ,2-trichloropropene with
a mixture of zinc metal and zinc chloride in N,N--dimethyl
acetamide gave 3,3,3-trifluoropropyne in 68% yield. The
infra-red spectrum (Appendix B,2) was 1in agreement with that

recorded previously. Figure 2.4 outlines the synthetic pro-

cedure to obtain monomer (II).

Zn/ZnCl2

- 3) =
CF—'::;CClQCCl2 CFBC_CH

FIGURE 2.4 3ynthesis of 2-trifluoromethylbicyclo[2.2.1]-
hepta-2,5-diene(I1)

The synthesis of 3,3,3-trifluoropropyne, 2-trifluoromethyl-
bicyclol2.2.1]hepta-2,5-diene and some of its subsequent
polymerizations, were carried out in collaboration with

Mr. P.C. Taylor, a third year honours degree project student.
All the data are discussed, and the students' contributions

are specifically identified. 2=-Trifluoromethyl bicyclo-
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[2.2.1)hepta-?,5 diene was characterized by infra-red
spectroscopy (Appendix B,3), mass spectrometry (Appendix C,1),
elemental analysis and n.m.r. spectroscopy. All data were

, . ; . 88
in agreement with that reported previously.

2.4 Synthesis and €haracterization of Exo and Endo 5-
trifluoromethyl bicyclo[2.2.1]hept-2-ene (IIT and IV)

The Diels Alder reaction between cyclopentadiene and
3,3,3-trifluoropropene gave a mixture of exo and endo isomers
of 5-trifluoromethyl bicyclo[2.2.1]lhept~-2-ene as the major
products, together with small amounts of diene dimer and poly-

adducts (Figure 2.5)

CF
I 3
CH

g >
HZ

(IIT) (1v)

FIGURE 2.5 Diels Alder reaction between 3,3,3-trifluoro-
propene and cyclopentadiene

The 1:1 adducts were recovered by distillation. The ratio
of exo and endo isomers formed in the mixture can be conven-
iently determined using lgF n.m.r. spectroscopy, the exo and

endo adducts giving resonances at quite distinct chemical

shifts. Earlier reports in the literature indicated some
dispute over the assignment of the signals. In the past
129,130

workers have used the generalisations of Smart and Stone,
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who assecrted that fluorine atoms or trifluoromethyl groups
in exo positions in norbornene derivatives occur at lower
field than those in endo positions. However, a relatively
recent reportlBl which deals specifically and in some detail
with the stereochemistry of the reaction between cyclopenta-
diene and 3,3,3-trifluoropropene assigns the lower field
signal in the l%?pemarb>to the endo addugtc This reassign-
ment is based on a detailed analyses o0f the high field lH
n.m.r. spectra of both adducts and is much better founded than
the earlier shift correlations. The newer assignment is
also consistent with the results obtained by varying the
reaction conditions (see below) and we conclude that the

3

signal at 68.0 ppm (doublet ~J =15Hz) is associated with

H-F
the exo adduct, and at 66.1 ppm (doublet 3JH__F=15HZ) with

the endo adduct.

The reaction was carried out under different conditions

19

and the variation in the F n.m.r. integrations monitored,

as shown in Table 2.3.

Tenperature Reaction 19F Nmr Integration Yield
time/days 68.0 ppm 66.1 ppm %
20 3 ~ 10.6 100 3
160 3 37.0 100 72
200 7 55.5 100 75
19

TABLE 2.3 Variation of the Relative Values of the Fnm.r.
integrations for monomers III and IV as a function
of reaction conditions

Generally in Diels Alder reactions the endo adduct is produced

under conditions of kinetic control whereas the exo isomer is

formed at equilibriumol32 The results illustrated in Table 2.3
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are therefore consistent with the assignment of the isomer

1o

displaying a F resonance at 68.0 ppm to the exo form, and

the signal at 66.1 ppm to the endo form.

Separation of the isomers by distillation was attempted
using the best equipment available, Fischer Spalirahr system
0200/01 concentric tube column, 90 plates, and very low hold
up. _Although enrichment Qf igomers was achieved total
separation could not be accomplished. However!it was fbund
that the isomers could be separated by preparative scale gas
chromatography (10% DNP on Celite at 100°¢) . This method

of separation was slow and only small amounts of monomer were

obtained by this procedure.

The infra-red spectra of the adducts (Appendix B, 4 and 5)
were consistent with the required products; both showed the

l), ~CH=CH~ (1620 cm Y) and C-F

expected vinylic C-H (3060 cm
(1000-1300 cm_l) absorptions. The mass spectra of the adducts
showed molecular peaks at 162, and base peaks at 66 (C5H6+)
resulting from a retro Diels Alder reaction. The lH n.m.r.

of an exo/endo mixture was complicated, but similar to that

reported previously.88’l3l

2.5 Attempted Alternative Synthesis of Endo 5-trifluoro-=
methyl bicyclo[2.2.1l}lhept-2-ene

Preparative gas chromatography is unsuitable for separ-
ating a large amount of monomer, hence an alternative method
for the synthesis of either exo or endo 5-trifluoromethyl-
norbornene was sought. A potential route for the synthesis

of the endo isomer is illustrated in Figure 2.6.
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H\ /H
C <
(Il;
/ COOH H
i \CGOH
L IKI >§
NqHCO3
N Vv o
I
== 7/H
OC:*-JCQ\
Zn/ CH COOH

FIGURE 2.6 Potential route for the synthesis of pure endo
5=trifluoromethyl bicyclo{2.2.l}lhept-2=ene

This route, if successful would satisfy a number of require-

ments;: it would:

(i) provide an unambiguous proof of endo stercochemistry;
(ii) avoid gas chromotographic separation and allow easy
scale up;
(iii) provide a route to pure enantiomers since endo-5-
carboxylic acid bicyclo[2.2.1]lhept-2-ene can be

resolved.
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The Diels Alder reaction between cyclopentadiene and
acrylic acid is well established and was easily accomplished,
following the literature methodu133 The next stage in the
sequence provides a means of separating exo and endo isomers;
as a result of the geometry of the carboxylic acid with res-
pect to the double bond, the endo acid readily forms an iodo-
lactgne, whereas the exo acid doesﬁotu134 The iodolactone is
a crystalline material (infra-red spectra, Appendix B,6)
which was easily separated from any exo acid that was present

in the mixture. The first two stages were performed success-

fully.

However, the regeneration of the free acid from the
iodolactone was performed several times without any apprec-
iable yield.134 Before refining this reaction to increase
the yield of endo acid, the reaction of sulphur tetrafluoride
with the easily obtained exo/endo mixture of Ehe free acid
was undertaken, in an attempt to assess the feasibility of
the experimental procedure. Fluorination of the acid mixture
was attempted under relatively mild conditions for the re-
agent135 (autoclave, BOOC, 28 atm). However, only black in-
tractable tars were obtained from which no organofluorine
compounds could be isolated. It is significant in this con-
text that previous workefs have experienced some unusual
results when using this reagent, and it seems it does not
have the wide applicability that is generally supposed. The
synthesis of 4,4-difluorocyclopentene, shown in Figure 2,7
was attempted by Wilsdn88 but a low yield of the material
provisionally assigned as compound (24) was obtained, although

fluorination of cyclopentanone gave the expected 1,1l-difluoro-

cyclopentane in v70% yield.
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(24)

FIGURE 2.7 Anticipated and actual result of the reaction
of cyclopentene—4-one with sulphur tetrafluoride

In view of the above difficulties this approach was discon-

tinued.

2.6 Synthesis and characterization of 5-(2 "bromotetrafluoro-
ethyl bicyclo(2.2.1]hept-2-ene (V) ' ’

5- (2 “Bromotetrafluorcethyl)bicyclo[2.2.1]hept=2-ene
was synthesized via the Diels Alder reaction between cyclo-
pentadiene and 3,3,4,4-tetrafluoro-4-bromobut-l-ene, as

illustrated in Figure 2.8

(V)

FIGURE 2.8 Diels Alder reaction between cyclopentadiene and
3,3,4,4-tetrafluoro-4-bromobut-1l-ene (V)
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The product consisted of both exo and endo isomexs which
could not be separated by distillation or chromotographic
techniques, and the monomer was characterized as a mixture.
The mass spectrum (Appendix C,4) showed the expected bromine
isotope pattern with signals of egual intensity a£ 212 and
2Br+)°

__The base peak was observed at 66 mass units,; resulting from

274 mass units (parent ion) and at 129 and 131 { CF
a retro Diels Alder reaction (C5H6+)u The infra-red spectrum
was complex (Appendix B,7) but showed the expected vinylic

1y _CH=CH (1620 cm 1), C-F (1050-1150 cm 1)

CH (3025 cm’
and C-Br (710 cm—l) absorptions.

In the past the interpretation of the 19F n.m.r. spectra

of fluorinated bicyclo=[2.2.1]hept-2-enes has been based on
the correlations asserted by Smart and Stone, as discussed
previously. However,in the case of 5-trifluoromethyl
bicyclo(2.2.1]lhept-2-ene these assignments have now been re-
versed and this raises the question of whether the generalis-
ations are applicable to other 5-substituted fluorinated nor-
bornene systems. Several reports by McBeel36ﬂ139 state that
fluorine substituents dominate the stereochemical course of
the Diels Alder reaction. He has extensively investigated

the stereochemistry of the Diels Alder reactions depicted in

Figure 2.9 as a function of the substituent X.

COOH
(25) (26)

FIGURE 2.9 Diels Allder reaction between Cyclopentadiene and
a substituted acrylic acid ’
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When X was a hydrogen atom the endo H content was 37.4%
(Z.e. the product mixture consisted of 37.4% of (26) and
62.6% of (25)). When the hydrogen is replaced by a tri-
fluoromethyl group the product mixture was now Lfound to
contain 73% endo CF3 groups and due to the stereospecific
nature of the Diels Alder reaction the carboxyl group is
forced into the exo position. It is apparent that the
trifluoromethyl group is endo directing, and this provides

19F

further support for the assignment of signals in the
n.m.r, spectrum of 5-trifluoromethyl norbornene discussed
earlier. When X was a larger perfluoroalkyl group the
endo content remained high; and there was no evidence that

large perfluoroalkyl groups were forced into the less

sterically hindered exo position.

In view of these results it seems that a CF3 and a
CF2CF2Br substituent would have similar stereochemical
consequences in the Diels Alder reaction. Hence the re-
action between cyclopentadiene and 3,3,4,4-tetrafluoro-4-
bromobut-l-ene would be expected to yield a high proportion
of endo adduct, and if this is assumed the lgF n.m.r.
spectrum can now be assigned by associating the high inten-

sity peaks with the endo isomer. The shifts and assign-

ments are given in Table 2.4.
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TABLK 2.4 FON, shifts and Assignments of endo/exo
5 (2 bfomoteuvaxWuoroexgyl)b1cyclo[) 2, l]heptu
2 -ene recorded at 56.45 MHz.

Compound Shift/ | yultiplicity tnte-| Assign:
ppm gral. ment
11x.7 Aqué.:lo9a6 3 8 ,endo
§ —113 8, J =272 .8Hz,
uacn 1ligh qpllt into
: 3 :
, ! . doublet “J. .=18.8Hz.
3 109.9 Abqg, §A=lo7o7p 1 8,exo
T AT §~112.1, J,.=263. 44z,
Each limb split into
3 i,
doublet ~JH‘”F=.L8,8H2
64.5 s 3 9,endo
63.5 s 1 9,exo

The endo adduct displays a resonance at lower field than the
exo isomer and this is consistent with the assignment of
signals in the l9F n.m.r. of 5-trifluoxomethyl bicyclo{2.2.1]-
hept-2-ene. The ratio of endo to exo adducts in the mixture
was 3:1 as calculated from the integral of the appropriate

signals.

The lH n.m.r. of the mixture of adducts was complicated

and has not been interpreted in detail. Nevertheless the
ratio of the integrals of the vinyl,methine and methylene
signals was consistent with the above assignment. The shifts

and assignments are given in Table 2.5.
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TABLE 2.5 lH .. Shifts &miA581qnmentg of 5-(2-bromotetra-
fluoxoe thyl) bicyclo[2.2.1]hept—2 ene recorded at
250 mHz.

Compound Shift Multiplicity | Integral A;Zizna

6.1 broad s) 2 2,3
)

5.9 " )

3.1 | _ _broad m)_ |.. -3- 41,4,5 _
)

2.8 " )

1.7 " ) 4 6,7
)

1.3 ! )

2.7 Synthesis and Characterization of S-pentafluorophenyl
bicyclo[2.2.1]hept-2-ene (VI)

Cyclopentadiene and 1,2,3,4,5-pentafluorostyrene react
to give 5-pentafluorophenylbicyclo[2.2.1l]lhept-2-ene as a

mixture of exo and endo isomers (Figure 2.10).

(VI)

FIGURE 2.10 Diels Alder reaction between pentafluorostyrene
and cyclopentadiene
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The fluorinesof the pentafluorophenyl group are electron
withdrawing through the ¢ framework and overall the penta-
fluorophenyl group is probably electron withdrawing. Hence,
the reaction illustrated in Figure 2.}0 might be expected to

be a conventional Diels Alder reaction and to give a product
with a high endo pentafluorophenyl group content. On consider-
~ation of the geometrxy of the molecule with the aid of molecular
models, it appears that on steric grounds the pentafluorophenyl
group would be preferentially located in the exo position.

In the transition state leading to the endo adaduct it seems
that, due to the large steric bulk of the pentafluorophenyl
group, an unfavourable interaction occurs between the 7
electrons of the double bond and the ortho fluorines of the
pentafluorophenyl unit. On the other hand, in the transition
state leading to the exo adduct, there is the chance of a
favourable electrostatic interaction between the ortho fluor-
ines and bridgehead hydrogens. This would favour formation

of the exo adduct. Thus, these considerations suggest that

for the fluoroaryl substituted dienophile steric and elect-
ronic factors may favour the exo isomer more than in the per-

l9F n.m.r.

fluorocalkyl substituted case. On inspection of the

of the product it was found that the ortho fluorine signals

are resolved for the exo and endo isomers, and the highest in-

tensity signal corresponded.to the resonance at lowest field,

Z.e. the signal we would expect to be associated with the exo

adduct in perfluoroalkyl substituted norbornenes. However,

in the endo adduct the ortho fluorines are situated in close

proximity to the olefinic unit and might reasonably be expected

to experience a downfield shift; thus it is impossible to make
19

an nnambiguous assignm2nt on the basis of the F n.m.r. data

recorded in Table 2.6.
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TABLE 2.6 ~"F N.m.x. signals and assignments recorded
g3756{45MHz,CFC13 extexrnal reiference
Shift/ i .. Inte-| Assign-
Compound ppm Multiplicity gral ment
164.9 | 4. of d. of d. 2 b(+b")
Jab:22°6Hz’ JbC=2057Hzp
1 -
Ja‘b—6°3HZ
160.2 t, ch=20;iH2 BN A S B vl
142.5 d. of d, Jabm22°9Hz 0.65 |exo a+a”
Jab’=5°6Hz
140.8 d. of 4, Jab=22°9Hz 1.3 endo ata”
Jab)=5o6HZ

The lH n.m.r. spectrum run at 250 MHz provided evidence
for the assignment of the major isomer as endo. Although
the spectrum was complicated the signals in the wvinylic region
were assigned on the basis that a 2:1 ratio of endo:exo
adducts was formed. In the vinylic region multiplets at
6.25 and 6.15 (2:1 ratio respectively), and 5.96 and 5.92 ppm
(1:2 ratio respectively) were observed. The highest and
lowest field signals in this region were assigned to the endo
adduct and the two central signals to the exo adduct. On
consideration of the geometry of the molecule, in the exo
adduct the fluorine substituents are far removed from the
double bond and are expected to have relatively little effect
on the position at which these signals appear. In the endo
adduct, by contrast, there is a potentially strong interaction
between the ortho fluorines of the pentafluorophenyl group
and one of the protons at the double bbnd, causing a large

difference in shift between the two vinyl positions. Although
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these assignments are self consistent and in reasonable agree-
ment with the expected result they do not constitute a rigorous
proof., A higher field spectrum may provide sufficient resol-
ution to allow a more detailed analysis and provide confirm-
ation of our assignment. The shifts and assignments of the
1

H n.m.r. are given in Table 2.7.

TABLE 2.7 1H N.m.r. shifts and assignments of 5-pentafluoro-

phenyl bicyclol2.2.l]lhept—-2-ene, THMS external reference

. Multi- Assign-—
Compound Shift plicity Integral ment
6.25 m 2 4 endo
6.15 m 1 4 exo
5.96 m 1 3 exo
4 5.92 m 2 3 endo
3 3.50 m ) )
) )
3.22 s ) )
) )
3.11 5 y 2 y Le2e5
) )
3.00 s ) )
2.19 m ) )
y 12 ) 6,7
1.65 m ) )
L

Hence, although the data confirms the structure of the product
the ratio of exo and endo isomers can only be provisionally

assigned.

The infrared spectrum (Appendix B,8) and mass spectrum

(Appendix C,5) were consistent with the structure assigned.
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2.8 (a) Synthesis and Characterization of exo N-penta-:

fluorophenyl bicyclo[2.2.llhept-5-ene-2,3~
dicarboximide (VII)

Exo N-pentafluorophenyl bicyclo[2.2.1l]lhept-5-ene
2,3-dicarboximide was prepared by the route depicted in

Figure 2.11

0

FIGURE 2.11 Synthesis of exo-N-pentafluorophenyl bicyclo-
[2.2.1}hept-5-ene, 2,3-dicarboximide

The Diels Alder reaction between cyclopentadiene and
maleic anhydride was carried out at elevated temperature in
order to optimise the yield of exo anhydride.l4o The exo
anhydride was purified by successive recrystallisations from
chlorobenzene; its infra-red spectrum was consistent with the
expected product (Appendix B,9). Reaction of the exo anhy-
dride with pentafluorocaniline in glacial acetic acid afforded

the imide, VII. Monomer VII was recovered as a white crys-

talline solid with correct elemental analysis. The infra-red
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of the product (Appendix B,10) showed characteristic bands
due to olefinic C~H @070 cm"l), carbonyl (1790 cmul), CH=CH
(1650 cm“l) and C-F (1300 cmﬁl)° Its mass spectrum gave a
typical breakdown pattern of a norbornene derivative,
(Appendix C,6), with a base peak at 66 mass units arising
from a retro Diels Alder reaction. The 19F, 1H and 13C nmr
shifts and assignments are tabulated in Tables 2.8, 2.9 and
72.16 respecti;ély:f N B
19

TABLE 2.8 F N.m.r. shifts of Monomer VII recorded at
56.45 MHz, CFCl3 external reference
] Shift/ S as s Inte- Assign-
Compound ppm Multiplicity gral ment
a 15 -
F—= |161.7 m 2 b,b"
10, 151.4 t'Jcb=20°7Hz 1 c
F F -
a b 143.3 d,Jab—22.6Hz 2 a,a

TABLE 2.9 lH N.m.r. spectrum and Assignments of Monomer VII,

recorded at 300.13MHz, TMS internal reference

Shift/ s s Inte- Assign-
Compound ppm MultqﬂJC1tg gral ment
6.36 Resolved into 3 1 2,3
Y 0 lines separated
3 AL F—F by 1.76Hz
N”“Iile 3.45 1 5,6
2 . s
l// F F '
1
0 2.90 s 1 1,4
Exo
1.61 Abq,cSA=l.65, 1 7
§ _ =
B—l,58, JAB—lo.le,
A limb split into
doublets J,1.4Hz
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TABLE 2.10 ]3C N.m.r. shifts and assignments of Monomeyr VIT,
recorded at 7/5.46 MHz, T!MS internal refexence
B Céggg;nd Sggzt/_w> Mﬁiggé£101ty ;A;Zig?i
174.8 S 8,9
144.7 a, lJ’.C“F-—-zsnaz a, a’
140.9 d, lJCmF=25nm c
. |138.5 | a, to._ 254 b, b*
, 137.9 s 2,3
107.4 s 10
43.1 s 7
48.6 . s 6,5
45.9 s 1,4

The assignment of signals in the n.m.r. spectra follows in
a routine manner. Low intensity signals observed in the
spectra (not tabulated) are assigned to a small proportion

of endo isomer present.

2.3 (b) Synthesis and Characterization of endo-N-penta-
fluorophenyl bicyclo(2.2. l]hept 5-ene-2,3-
dicarboximide (VIII)

Endo-N-pentafluorophenyl bicyclo[2.2.1l}lhept-5-ene-
2,3-dicarboximide was prepared via the route depicted in

Figure 2.12.

The Diels Alder reaction was carried out at low
temperature (O=50C) to yield endo-bicyclo(2.2.1]lhept-5-ene-
2,3-dicarboxye31hydride,l41 (infra-red spectrum, Appendix B,11).
Reaction of the anhydride with pentafluoroaniline in glacial
acetic acid gave the endo imide (VIII). The infra-red

spectrum (Appendix B,12) and mass spectrum (Appenaix C,6)
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FIGURE 2.12 Synthesis of endo-N-pentafluorophenyl bicyclo-
[2.2.1]hept-5-ene—-2,3-dicarboximide (VIII).

were similar to that obtained for the wexo isomer. The

19F, lH and l3C n.m.r. data for the adduct are tabulated

in Tables 2.11, 2.12 and 2.13 respectively.

TABLE 2.11 19F N.m.r. shifts and assignments of Monomer VIITI,

recorded at 56.45 MHz, CFCl3 external reference

Shift/ o FInte-| Assign—
Compound ppm Multiplicity gral ment
161.5 |d of d of 4, Jab=20.7Hz 2 b
ch=20.7Hz, Ja,b=5.6Hz

151.9 |t, Jcb=20.7Hz 1 c

a
0
F
5 -
3
\Nl Fc|143.3 |d of d of &, J_,520.7THz | 1 a*
2 9(/ _ a

J =5.6Hz, J_. =5.6Hz
a“b a‘a

141.2 |d of 4 of 4, Jab=20°7Hz 1 a

Jab,=5.6Hz, Jaaa=5°6Hz
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T'he orxtho fluorines (a and a’) give resonances at different
positions indicating that they are not equivalent. There-
fore, it seems that there are probably conformational pre-
ferences in this system, and that repulsion between the
carbonyl groups and ortho fluorines resulits in a preferred
conformation in which the plane of the ring is perpendicular

]
to the plane of the carbonyl groups. The 19p n.m.r. of the

exo adduct gave one doﬁbleé for the orthQ Eluorines, indic-
ating that they were magnetically equivalent. It is possible
that there is hindered rotation in both adducts, but the
difference in environment of the ortho fluorines in the exo
isomer is not sufficient to allow them to be resolved as
separate signals, whereas in the endo case the environments
are significantly different. This may be seen more clearly
by consulting molecular models. The repulsion between the
carbonyl group and the pentafluorophenyl ring would not be
expected to be large and the barrier to rotation should be
relatively easily overcome. However, variable temperature
n.m.r. studies on both forms caused no apparent effect on
the spectra.

Examination of the 13C n.m.r. data (Table 2.13).

to determine if the ortho carbons gave separate resonances,
was performed but the relevant signals could not be easily
identified due to their low intensity. Hence)the explan-
ation of the multiplicity observed in the 19F n.m.r. spectrum

remains somewhat uncertain in detail although the structural

assignment is unambiguous.
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"H ¥N.m.x. Shifts and Assignments of Monomer

(XLiI)

recorded at 300.13 MHz, TMS external reference

Compound

[ shift/

- Ppm o
6.25
3.54
3.51

1.63

—— inter TRss1gn™

_A»ﬁgﬁf?iﬂﬂty gral ment

S 1 2,3
dy Iy ¢ = 1.51 1 5.6
d, Jy g = 1:3 Hz 1 1,4
aBq, 8, = 1.72, | 1 /
§ =
5 = 1.55
JAB = R.8Hz

.

3 ¥ F
N F
: <0)
- B -
Endo
TABLE 2.13 13

C N.m.r. shifts and Assignments of Monomer (XIII)

recorded at 75.46MHz, TMS internal reference

Compound Sg;it/ Multiplicity Assignment
174.5 S 8,9
1 . -
143.7 d, JC=F = 256Hz a, a
142.2 a, Yo, _ = 256Hz c
L C=F
s F F 1 .
3 8\ 138.0 da, ~J = 255Hz b, b
N F C-F
2 9
1 6 O/ F F 134.9 S 2,3
107.3 s 10
52.2 s 7
46 .9 ] 6,5
45.6 s 1,4
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Synthesis and Characterization of 5 perfluorohexyl
bicyclo[2.2.1]hept--2--ene (IX)

Cyclopentadiene and 1H,1H,2H-perfluoro-oct—-l-ene react

at 130°C to give a mixture of exo and endo isomers of 5--pex-

fluorohexyl bicyclo[?2.?2.1l]lhept2--ene as the major product,

as shown in Figure 2.13.

H H
\C/
I %
C\
CE E
H ( 2)5(3 3

FIGURE 2.13

(IX)

Synthesis of 5-perfluorohexyl bicyclo[2.2.1]-

hept-2-ene

The ratio of exo and endo isomers formed in the mixture was

determined using 19

F n.m.

Y. spectroscopy:;

the endo content

‘was 75%. The shifts and assignments are given in Table 2.14.
TABLE 2.14 “°F N.m.r. Shiftsand Assignments of Monomer (IX),
recorded at 56.45MHz, CFCl3 Internal Standard
. Multi- Inte— Assign=
Compound Shift/ppm plicity gral ment
127.3 broad s 2 )
) b,c,d,e
1 123.3 e 6 |
7] 6
115.0 "o 0.5 a, exo
5
g
y CFCFCF.CE,CECFS 11135 noo 1.5 | a, endo
a b c d e f 80.8 1 0 3 £
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9 \
F n.m.xr. is based on the

The assignment of the
assumption that the endo adduct is formed in the greater
proportion, and as expected the endo resonance appears at

lower field than the exo adduct signal (see earliex discussions).

The lH n.m.x. of the mixture was run at 360.13MHz, but
was extremely complex, and defied a thorough interpretation.
However, the shifts of the centres of'multiple signéis are
given in Table 2.15, and the ratio of the integrals for the
vinyl, methylene and methine signals is consistent with a
bicyclo[2.2.1]lhept-2~ene derivative.

TABLE 2.15 lHJggmora Shifts and Assignments of Monomer (IX),

recorded‘ati}36ti§Mhz{ TMS Internal reference

Compound Sglixit/ Multiplicity | Integral | Assignment
6.1 m )
) 2 3,2
5.9 m )
1
) 6 3.1 broad s ;
2.9 " " ) 3 5,4,1
3
(CF.) .CF )
> 2°57°3 2.8 m )
2.0 m )
)
1.5 m )
Yy 4 7,6
1.4 m )
)
1.3 m )

The 13C N.m.r., shifts and assignments are given in

Table 2.16.



TABLE 2.16 Ezg_gimiglusgiftg_gp@ Assignments of Monomer (IX),

recorded at 90.56 MHz. —

e e e — e
7 Compound Sg;flt/ phl/hilé:tl:iy | Integrall Assignment
138.3 s 1 3, exo
137.2 S 3 3, endo
. - 136.4 . s -1 2, exo
2 , . 131.8 S 3 2, endo
105-115 m - a - f

5\
w7 CFCFCFCFCFCF 49.6 s 3 7, endo

ab c d e £

46 .4 S 1 7, exo
43.7 S 3 1 or 4 endo
42.5 S 1 1 or 4 exo
42.1 s 3 1l or 4 endo
41.3 S 1 l or 4 exo
40.7 S 1l 5, exo
40.5 t 3 5, endo
27.5 s 3 6, endo
26.7 ] 1 6, exo

The relative intensity of signals in the 13C n.m.r.

spectrum allows resonances due to exo and endo isomers to

be differentiated. In the vinyl -region. carbons 2 and 3 are
distinguiéhed on the basis that the long perfluoroalkyl chain
is more likely to interact with carbon 3, causing a downfield
shift for this signal. The methylene and methine signals

may be distinguished with the aid of a DEPT spectrum (Distort-
ionless Enhancement by Polarisation) (see Chapter Three) in
which =CH- signals appear as positive peaks and =CH2— reson-

ances as negative peaks. The triplet multiplicity of
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the signal at 40.5 ppm allows this resonance to be
assigned to carbon 5, the multiplicity being a consequence
of its coupling to the a fluorines. It was not possible

to make an unambiguous assignment of the shifts for Cy and

]

Che
The methylene carbons are assigned by compaxing the
spectrum with that of 2,3 bis(trifluoromethyl)bicyclo(2.2.1]-
hepta-2,5:-diene. The €7 resonances are likely to be -ob-

served in similar positions (50 ppm) and therefore the

signals at 27.5 and 26.7 ppm are attributed to carbon 6.

The infra-red spectrum (Appendix B,13) and mass spectrum

(Appendix C,7) were consistent with the structure assigned.

2.10 Synthesis and Characterization of 5-perfluorooctyl
bicyclo[2.2.1l]hept~2~ene (X)

The Diels Alder reaction between cyclopentadiene and
1H, 1H,2H-perfluorodec-1l-ene gave 5-perfluorooctyl bicyclo-
[2.2.1]lhept=2-ene (X) as a mixture of exo and endo isomers,

(Figure 2.14).

(

(3[’-’2),7.C|='=3
(X)

FIGURE 2.14 Diels Alder reaction between cyclopentadiene and
1H,1H, 2H-perfluorodec—-l-ene
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The 9F N.m.r. shifts and assignments are given

in Table 2.17.

TABLE 2.17 l9F N.m.r. shifts and assignments of Monomer (X)
recorded at 56.45MHz, CFCl, internal reference.
Shift/ Multi- Assign-
Compound ppm plicity Integral ment
127.9 broad s |)
) 14 b,c,d,e,f,g9
121.2 m )
[:}D 115.3 m 0.5 a, exo
~CF.Cr CF.CF CF.CF..CF.,CF
2727em 222 2m3 113.8 broad s 1.5 a,endo
a b cde f gh
81L.6 t 3 h

The ratio of exo to endo isomers formed from the reaction

was 25:75.

The lH n.m.r. was complex, and not interpreted in
detail. The shifts and assignments of the centres of
multiple bands are given in Table 2.18.

The 13C n.m.r., may be assigned by analogy with the
spectrum of 5-perfluorchexyl bicyclo[2.2.1]hept-2-ene.

The shifts and assignments are given in Table 2.19.

The infrared (Appendix Bl4) and mass svectrum (Appendix

C8) were consistent with the assigned structure.
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. 1 R . -
TABTLE 2.18 “H N.m.r. Shifts and Assignments of Monomer (X),

recorded at 360.13MHz, TMS internal standard

Compound Shift/ Multi-- Intearal Assign-
. ]_ppm plicity | g ment
6.1 m )
) 2 2,3
5.9 m )
3.1 broad s |)
)
! 3.0 broad s |)
2 6 ) 3 1,4,5
, 2.9 broad s |)
s CF_CF.CF.CF.CF.CF.CF.CF.,|__ - ) __
. 272727272727 27375 4 broad s |)
a b c d e f g h
1.9 m )
)
1.5 s )
)
1.4 m ) 4 6,7
)
1.3 bl )
)
1.2 m )
TABLE 2.19 i?Q_N,m.rn Shifts and Assignments of Monomer (X),
recorded at 90.56 MHz, TMS internal standard
shift/ Multi- Assign-
Compound ppm plicity Integral ment
138.3 s 1 3,exo
137.2 s 3 3,endo
136.4 ] 1 2,exo
131.8 s 3 2,endo
1.05—125 m = a,b,C,d,e,'f,g,h
49.6 s 3 7,endo
1 46.3 s 1 7,exo
2@ 43.7 s 3 4,endo
3 42, 1 4
. CF,CF,CF,CF.,CF,CF CF.CF, > S rex0
42.1 S 3 1,endo
abcdefgh 41.3 s 1 1,exo
41.2 s 1 5,exo
40.5 t 3 5,endo
27.5 s 3 6,endo
26.7 S 1 6,exo
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2,11 (a) Reagents

3,3,4,4=Tetrafluoro—-4-bromobut-l1l-ene, 1H,1H,2H -
perfluorodec—-l-ene, and 1H,1lH,2H-perfluorooct-l-ene were
purchased from Riedel de Haéen, trifluoroprop 'l -ene was pur-
chases from Fluorochem, and all other fluorocalkenes and
fluoroalkynes were purchased from Bristol Organics. Fluoro-
carbons were used as supplied. N,N-dimethylacetamide was-—
purchased from BDH Chemicals Ltd., and fractionally distilled
before use. Cyclopentadiene was freshly prepared by thermal
cracking of dicyclopentadiene132 which was purchased from

Koch Light.

(b) Preparation of 3,3,3-trifluoropropyne (with PCT)

N,N~Dimethylacetamide was fractionally distilled
at 164-166°C onﬁo activated molecular sieve (48). A 3-neck
round-bottomed flask was fitted with a mechanical stirrer,
condenser, thermometer and pressure equalising dropping funnel.
The apparatus was purged with nitrogen,via an inlet on the
stirrer gland before use and a nitrogen pressure was main-
tained throughout the experiment. Two traps, immersed in
liquid air were connected to the top of the condenser. N-N-
Dimethylacetamide (300 cm3), zinc (36.0g, 554 mmol) and zinc
chloride (3.4g, 25 mmol) were added to the flask, and the
mixture heated with stirring to lOOOC, 1,1 ,2-Trichloro-3,3,3-
trifluoropropene (50.0g, 250 mmol) was added carefully via
the dropping funnel, so as to maintain a temperature of 95°-~
100°C. The reaction mixture was allowed to cool to 60°C
and water (100 cm3) was added dropwise at a rate which main-

tained the temperature at 60°C. When the addition of water
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was complete the reaction mixfure was heated to 80-85°C

for 2 hours. A gaseous product was evolved slowly, which
was collected in the cold traps, and then distilled under
reduced pressure into a preweighed metal can. The product

was identified as 3,3,3~trifluoropropyne (16.0g, 170 mmole,

68%) with correct i.r. spectrum, Vnax 3320 cmf%Lm2150 cmul and
1250-1150 cm *.
(c) Reaction of Cyclopentadiene with a fluoroalkene

or fluoroalkyne

(1) General Procedure

In cases where the fluoroalkene was a ligquid, a
known volume was injected into a Pyrex Carius tube containing
a small quantity of hydroquinone, and degassed. The re-
quired amount of cyclopentadiene was injected into a separate
flask, degassed, and condensed into the Carius tube by vacuum
transfer. When the fluoroalkyne or fluoroalkene was gaseous,
a known volume was condensed into the Carius tube, followed
by the required volume of cyclopentadiene. The tube was
sealed under vacuum and placed in a furnace at the appropriate
temperature for the required time. After cooling to room
temperature the tube was removed from the furnace, cooled in
liguid air, and the seal broken by hot spotting. The pro-

ducts were recovered and distilled.

(ii) 2,3-Bis(trifluoromethyl)bicyclof2.2.1llhepta-2 5-diene(I)

Cyclopentadiene (6.4g, 97 mmoles), hexafluorobut-2-
yne (15.7g, 97 mmoles) and hydroguinone (0.05g) were sealed
in vacuo and left at room temperature for 24 hours to give:
(i) 2,3-bis(trifluoromethyl)bicyclo[2.2.1llhepta=2,5=diene (I)

(20.3g, 89 mmole , 92%); B.p-. 120=1220C; with correct i.r.
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spectrum, (ii) a trace of dicyclopentadiene and polyadducts.

(iii) 2 - Trifluoromethyl bicyclof2.2.1]hepta-2,5-diene(II)
(with P.C.T.).

Cyclopentadiene (10.7g, 163 mmoles), 3,3,3-tri-
fluoropropyne (15.3g, 163 mmoles) and hydroquinone (0.05q)
were sealed in vacuo and heated at 155°C for 65 hours to give:
(i) 2 -trifluoromethyl bicyclo(2.2.1l]lhepta~2,5~diene (II)
(20.0g, 125 mmoles, 77%); b.p. 108°C; [Found: C, 60.5;

H, 4.6; F, 36.0%; C8H7F3 requires C, 60.00; H, 4.4; F, 35.6%];

m/e 160 (M+); with correct i.r.; (ii) dicyclopentadiene and

polyadducts.

(i#) Exo and Endo-5-trifluoromethyl bicyclo[Z.Z.l]hépt—Z—ene

Cyclopentadiene (8.0g, 121 mmoles), 3,3,3-trifluoro-
pfopene (l1.6g, 121 mmoles) and hydroquinone ’(0.05g), were
sealed in vacuo and heated to the required temperature for
the required time (see Table 2.3) to give: (i) exo and endo-
5-trifluoromethyl bicyclo[2.2.1]lhept—-2-ene (III) and (IV);
b.p. lZOOC; with correct infra-red spectrum, (ii) dicyclo-

pentadiene and pdlyadductsu

(v) 5-Pentafluorophenyl bicyclol[2.2.1l]lhept-2-ene

Cyclopentadiene (l1.7g, 26 mmole), pentafluorostyrene
(5g, 26 mmole), and hydroquinone (0.05g) were sealed in vacuo
and heated at 140°C for 48 hours to give: (i) 5-pentafluoro-
phenyl bicyclo[2,2°l]hept-2—ene (VI) (5.6g, 22 mmole, 84%);

b.p. 182—1850C; [Found: C, 60.4: H, 3.4; C13H9F5 requires

C, 60.0; H, 3.4] m/e 260 (M), v__ 3030 cm o (vinyl C-H),

2970 cm-l (C-H stretch), 1470 cm—1 (C-F).
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(vi) 5-(2 Bromotetrafluoroethyl) bicyclo[2.2.1]hept-2--ene

Cyclopentadiene (8.0g, 121 mmoles), 3,3,4,4 tetra-
fluoro-4-bromobut~l-ene (25.0g, 121 mmoles), and hydroquinone
were sealed in vacuo and heated at 160°C for 72 hours to give:
(i) 5 (2 bromotetrafluoroethyl bicyclo[2.2.1ljhept--2-ene (V),
(27.4g, 100 mmole, 83%); b.p. 184-186°C; [Found, C, 39.8;

H, 3.4; C9H9F4
metry) 2737'vmax 3060 cmcl {vinyl C-H stretch), 3970 cm_l

(C-H stretch), 1100 — (C-F) .

Br requires C, 39.6; H, 3.3], M(mass spectro-

(vii) 5=Perfluorohexyl bicyclo[2.2.1l]lhept-2-ene

Cyclopentadiene (3g, 45 mmole), 1H,1lH,2H-perfluoro-
oct-l-ene (15.8g, 46 mmole), and hydrogquinone (0.05g)} were
sealed 7n vacuo, and heated at 150°C for 72 hours to give:

(i) 5-perfluorohexyl bicyclo[2.2.1]lhept-2-ene (IX), (15.8g,
38 mmole, 843); b.p. 60~68°C at 6 x 10~ ° mmHg; [Found: C, 37.9;
H, 1.9; Cl3H9Fl3 requires-C, 37.9; H, 2.21. Mass (mass
spectrometry 412; i.r. Vnax 3030 cm-=l (vinyl C-H stretch),

1 1

2980 cm (C-H stretch) and 1200 cm (C~F).

(viii) 5-Perfluorooctyl bicyclof2.2.1l]lhept-2-ene

Cyclopentadiene (2.5g, 37 mmoles), 1H,1H,2H-per-
fluorodec-1l-ene (16.7g, 37 mmole) and hydroquinone (0.05qg)
were sealed in vacuo and heated at 150°C for 72 hours to give:
5-perfluorooctyl bicyclo[2.2.1lhept-2-ene (17g, 33 mmole, 89%),
b.p. 78-80°C at 6x10 ° mmHg; [Found: C, 35.4, H, 1.7;

C15H9Fl7 requires C, 35.1; H, 1.7; F, 63.0]; Mass (Mass spectro-
metry) m/e 492 (m-20, HF), i.r. v__ , 3035 cm ' (vinyl C-H
1 1 (C=F).

stretch), 2980 cm (C-H stretch) and 1220 cm
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(d) Synthesis of Exo-bicyclol2.2.1l]hept 5 ene~2,3~
dicarboxy anhydride

A 500 cm3 3-neck round-bottomed flask was fitted
with a condenser, thermomemter and dropping funnel, Maleic
anhydride (88.1g, 0.9 mole) and 1,2-dichlorobenzene (100 cm3)
were added to the flask and thé solution heated to 173°C,
Dicyclopentadiene (59.4g, 0.45 mole) was added to the flask

——via the dropping funnel over a period of 2 hours, The mixture
was then heated to reflux (183-187°C) for 1% hours. The
flask was allowed to cool overnight and the solid product
recrystallised several times from chlorobenzene to give exo-
bicyclo[2.2.1lhept-5-ene-2,3-dicarboxy anhydride (88.5qg,
0.5 mole, 60%); m.pt. 130°C, 1it. %% 143% (1008 exo) 130°%

(87% exo) .

(e) Synthesis of Endo-bicyclol[2.2.llhept=5-ene-2,3-
dicarboxy anhydride ’

A 1 litre,3-neck round-bottomed flask was fitted
with a thermometer, condenser, a serum cap and a magnetic
follower. Maleic anhydride (62.8g, 0.64 moles) and anhydrous
diethyl ether (400 cm3) were addéd to the flask and stirred.
The solution was cooled in an ice/salt bath between 0° and

50

C. Cyclopentadiene (42.2g, 0.64 moles) was added drop-
wise v7za the serum cap, using a syringe; the temperature of

the solution was not allowed to rise above 10°C during the
addition. The mixture was stirred with‘cooling for a further
2 hours, after which the ice bath was removed and the flask
left overnight. The product, endo—bicyclo[2,2°l]hepf-S-ene,
2,3-dicarboxy anhydride (58.8g, 0.36 mole, 56%), m.pt. 160°C,

142

Lit ’ 165°C was precipitated as a white crystalline solid

which was subsequently used without further purification.
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(£) Synthesis of exo~N--pentafluorophenyl bicyclo-

'[2og;ljﬁépt~5~§n§:zlEj@icagbbximide(VII)

Exo-bicyclol2.2.1lhept--5--ene--2, 3~dicarboxy

anhydride (15.2g, 0.09 moles) in glacial acetic acid (70 cm3)

and pentafluoro-aniline (17g, 0.09 moles} in glacial acetic
acid (20 cm3) were mixed together in a 250 cm3 round-‘bottomed

flask, and heated to reflux for 2 hours. (The solution

|

changed colour during this period from a-pale yellow to a

deep orange) . The solution was éllowed to -cool and the pro-
duct precipitated by the dropwise addition of water. The
product was filtered off and recrystaliised several times

from a 50:50 mixture of acetic acid and water, The product
was a white crystalline solid identified as exo-N-penta-
fluorophenyl bicyclo[2.2.1]hept-5-ene~2,3~-dicarboximide (VII);
(18.9g, 0.058 moles, 64%); m.p. 116°C; [Found, C, 54.6; H, 2.2;
N, 3.9; F, 28.4; C15H8F5NO2 requires C, 54.7; H, 2.4; N, 4.2;

F, 28.5]; m/e 329 (M); v__ , 3060 em™ ! (vinyl C-H stretch),
1

3000 (C-H stretch), 1790 cm 1 (CO-N-CO) and 1300 cm © (C-F).

(g) Synthesis of endo-N-pentafluorophenyl bicyclo[2.2.1]-
hept=5-ene~2,3-dicarboximide (VIII)

Endo-bicyclo(2.2.1)lhept-5-ene-2,3-dicarboxy
anhydride (8.6g, 0.05 moles) in glacial acetic acid (40 cm3)
and pentafluoroaniline (9.5g, 0.05 meles) in glacial acetic
acid (10 cm3) were mixed together in a 100 cm3 round-bottomed
flask and heated to reflux for 2 hours. The solution was
allowed to cool and the product recovered in the same way as
the exo adduct (see (f)). The product was a white crystalline
solid which was icentified as endo-N-pentafluorophenyl bicyclo-
[2.2.1]hept-5-ene-2,3~-dicarboximide(VIII); (10.5g, 0.032 moles,

64%); m.p. 133°C; [Found: C, 54.8; H, 2.3; N, 3.9; F, 29.0;
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ClSHBFSNOZ requires, C, 54.7; H, 2.4; N, 4.2; F, 28.5];

m/e 329 (M+);\)maX 3050 cm“l (vinyl C-H stretch}), 1780 and

1720 (CO-N-CO-), 1300 em” ! (C~F) .

(h) Attempted Synthesis of Endo 5 -trifluoromethyl

bicyclo[2.2.1]lhept-2~ene

(i) Synthesis of 5--carboxyl bicyclo[2.2.1l]hept-2-ene

It is important to conduct all the following oper-
ations in a fumes cupboard since the product has an obnoxious
and lingering odour. A 3-neck 250 cm3 round-bottomed flask
was fitted with a pressure equalising dropping funnel, thermo-
meter, reflux condenser, drying tube, and magnetic follower.
Acrylic acid (40.3g, 0.6 moles) was added to the flask, which
was surrounded by an ice bath. Freshly distilled cyclopenta-
diene (40.l1g, 0.6 moles) was added to the flask, with stirring,
vza the dropping funnel. The addition waé complete in 2 hours,
and the flask left to stand at room temperature overnight.

The resulting product was basified with 2M NaOH, washed with
ether (3x100 cm3) and the aqueous layer collected. The
aqueous layer was acidified with 2M HC1l and the liberated acid
extracted with ether (3x200 cm3). The combined ether ex-
tracts were dried (MgSO4) and evaporated to yield the crude
product as a pale yellow viscous liquid. This was used

without any further purification for the next stage.

(ii) Synthesis of the iodolactone of 5-carboxynorbornene

5-Carboxy — bicyclo{2.2.1]lhept-2~ene (6.2g, 45 mmole)
and sodium bicarbonate (6.3g, 75 mmole) in water (150 cm3)
were placed in a 500 cm3 round-bottomed flask. A solution

of iodine (12.7g, 50 mmole) and potassium iodide (17.4g,
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104 mmole) in water (75 cm3) was added, and the resulting
mixture placed in the dark for 12 hours. The aqueous layer
was decanted from the resultant black o0il, and the oil dis-
solved in chloroform (50 cm3)u Aqueous sodium thiosulphate
(vO0.2m) was added slowly to the chloroform solution with

vigorous shaking, until both layers were colourless. The

aqueous layer was further extracted with chloroform (2x50 cm3)
and the combined chloroform extracts washed with saturated
aqueous sodium bicarbonate (100 cm3) and brine (100 cm3)p

and dried (MgSO4), The chloroform was evaporated to yield
the iodolactone, which was recrystallised from ethanol to
give the product as white needles (9.6g, 36.3 mmole, 80%).

(iii) Attempted fluorination of 5-carboxy bicyclof2.2.1]-
hept-2-ene

5=Carboxy bicyclo{2.2.1]lhept-2-ene (5.65g, 0.04 moles)
was placed in a metal tube, and the valve fitted. Sulphur
tetrafluoride (l4g, 0.13 moles) was transferred imn vacuo into
the tube, and the valve closed. The tube was placed in a
rocking autoclave at 80°C for 8 hours. After cooling to
room temperature, excess sulphur tetrafluoride was vented into
an ice cold sodium bicarbonate solution. The valve was
removed and the contents of the tube recovered. The product
was a black tar from which no volatile organofluorine products

could be recovered.
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CHAPTER THREE

POLYMERIZATION OF

2,3-BIS(TRIFLUOROMETHYL) NORBORNADIENE,

2-TRIFLUOROMETHYLNORBORNADIENE,

AND EXO AND ENDO-5-TRIFLUOROMETHYLNORBORNENE
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3.1 Nomenclature

Norbornene and norbornadiene are the trivial names for
the bicyclof2a2°l]heptn2menes and hepta 2,5 -dienes described
in Chapter Two. When naming the polymers derived from these
monomers 1t is more convenient to use the trivial names

rather than the morz correct, but rather awkward systematic

nomenclature. Hence, the polymer derived from 5-pentafluoro-
phenylnorbornene is called poly(5-pentafluorophenyl norbornene)
rather than poly(4-pentafluorophenyl~1l,3-cyclopentylene

vinylene) .

3.2 Background

The ring opening metathesis polymerization of substituted
norbornenes and norbornadienes is well established.3 Prev-
ious workers in the field have demonstratecd that fluorinated
norbornenes can be tolerated by some metathesis catalysts.,sa-'90
The polymers prepared appeared to have highly disordered micro-
structures and were amorphous materials. Nevertheless, their
results encouraged the belief that stereoregular polymers would
be accessible wvia this approach. This chapter is concerned
with an investigation into the polymerization of monomers I,
II, IIT and IV. An attempt has been made to establish the
microstructure of the polymer chains using 13C n.m.r. and
infrared spectroscony. The interpretation of the data ob-

tained from these analytical techniques is described in

Section 3.3.
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3.3 Analytical Methods

(a) Infrared spectroscony

For organic polymers functional group analysis proced-
ures are usually the same as for other organic molecules.
Infrared active groups along the chain absorb as if each
were a localised group in a simple molgcule° Infrared
spectroscopy 1s therefore used for identification purposes.
The principle characteristic bands for these polymérs are

the vinyl CH stretch (3100-3000 cmal), =-C=C- stretch

1

(16801620 cm 1) and C-F stretching modes (1400-1000 cm 1) .

In addition infrared spectroscopy can be used to elucidate
certain aspects of polymer microstructure such as branching,143
crystallinity144 and eis/trans isomerism. In this work it
has proved useful in determining the relative abundance of
eis/trans double bonds in ring opened polymers; the C-H out
of plane deformation for a trans unit generally occurs in the
range 930-960 cmal, and for a ¢Zs unit in the range 730-665 cmml°

In favourable cases these bands are distinct from other ab-

sorptions in the spectrum.

The infrared spectra of the polymers were recorded from

free standing films cast from volatile solvents,

(b) Nuclear !Magnetic Resonance Spectroscopy

Nuclear magnetic resonance is probably the most powerful
analytical technique for studying the microstructure of poly-
mer chains., In the early 1960s proton n.m.r. was used to
elucidate the microstructure of poly(methylmethacrylate) pre-

145

pared via different polymerization procedures. However,

the overlap of signals in the n.m.r. of polymers such as
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146

polypropylene led to ambiguous results. Many of the

difficulties encountered in proton n.m.r. are avoided in

13C °147pl48

N.M.xr It is found that the chemical shift

range is much larger than in lH n.m.r., the natural abund-

13

ance of C nuclei is 1.11% and spin-spin interactions be-

tween adjacent nuclei are very infrequent and can be neg-

lected, and lelBC interactions can be eliminated by broad

bandraeéouplihg,‘ Coupling between 19Frand ;BC‘nuclei is

much more difficult to eliminate and in this work is always
present; in many respects this can be advantageous allowing
carbons bonded either directly to fluorine or & to fluorine
atoms to be identified by the observed l9F=13C coupling con-
stants, which are large and quite characteristic. In addit-
ion, it was anticipated that the fluorine substituents in
different stereochemical environments would produce relatively
large effects on 13C n.m.r. shifts, which also turns out to

be the case.

The interpretation of 13C n.m.r. spectra is complicated
since chemical shifts can be affected by subtle changes in
microstructure. When assigning spectra it is necessary to
take account of the following features of the microstructure,
which may affect the number of resonances observed for a

particular carborulqg_155

(i) Cis/trans double bonds

The shift of a particular carbon nucleus is sensitive
to the stereochemistry of not only the nearest but also the
next nearest double bond, and in some cases to double bonds
which are even further removed. Hence, for the atactic poly-

mer of norbornene depicted in Figure 3.1, we would expect to
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see at least four signals for the allylic carbons corres:
ponding to the tt, tc, ct and cc environments, where the
first letter denotes the stereochemistry of the nearest
double bond, and the second letter denotes the geometry of

the next nearest double bond.

it

FIGURE 3.1 (is/trans environments for the allylic carbons
in poly(norbornene)

€3 e e £ - -t —

The relative intensities of the lines in the resolved multi-
plets in the l3C n.m.r. spectrum can be used to calculate

the ratio of c¢is/trans unsaturation in the polymer. Using the
formulae given below, the fraction of ¢Zs unsaturation (oc)

can be calculated from the integral of the appropriate signals

(corresponding to the carbon labelling in Figure 3.1).

= "4
O¢ —
c4 + t4
_ ctl + ccl
Oc tty + tcy + oty + cc,

ct2 + cc2

Oc tt, + tc, + ct, + cc

2

cc, + 005(ct3 + tc3)

0 = [Note for C

(o3 ¥ ot,) + ooy + tEg ctztc]

3
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(11) Head/tail effects

When the monomer is unsymmetrically substituted

nead/tail effects are introduced into the polymer chain,
13

(see Section 1.8(ii)). The C n.m.r. shift of a particular

carbon nucleus is sensitive to the orientation of the nearest

and next nearest substituent. Hence, ignoring the presence

of potential complications from meso/racemic effects, for all

trans atactic poly(5=trifluofomethylnorbo}nene)7we'would
expect to see 2 signals for carbon 3 (see Figure 3.2 for
numbering) corresponding to the HT and HY environments, as
shown in Figure 3.2. Similarly, at least 2 signals would
be expected for carbon 2, corresponding to the TT and TH

environments.

CH=CH

C2T77

C2TH

C3 HH C3 HT

FIGURE 3.2 Head/Tail Effects in poly(5-trifluoromethyl-
norbornene

—rt o — —— ) ot —— O =

(iii) Meso/racemic effects

In some cases, separate signals may be resolved

for certain carbon resonances depending on whether the dyad

has an m or r configuration (see Section 1.8(iii)).
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3.4 Polymerization of 2,3-bis(trifluoromethyl)norbornadiene(T)

(a) Interpretation of the L3¢ n.m.r, spectrum

2,3-Bis(trifluoromethyl)norbornadiene has been polymer-
ized previously using WClG/Me4Sn as catalyst and the struct-
ure of the polymer proved to be the product of ring opening

at the unsubstituted double bond088

The distribution of e¢Zs and trans double bonds was found

to be 54:46. Since the proportion of e¢is double bonds was

so close to 50% there was some uncertainty about which signals
qorresponded to carbons associated with e¢Zs double bonds, and
those associated with trans double bonds. In this work
polymers of (I) with a range of 0. values have been obtained
allowing signals in the spectrum to be assigned with more

confidence.

Monomer (I) is thé simplest bicyclic alkene considered
during the course of this work. The use of this symmetrically
substituted monomer eliminates potential complication in the
polymer derived from it, due to exo/endo isomerism and head-
head~tail-tail and head-tail placements. Thus monomer (I)

13

is likely to give a polymer with a relatively simple C

‘n.m.r. spectrum.

The spectrum of poly(bis(trifluoromethyl)-norbornadiene)

derived vza RuCl3 catalysis is shown in Figure 3.3, This
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FIGURE 3.3 13C N.m.r. spectrum of Poly(bis(trifluoromethyl)norbornadiene) v»repared vza RuCl, initlation
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also shows the use of distortionless enhancement by polariz-
ation transfer (DEPT) in confirming the assignment of peaks.
The bottom trace shows the normal broad band decoupled spect-
rum; the middle trace shows only the methine carbon signals;
and the upper trace shows the methine carbons as positive
peaks, the methylene carbons as negative peaks, and the
quaternary carbon signals disappear in both DEPT spectra.

At low field the resonances attributed to carbons 5 and 6

are distinguished from those due to carbon 4, since the
guaternary carbon signals disappear in the DEPT spectrum,
whereas the vinylic carbons appear as positive peaks. Carbon
6, which is directly bonded to three fluorine atoms, is easily
identified as the quatrtét centred at 121.4 ppm (lJC=F=273Hz).
Carbon 5, which is o to the CF3 group is shifted downfield,
and identified as the broad unresolved peak at 139.3 ppm.

The two remaining peaks in this region are the vinylic carbon
signals. The weaker intensity peak appears to be resolved
into two signals. This "splitting" could be assigned to
m/r effects or vinylene sequence effects. The O value
calculated from these signals is 0.36. For a range of sub-
stituted polynorbornenes it is observed thét a-ci8 carbons
appear 5 ppm upfield from o-~trans carbons, as in simple
alkenes. The allylic carbons are therefore.assigned as

shown in Figure 3.3, giving a o value of 0.36. The methy-
lene carbon is centrally disposed between two double bonds,

so that the tc and ct environments for this carbbn are equiva-
lent. The signals are assigned to the cc, ct=ztc and tt
environments, from low to high field, on the basis that the
polymer has a high fZrans vinylene content. From these signals

the value of O is 0.34. Hence, the values of o, are intern-
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ally consistent. In this assignment the line oxder for
the allylic and methylene carbon signals parallels that
found in poly(norbornene), although the line order for the

vinylic carbon resonance is reversed.

(b) Catalysts Effecting the polymerization of (T)

Monomer (I) was subjected to a range of metathesis
catalysts. The results from a selection of these polymef;
izations are given in Table 3.1

TABLE 3.1 Polymerization of 2,3-bis(trifluoromethyl)norbornadiene

Expt. Monomer Catalyst |Cocatalyst Solvent® Tempb Time |Yield®
No. (mmole) (rmole) (mmole) (rls) (cC) (hrs) (%)
1 5.58 MoClbr(O 028) |Me,$n(0.056) | C,(2.2) | 30 {2 mins | 87°
2 27.19 WC16(O,136) Me,5n(0.272) | C,(7.0) 25 |2 mins 90
3 4.19 RuCl3(O,024) - CE, (0.5) | 50 36 21
4 8.57 RuCl3(O,O48) Me,Sn(0.096) | CE, (1.5) 40 2.5 74
5 7.85 OsCl3(O°O39) - CE, (1.6) 60 48 o)
6  14.56 |ReClg(0.073) - | c.2.6) | 60 | 72 0
7 9.80 IrCl3(O¢Ol7) - CE, (0.4) 40 43 )

a. C - chlorobenzene, CF - 1:1 (vol for vol) mixture of

chlorobenzene and ethanol.

b. Approximate temperature. Some polymerizations were

notably exothermic, no monitor of temperature was placed
in the vessel.

c. After reprecipitation and drying under vacuum for at least
24 hours.
d. Chain transfer agent, trans- 4 -octene, added to reduce

molecular weight.

£ e D o O o e e e e s

Experiments 5,6 and 7 were repeated several times, but
in all cases no polymer was formed.

The l3C n.m.,r. spectra of the polymers produced in
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experiments 1,2,3 and 4 were obtained; the oc values calcul-
ated for each sample are tabulated in Table 3.2 and the 13C
n.m.r. shifts and assignments are shown in 7Table 3.3.

TABLE 3.2 (s vinylene content (o) for samples of poly(bis
(trifluoromethyl)norbornadiene)

EXPt. | capalyst ' Eirdm“vjnyiéné ] 'ﬁ:‘c?m“éf%%i‘é TFrofn—rEe‘tﬁl_r_iﬁéﬁé _A;eraq;
No. carbon signals carbon carpon signals

A signals
1 MoClS/Me4Sn — 0.13 7 0.15 0.13 0.14
2 WC16/Me48n 0.47 0.47 0.45 0.46
3 RuCl3 0.29 0.29 0.26 0.28
4 |RuCl;/Me,Sn 0.36 0.36 0.34 0.35

N :

TABLE 3.3 l3C N.m.r. shifts and assignments of poly(2,3-bis-
(trifluoromethyl)norbornadiene) prepared via different
initiators, recorded at 90.56MHz, TMS internal ref.

Shift (ppm) | A;signment

MoCl./Me,Sn 'wc15/Me4Sn RuCl, RﬁCl3/Me4Sn

139.39 139.30 139.36 139.36 C5
132.93 133.20 132.80 132.72 C4, t
131.50 131.70 [131.40  |131.47 ca, c
131.23 131.32 C4, c
%21.47,q, 122.0, g, |121.36, q, |121.42,q, CE
gopm274mz | Lo =273m7 s 273z N5 =273Hz
49.22 49.55 49.18 49 .22 c2, t
44.14 44,48 44.07 44 .16 c2, c
38.00 38.30 37.86 37.91 C3,cc
37.45 37.80 37.37 37.44 C3,ct=tc
36.65 36.80 36.54 36.56 C3,tt
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Cis and trans environments oi the vinyl carbons are the
only features of microstructure which are clearly resolved in
the spectra. The C4 resonance shows some fine structure
which may be due to tacticity, or vinylene sequence effects,
but it is impossible to determine which on the basis cf the

available data.

The results of the successful polymerizations are not
-exceptional; typically molvbdenum based eatalysts give poly-
mers with a range of 0 values, and Ru based catalysts give

polymers with a high trans vinylene contentq8

The reason for the failure to achieve a successful poly-
merization of (I) using Os, Ir and Re based catalysts is not
immediately apparent. A rationale for the failure of ReCl5
catalyst to initiate the polymerization of (I) may be ad-
vanced on the basis of the different microstructures available
for the polymer, which are shown in Figure 3.4. A cis iso-
tactic stereochemistry is probably unfavourable due to the
steric crowding of the CF3 substituents. Indeed, attempts
to assemble a Courtaulds space filling molecular model with
this stereochemistry proved extremely difficult. Similarly,

a cis syndiotactic assembly is sterically crowded, although
this is not obvious from a two dimensional drawing. However,
on building a space filling model with this tacticity it is
obvious that the methylene group and the CF3 substituent from

a very crowded environment, making a c¢is syndiotactic structure

very unfavourable. By contrast, the trans syndiotactic and

isotactic geometries are considerably less crowded.

The polymer with the highest content of e¢is double bonds

was formed via WCl6 initiation, giving a O value of 0.46.



%@H @Hﬁ@ﬁ @Hﬁ(ﬁj} cis - isotactic

CR FC
RC CR
%CH;@HCH =CH m cis - syndiotaclic
FCT O CR
% CH= CH CH= @H%L trans = syndiotactic
=\ *
rCT CF,  RC CR
ARG CR

%CH =CH CH: CH Ié{ trans - isoltectic

FC  CF,

FIGURE 3.4 Assembly modes for poly(bis(trifluoromethyl)rorbornadiene;

66



100

The methylene carbon resonance gives information on the
cis/trans double bond distribution along the chain from

the relative integral of the cc, ctZtc, and tt resonances.
In the spectrum of the tungsten derived polymer the cc peak
has approximately half the intensity of the ctitc signal,
which is slightly more intense than the tt peak. Hence,
ets~cis Jjunctions are not very prevalent, and although it
is not-prbved By thé data, it is possible that repeated
formation of eZs blocks does not occur. Hence, as rhenium
pentachloride is known to produce polymwers with a high cis
vinylene content, and it appears that e¢is blocks of polymer

I are unfavourable, we have a rationale for the failure of

this catalyst to polymerize monomer (I).

In one case, however, an anomalous result was obtained.
Polymerization of (I) using ReCl5 catalyst was attempted.
After 48 hours at =50°C the monomer had not polymerized.

The monomer and solvent from the polymerization were recov-
ered by vacuum transfer, and the solution obtained was then
polymerized using MoClS/Me4Sn as the initiator. A l3C n.m.r.
of the polymer formed gave O values of 0.79 for the vinylene
carbons, 0.80 for the allylic carbons and 0.76 for the methy-
lene carbons; 66% of the methylene carbon peak was assigned to
the cc¢ environment. This unusual result could not be repeated
on a second attempt, and was not pursued further due to the
limited access to the high field n.m.r. instrument required
for product analysis., Nevertheless, this result indicates
that a high ¢7s polymer can be formed from monomer (I), but
unfortunately the experimental conditions required to achieve

this result are not well defined. It may be that during the

initial attempted polymerization of monomer (I) using ReClS,
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low molecular weight c7s oligomers were formed; these were
then vacuum transferred and on subsequent polymerization with
a morc active catalyst system; the preformed geometry of the
oligomers forces coordination of the metal centre in such a
way that c¢is double bonds are formed. Alternatively, a
rhenium organometallic complex of (I) may have been vacuum
transferred, which subsequently initiated polymerization to

give ets double-bonds. : : i

It is possible that steric restrictions in the transition
state giving rise to cis double bonds is the important factor.
During the formation of c¢ts vinylenes it has been postulated
that the newly formed double bond remains within the cdordin-
ation sphere of the metal as the next monomer approaches (see

Section 1.9c), as depicted in Figure 3.5.

FIGURE 3.5 Formation of e¢7s vinylenes
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it is gvident that the CF3 substituents in the initial
metallocyclobutane are far removed from the mctal centre,
and unlikely to cause any steric hindrane. However, as
the next monomer approaches there may be some steric re-
pulsion between the methylenc group of the cvclopentene ring
adjacent to the metal carbene, and the CFy substituents of
the incoming monomer. When 2 -trifluoromethyl nerbornadiene
is polvmerized to give a high e¢<s polymer, HH units are ob-
served, and therefore this type of hindrance, even if present,
does not prevent formation of nolymer. Hence, it seems
morc likely that steric restrictions in the chain itself

usually prevents formation of high polymer.

A rationalization of the failure of Os and Ir based
catalyststo effect the polymerization of (I) ‘can also be
constructed. Since these catalysts typically give polymers
with a high trans vinylene content, and it has been postulated
that trans geometries are relatively unhindered, it might be
expected that these polymerizations would occur with ease.

The initial step in the polymerization mechanism involves co-
ordination to the active metal centre, and it seems that (I)

is a good enough donor for this process.

However, it is possible that thé metal centres complex
to the monomer, which may act as a bidentate ligand. This
type of behaviour has been observed for the polymerization
of endo-=dicyclopentadiene using ruthenium trichloride as
catalystll (see Section 1l.4). The increased steric bulk
at the catalyst centre,as a result of complexation,forces
the monomer to approach so that a eis doﬁble bond is formed.
However, in the case of monomer (I) it has been nostulated

that successive formation of c¢is double bonds is not favourable
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and hence Ir and Os chlorides are ineffective catalysts.
Nevertheless, the reason why this effect does not inhibit
the polymerization of (I) using RuCl3 remains unanswered.
The questionsraised by these observations merit attention,
but are clearly experimentally difficult to investigate and
would require considerable instrument time, which was not

available to the author.

(c) Polymerization of (I) using MoClS/Me4Sn

The results tabulated in Table 3.2 indicate that the
MoCl5/Me4Sn catalyst system produces the polymer with the
highest degree of order. A more detailed analvsis of this
polymefization was carried out and the polymer microstructure

examined as a function of temperature.

Monomer (I) was polymerized using MoClS/Me4Sn as
catalyst in the range =20 to 100°c. The details of the
experiments are recorded in Table 3.4.

TABLE 3.4 Polymerization of (I) using MoClS/Me4Sn catalyst

at different temperatures

Expt. Temper-—a Monamer Cétalyst Cccatalyst_Trans=-4b Sol-| Time Yield

No. | ature (mmoles) | (mmole) (mmole) octene | vent | (hours) (%)
(°c) (mmole) |(mls)

1 | -20 74.69 | 0.037 0.074 - 2 48 <
2 0 18.64 | 0.093 0.018 - 0.5 | 24 67°
3 20 7.02 | 0.035 0.070 - 2.2 |1 min| 83°
4 30 6.28 | 0.031 0.062 0.15 [2.2 |2 min| 64
5 40 7.39 | 0.039 0.078 0.32 |2.2 |5 min| 85
6 60 6.32 | 0.032 0.064 | 0.15 |2.1 |1 min| 79
7 80 10.17 | 0.050 0.100 0.51 [5.2 |2 min| 85
8 98 3.38 | 0.019 0.038 0.15 2.1 |2 min | 91

a. Temperature measured by inserting thermomemeter into stirred reaction soln
b. trans-4-octene added to reduce the molecular weicht of the polymer.
C. insoluble.
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The temperature of the reaction mixture was monitored
and the catalyst solution added at a rate which meintained
the required temperature. The polymerization reaction is
notably exothermic, and the catalyst éolution was added overx
several minutes to the stivyred reaction mixture to prevent
any cetectable increase in temperature. The polymerization
was terminated by the addition of a small amount (Nlcm3) of
methanol, and the polvmer precipitated by pouring into a
large excess of hexane. The polymer was recovered, dried,
dissolved in acetone, and purified by successive revorecipit-~
ation into hexane. Attempts to produce a soluble polymer
from experiments 1,2 and 3 by limiting the molecular weight
viag addition of trans-4-octene were not successful; addition
of small quantities of the chain transfer agent had little
effect on the molecular weight and served only to reduce
the yield of polymer.

13C N.m.r. spectra of the soluble samples were obtained

and the O values calculated for each. Figure 3.6 shows a
graph of the percentage trans vinylene content plotted against
the polymerization temperature. The straight line through the
points represents a least squares fit. There is no theoret-
ical justification for a linear relationship, but nevertheless
the graph shows there is only a small temperature dependence

of the trans vinylene content over the range studied. As

the temverature is decreased the c¢Zs vinylene content is in-
creased. This type of effect is observed for the polymeriz-
ation of cyclopentene initiated by WClG/(CH2=CHCH2)4°SilS6.

At 20°C the polymer has a Og value of 0.4 ,which rapidly in-

creases as the temperature is decreased, reaching a value of
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~0.98 at --20°C. Had the samples of polymers of (I) pre-
pared at low temperature been soluble, then a similar effect

may have been observed.

(d) Infrared spectra of Polymers of (I)

Infrared spectra of thin films of poly(bis(trifluoro-
methyl)norbornadiene) prepared via molybdenum and tungsten

based catalyst were obtained on a Nicolet 60SX Interferometer.

The polymers derived from these catalysts show the greatest

difference in c¢is vinylene content, and are therefore the

most likely to show differences in their infrared spectra.
Three regions of the spectra are of interest; the C-E stretch-
ing region above 3000 cm” ! where the trans absorption occurs

at a higher frequency than the c¢7s absorption; the C=C
stretching region around 1660 cm—l; and the C-H out of plane

1

bending region around 965 cm“=l for trans vinylenes and 730 cm

for e7s vinylenes.

Figure 3.7 shows the C-H stretching region and it is
clear that in the molybdenum derived sample the band at
3043 cm—l is more intense than the band at 3022 cm_l, incdic-
ating a higher trans vinylene content in this volymer, This
observation is in agreement with the results obtained from

the 13C n.m.y. spectra.

The C=C stretching region of the infrared spectra is
shown in Figure 3.8. This region is dominated by the strong
-(CF3)—C=C—(CF3)— band at 1682 cmel. The shoulder on the
major peak is probably the =CH=CH- stretching absorption which
appears stronger in the Mo based sample. This mode would
be expected to be strongest for the e¢is vinylene and this

observation contradicts the earlier assignment. It would,



.38 .50 .B1

ABSORBANCE
.28

17
3063 —
3022

.06

u
o

Mo

'3700 3060 3020 23980 29%0 2800 2860 2820
WAVENUMBERS (cm-?)

FIGURE 3.7 C-H stretching region of the infrared spectra of Poly(bis(trifluoromethy.) norbornadiene).

2780

Prepared via Mo and W initiation

LOT



.69 .82

.56

ABSORBANCE
.43

.30

17
=

Mo

.04

T

1800 1760 1720 1680 1640 1600 1560 1520 | 148C
WAVENUMBERS (cm=1)

FIGURE 3.8 C=C stretching region of the infrared spectra of polymers of bls(tr¢£ldo*omethyl)
norbornadiene. orepared yia Mo and W initiation ,

80T



.32 .61 .90 .19

ABSORBANCE

.03

g
wn

Mo

' 1100

1040

980 320 860 800 740 580 520 560
WAVENUMBERS {em-1)

FIGURE 3.9 C-H Qut of plane bends of samples of poly(bis(trifluoromethyl)norbornadiene)} prepared

via Mo and W initiation

60T



110

however, be unwise to attach too much weight to this observ-
ation due to the weak intensity of the peaks involved and

the dominance of the —CF3—C=C=CF3— absorption.

The vinylene C-H out of plane bending abscrptions occur
in the region depicted in Figure 3.9. This part of the

spectrum is complicated since two pairs of bands are observed

in the trans regioh at 986 and 970 cm—l, and in the ecis

region at 730 and 718 em L, It is possible that both sets

of absorptions are out of plane bends, in which case the
MoCl5 derived polymer contains more trans vinylenes than the
WCl6 derived sample. Alternatively, if only one of the bands
from each pair arises from an out of plane bend, and the
band at 730 cmcl is assigned to the e¢<s, and at 970 cm_l to
the trans unit, then again the molybdenum derived sample has
the greater trans vinylene content.

Thus, overall the infrared spectra of the samples con-

firm the assignments obtained from the 13C n.m.r. spectra.

3.5 Polymerization of 2-trifluoromethylnorbornadiene (II)

(a) Catalysts Effecting the Polymerization of (II)

2 -Trifluoromethylnorbornadiene was subjected to a range
of metathesis catalysts and the results of the reactions are
recorded in Table 3.5. The polymerizations carried out in
collaboration with Mr. P.C. Taylor are marked with an

asterisk (*).
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Polymerization of 2-trifluoromethylnorbornadiene

e e

Aé;éta Monomer Catalyst Cocatalyst Solvent® Afempr%ime F;;;;ég“
No. | (mmole) (mmole) (mmole) (mls) (°c) | (hrs) (%)
1* 9.75 MoClS(O°O49) Me4Sn(O,O98) c(7 RT |5 mins 50
2% 11.87 WC16(OEOS9) Me4Sn(Oall8) C(4.6) RT |5 mins| 80
3 8.31 RuCl,{0.041) - CE(0.2) 40 65 5
4%* 7.50 OsCl3(00037) - CE(Oig) 40 | 2.5 25
5 12.60 IrCl3(O,O63) CF3COOH(O°313)CE(1,5) 40 48 25
6 8.50 ReCl, (0.042) - C(0.3) 60 48 7
_¢
a. C - chlorobenzene, CE - 1l:1 (vol for vol) mixture of

2-trifluoromethylnorbornadiene

chlorobenzene and ethanol.

Approximate temperature.

Some polymerizations were notably

exothermic, no monitor of temperature was placed in the

vessel.

After reprecipitation and drying under vacuum for at least

24 hours.

The results indicate that it is possible to polymerize

(monomer II)

with a wider

rangé of catalysts than 2, 3-bis(trifluoromethyl)norbornadiene

(monomer I); monomer (I) could not be polymerized in any of

several attempts using Ir,

Os or Re based catalysts.

This

implies that replacing one of the trifluoromethyl groups in

(1)

susceptibility to polymerization.

by a hydrogen has the effect of increasing the monomers

It is possible that the

decreased steric bulk in the chain of the polymer derived

from monomer (II)

is responsible for this effect.

The

in-

creased space may allow HH environments to be formed more

readily,

in which rotation of the bonds around the allylic

carbons gives a conformation where repulsion between the CF3

groups 1is minimised.

Ru,

initiate the polymerization of monomer (II).

Os and Ir based catalysts all
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(b) Infrared spectra of polymers of (II)

The infrared of the polymers of 2-trifluoromethyl-
norbornadiene were obtained, and it was found that the
spectra of the polymers derived from experiments 1-5
(Table 3.5) were virtually superimposable and different
from that of the polymer obtained via rhenium pentachloride

initiation (experiment 6). Figure 3.10 shows the épeétra of

the polymers obtained from OsCl3 and ReCl5 catalysts.

The spectra are dominated by the intense absorptions
between 1350 and 1100 cm“l associated with the trifluoromethyl
group. The C-H and C=C stretching absorptions in the 3000
and 1650 cm~l regions respeétively are consistent with the
expected structure, but no other structurally useful inform-
ation could be derived from them. However, the vinylic C-H
out of plane bending modes are well resolved and do not over-
lap with other absorbances. The polymer obtained via OsCl3
initiation (shown in Figure 3.10b) shows bands at 970 cm—l
(trans) and 730 c:m_l {(eis8) indicating both e¢is and trans
vinylenes are present. In contrast, the ReCl5 derived poly-
mer (shown in Figure 3.10a) has a relativeiy strong band at
730 cm™1 and a very weak absorption at 970 cm'l, indicating
a high ¢7s vinylene content. Since the polymers derived
from Ru, Ir, Mo and W halides gave similar infrared spectra
to the OsCl3 derived polymer, it can be concluded that these

polymers all contain a mixture of e¢is and trans vinylenes.

(c) 13C N.m.r. spectra of polymers of (II)

There was some variation in the quality and detail of

the 13C n.m.r. spectra of polymers of (II) but they all gave

spectra with the same overall appearance, with the exception
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of the polymer prepared via ReC15 initiation. The spectra
recorded for polymers obtained vzig OsCl3 and ReCl5 catalysis
are reproduced in Figures 3.11 and 3.12 respectively. The
spectra are consistent with the polymers being the products
of ring opening. The numbering system used when assigning

the spectra is shown below.

The spectrum of the polymer derived from OsCl3 init-
iation is considered to illustrate the assignment of peaks.
The DEPT spectra allow the methylene, methine, quarternary

and vinylene carbon signals to be distinguished. The poorly

2JC_F=3OH2) is assigned to C2,
1

JC—F

resolved quartet at 135.9 ppm (
and the quartet centred at 123.2 ppm ( =270Hz) attributed
to C8. The resonance at lowest field, centred at 140.4 ppm,
is associated with C3, and its broadness is probably a conseq-
uence of the fact that it represents the sum of signals from
several non-equivalent environments. The multiplet located
between 133.3 and 131.7 ppm is assigned to the different
environments of the vinylene carbons, C5 and Cé6. The multi-

plicity of these signals indicates that there are a number of

different environments for these carbons.

In the high field region of the spectrum the methylene
carbon resonance is easily identified, with the aid of the DEPT

spectrum, as the multiplet centred at 39.3 ppm. The resonance
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located between 41.8 and 42.9 ppm can be confidently assigned
to the allylic carbons adjacent to ¢is vinylenes, and that
between 47.2 and 47.5 ppm attributed to allylic carbons ad-
jacent to trans vinylenes. The difference in shift between
the c¢7s and trans allylic carbon resonances is 5 ppm, as
anticipated. The multiplicity of the signals gives rise to
a very complicated spectrum, which has so far defied a de-
tailed interpretation. The spectra of the polymers derived
from W, Mo, Ru and Ir all show a varying degree of resolution
and it can be concluded that all have both e¢7s and trans
vinylenes in the polymer chain backbone. In contrast, the
spectrum of the polymer derived vig Re initiation is very
simple. The value of Oc for each polymer, calculated from
the integral of the allylic carbon resonances, are recorded

in Table 3.6.

TABLE 3.6 (s vinylene content (o ) for samples of poly-

(2-trifluoromethylnorbornadiene)

Catalyst O (calculated from
allylic carbon signals)
MoClS/Me4Sn ’ 0.30
WCl6/Me4Sn 0.48
OsCl3 0.45
RuCl3 0.44
IrCl3 0.46
ReCl5 0.86

If the 9. values for poly(2-trifluoromethylnorbornadiene)
are compared with those of poly(2,3,-bis(trifluoromethyl) -

norbornadiene) (Table 3.2) it is apparent that the more readily
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polymerized monomer (II) also displays a lower selectivity
in its polymerization with a variety of catalysts. Thus,
the very active catalyst system WC16/Me4Sn does not discrim-
inate between (I) and (II) giving equal proportions of cis
and trans vinylenes, whereas Mo and Ru based catalysts both
give a higher selectivity with (I) than with (II), and the

Os, Ir and Re catalysts fail to polymerize (I) at all.

Generally, Os, Ru and Ir based catalysts give polymers
with a high trans vinylene content. The poor selectivity
observed in these polymerizations can be explained in terms
of co-ordination of the metal centre with the monomer, as
described previously. In the case of monomer (I) this type
of interaction was postulated to prevent formation of polymer
due to the necessity to form ¢Zs HH units. In monomer (II)
it seems that e¢7¢ HH junctions will be formed with greater ease.
Alternatively, the e¢7s units could be formed with an all HT
structure, avoiding the requirement to form HH units. However,
the complexity of the spectra make this possibility seem un-
likely. The fact that the catalysts give polymers with both
eis and trans double bonds suggests the chelation effect is
not particularly important in these systems.

The 13C n.m.r. of the polymer derived from ReCl5 is shown

in Figure 3.12, and the shifts and assignments tabulated in

Table 3.7.

At low field the C8 and C2 resonances are easily identi-
fied with the aid of the DEPT spectrum. The C3 vinylene
carbon resonance appears at lowest field and is considerably
sharper than in the spectrum of the OsCl3 derived polymer,

indicating an increased structural homogeneity. The carbon
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1
TABLE 3.7 3C N.m.r. shifts and assignments of poly(2-

ReC15 initiation

Shift (ppm) Assignment
140.71 C3 cis
135.85 C2 cis
132.48 )

- T 13z ] W)"ﬁ5/6'c—is - =
131.80 ; HH,HT,TH and TT
124.74 c8

47.32 Cl/4 trans
42.95

42.70 Cl or C4 c1is
42.26 -

42.04 Cl or C4 ecis
39.86 )

39.64 ; C7 ecis

39.33 ;

signals C5 and C6 appear as 3 lines in the approximate ratio
1:2:1; the polymer has a high ¢%s vinylene content and these
lines are provisionally assigned to ¢4¢s TH, TT, HH and HT
environments, where the middle peaks represent coincidence

of two environments.

At high field the resonance for the allylic carbons
adjacent to ¢is double bonds consists of two sets of two
signals at 42.95 and 42.26 ppm, and 42.70 and 42.04 ppm.

This assignment is based on the fact that the total intensity
of the C4 resonance must equal the intensity of the Cl signal:

the higher field signal in each pair has a lower intensity



120

than the low field signal. The C'7 resonance appcars as 3
lines in the approximate ratio 1:2:1; these signals are
assigned to the HH, HT, TH and TT effects from adjacent rings,
with the middle signal again representing chemical shift
equivalence of two environments. It is possible that the
observed resolution of carbon resonances could be attributed

to m/r effects in an all HH/TT or all HT polymer. However,

when resolution due to m/r effects has been observed pre-
viously67 it was usually in the HH vinylene carbon environ-
ment. It seems unlikely that m/r resolution would be ob-
served for all signals, and therefore it is highly probable
that this high eis polymer has an approximately equal dist--
ribution of HH, HT, TH and TT assembly modes and with all m
or all r dyads. It is, however, impossible to determine
unambiguously which is the case on the basis of the available
data. The fact that the HH and HT signals for Cl, and the
TT and TH signals for C4 have slightly different intensities

suggest there may be a small degree of HH/TT or HT bias in

the polymer

3.6 Polymerization of endo (III) and exo (IV) 5-trifluoro-
methylnorbornene

(a) Catalysts effecting the polymerization of (ITII) and (IV)

Exo and endo-5-trifluoromethylnorbornene were separated
by preparative scale gas chromatography. Small quantities
of each were obtained and hence, the monomers were not sub-
jected to the full range of catalysts. All the polymerizations
that were attempted were successful and the details of the

experiments are recorded in Table 3.8.
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TABLE 3.8 Polymerization of endo and exo-5-trifluoro-:

me thylnorbornene

ExptglMonomer Oatalyst Cocatalyst Solvgnta Tempb Time Yield®
No. | (mmole) (mmole) (mmole) (am”) (o) | (hes) | (3)

A |Exo (9.63) OsCl3(O°O48) none CE (0.3) 40 12 38

B |Endo(l.23) OsC13(00006) none CE (0.2) 40 5 30

C |Endo(7.22) M0C15(0,036) Me4Sn(OuO72) C (0.2) RT |2 min | 65

D |Endo(6.75) ReC15(00033) none CE (0.25)| 40 2 10
a. C = chlorobenzene, CE = 1l:1 (vol for vol) mixture of

chlorobenzene and ethanol.

b. Approximate temperature. Some polymerizations were

notably exothermic, no monitor of temperature was placed
in the vessel.

c. After reprecipitation and drying under vacuum for at least
24 hours.

(b) Infrared Spectra

The C-H vinvlene stretching region of the infrared snectra
gives no useful information other than to confirm that the
polymers are unsaturated. The region i600-4OO cm—l is de-
picted in Figure 3.13. It can be seen that the spectra of
the polymers are all very similar excepﬁ in the c¢Zs and trans
out of pblane bending recions. The spectrum of the polymer
derived from OsCl3 initiation of the exo isomer is shown in
(A) and has a strong 970 cm_l absorotion (trans) and no ab-
sorption at 730 cmal, indicating the polymer has a high trans
vinylene content. The infrared spectra of the OsCl3 and
MoClg derived polymers (shown in B and C respectively) indic-
ate that these polymers have a high trans vinylene content,
but also show that some ¢7s unsaturation is present. In
contrast, the spectrum of the polymer derived from ReCl5

catalysis shown in D has only a weak absorotion in the 970 cm“l
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. ; - . . , . -1
region and a relatively intense absorotion at 730 cm T

this polymer clearly has a high ¢7<s wvinylene content.

(c) 13C N.m.r. of Polymers of exo and endo-5-trifluoro-

methylnorbornene

The 13C n.m.r. of the polymers obtained from ring opening

of exo and endo-5-trifluoromethylnorbornene were obtained and
are considered in order of increasing complexity. The struct-
ure of the polymer formed on ring opening and the rnumbering

system used when assigning the spectra is shown below.

The polymer derived from osmium catalysed polymeriz-
ation of the exo isomer gave the simplest l3C n.m.r. spectrum
and is considered first. The spectrum is shown in Figure 3.14
and the shifts and assignments are recorded in Table 3.9.
The resonance due to the carbon of trifluoromethyl group is
easily distinguished as the quartet centred at 129.0 ppm

(lJ =277 Hz), which disappears in the DEPT spectrum. The

C-F
remaining four signals at low field are assigned to the viny-
lene carbons corresponding to the TH and TT environments of
C2, and the HT and HH environments of C3. The intensity of
these signals is approximately equal which is consistent with
an eagual distribution of TH, TT, HH and HT assembly modes.
Each CF3 grour will exert a shift effect on carbons in the
polymer chain depending on their proximity to the substituent.

The position of peaks can be vpredicted by consideration of

the a, B, vy and § shift parameters, assuming they are additive.
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TABLE 3.9 _Ej‘Nimaro_shifts and assig¢gnments of polvmers
of 5-trifluoromethylnorbornene
Shift/ppm
~ — T : Assicnment
Endo, OsCl3 Endo, '\4.oC15 Endo, ReCl5 Exo, OsCl3
134.01 133.62 133.29 fzp t, Td
133.59 133.95 C2, ¢, TH
133.09
133.13 133.63 c2, ¢, TT
132.73 132.26 132.68 132.69 Cc2, t, TT
130.43  130.00 < - e3,-t, HA
130.43 132.48
130.20 129.70 C3, t, HH
129.62 129.91 C3, ¢, HH
129.06
129.52 129.52 C3, ¢, HT
129.15 128.66 129.17 131.86 C3, t, HT
128.5 (a) 127.71 (q) 128.23 (a) 129.09 (qg) c8
1 _ : 1 _ 1 _ _
Joop = 281 dz Jop = 279 Hz Jop = 277 Hz Jop = 277 H3z
w46 (m) 46 (m) 46.6 (m) 47.9(q), 5
Jop = 25.4Hz
43.50 43.38 Cl, t
43.37 43.94
43.39 43.28 Cl, t
41.96 41.75 41.82 C7, c
41.47 C7, c
41.06 C7, c
41.70 41.53 42.14 C4, t
42.01 C4, t
40.21 41.46 C7, t
40.06 41.27 c7, t
38.00
37.81 37.03 37.63
37.36 Cl/4c
37.05
34.06 33.77 34.09 32.89 Cé, c
33.76 33.43 33.42 32.80 Cé6, c
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Consideration of the substituent shift effects for the CF3
group shows that the chemical shift difference between the

TH and TT signals (<Sl + 6? mdl = 6?) is the same as the HH

and HT splitting (yl + 62 Yy = 62); 61 substituent effects

are transmitted via single bonds and 62 effects via double

bonds.

Assembly mode T HH TH HT
carbon number c-2 C-3 : C-2 Cc-3
Substituent 61 Yl+62 61+62 Yl

shift effect

The effect of methyl substitution on the chemical shifts
of 1 C nuclei is well documented. However, the substituent

shift effect of a trifluoromethyl group in norbornene deriv-

atives does not appear to be available. Two relevant sets
of data have been found,157’158
13 C6F13 - CH2 - CH2 -'CH2 - CH2 - CH2=CH2—CH243H2
C n.m.r. shift (opm) 31.4 20.6 29.7 29.7 29.7
13 H - CH2 - CH2 - CH2 - CH2 - CH2 =
C n.m.r. shift (opm) 14.4 23.4 32.7 30.2 30.5
o B Y § €
Effect of substitution (ppm)A 17.0 =3 -3 -0.5 -0.8
C6F13 - CH2 - CH2 - CH2 - CH2 = CH
13C n.m.r. shift (oom) 31.9 18.1 33.1 62.7
13 H -=CH2-CH2-=CH2-CH2-=OH

C n.m.r. shift (oom) 13.6 19.1 35.0 61.4

o R Y )
Effect of substitution (ormm)A 18.3 -1 =2 +1.3
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The above data illustrates the substituent shift of a
perfluorohexyl group on the rcsonance position of carbon
nuclei in a hydrocarbon chain, as compared to the simple H-
substituted analogue. This rather limited data leads to
the prediction that carbons a to a trifluoromethyl group will
experience a large downfield shift, B and y carbons a small
-upfield shift and § carbons a small unpredictable shift. i
Unfortunately, as the § substituent shift effect can have
either a positive or negative value prediction of the line
order of the vinyl signals does not follow in a straightforward
manner. Nevertheless, on inspection of the spectra of the
polymers derived from the endo isomer, a splitting of the vinyl
carbon resonance adjacent to the highest field signai is
observed. This splitting is assigned to m and r dyads (see
later) and is often associated with the HdH signal. Assuming
the same line order for the polymer derived from exo adduct,
the resonance observed at 132.48 oom (the second highest field
signal of the vinyl set) in Figure 3.14 can therefore be
assigned to the HH environment of C-3. The shift difference
between the HH and HT, and TH and TT signals must be equal,
and the only way this condition can be satisfied on the basis
of the HH assignment, is to assign the highest field signal
to the HT environment; (or alternatively the HT signal can be
assigned to the lowest field signal, but the then enforced
assignment of the TT and TH signals is not consistent with
their substituent shift effects). The HT environment exper-
iences a substituent shift effect of Yqr and the HH environ-
ment a Yy + 62 effect. On the basis of the above assigned

line order for these environments, Y, must have a negative wvalue.
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The assignment of the C-2 signals then follows in a routine
manner; the TH environment which experiences a 51 + 62 shift
effect occurs at lowest field, and the HH resonance, with a
Yyt 62 shift effect is adjacent to it and at higher field.
The predicted line order is therefore C-2, TH, &2, TT, C-=3,

HH and C-3 HT from low to high field, which is fortunately the

same ordexr derived for the methyl substituted case studied

by Ivin and coworkers. Thus gualitative comparison of the

spectra is possible.

The overall conclusion obtained from the vinyl carbon
resonances of this polymer is that the number of HH, HT, TH
and TT environments is equal. The infrared svectrum of this
polymer indicates that it has a high trans content. The 13C
n.m.r. shows that the polymer is all trans since the presence
of any e¢is double bonds would increase the number of signals
observed. The vinyl region of the spectrum does not show
any resolution which can be attributed to m and r dyads, hence

the polymer may be all m or all r, or m and r dyads are pre-

sent but not resolved.

At high field the methylene and methine carbon signals
were distinguished with the aid of the DEPT spectrum. The
signal associated with C5 is identified as the quartet, at
47.9 ppm (ZJC=F=25°4 Hz). The signals due to Cl and C4 are
assigned on the basis of the expected upfield shift for C4.
The line order for the methylene carbons C6 and C7 are assign-
ed as shown, by analogy with the spectra of polynorbornene and

the expected substituent shift effect.

Each of the methylene and methine carbon resonances with

the exception of Cl, apvear as two signals. The splitting is
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attributed to head tail effects, which in the case of Cl is

too small to resolve. The intensity of each line in each

pair is apvroxiamtely equal indicating that the number of

TH, TT, HH and HT junctions is equal. The polymer, there-
fore, has an all trans stereochemistry with an equal dist-
ribution of TH, TT, HH and HT assembly modes. The remaining
question relates to the distribution of m and r dyads. However,
this cannot be unambiguously assigned on the basis of the
information available. It is possible to write a stereo-

regular structure consistent with the spectrum, as shown below.

In this all trans syndiotactic structure there are equal
concentrations of enantiomers of (IV) and equal numbers of
TH, TT, HE and HT environments. However, this structure
requires that enantiomers are incorporated in the sequence
++-~, which, although possible, seems unlikely. Hence, the
overall conclusion from the analysis of the spectrum is that
OsCl3 gives an all trans, atactic polymer, in which m and r

dyads are unresolved.
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The polymers derived from the endo isomer give more como--
licated spectra. Figure 3.15 shows the polymer obtained from
the endo isomer using OsCl3 as catalyst. The infrared spect-
rum of this polymer indicates it has a high trans vinylene con:--

tent. At low field, the carbon of the trifluoromethyl group

1

JCHFWZBIHZ)° The

is again easily identified as a quartet (
olefinic resonance consists of four intense signals assigned

to the TH and TT environments of C-=2 aﬁd the dH and HT environ-
ments of C3; the basis of the assic¢nment is analogous to that
discussed earlier, although the magnitude of the substituent
shift effect is different. In this case; however, the HH

sional is resolved into m and r dyads. The splitting can be

assigned to the HH assembly modes shown below which differ

only in the orientation of the cyclopentane ring.

HHr HHmM

For HT, TH and TT environments the m/r splitting of the ole-
finic carbon resonances is too small to observe as a result
of the insignificant difference in environment between the
two forms. In contrast, in a HHr dyad the CF3 substituents
are forced into close proximity, whereas in a HHm dyad they
are reasonably well separated svatially. This must create a
large enouch difference in eﬁvironment between the olefinic
carbons in the two forms to allow them to be resolved as
separate signals. These signals have slightly different

intensities indicating that although the polymer is essentially
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atactic there is a small measure of stereoselection. Consid-~
eration of the structures of the two dyads leads to the con-
clusion that the less strained HHm dyad is likely to predom-
inate. For the polymer derived from polymerization of the
exo isomer using OsCl3 catalyst there was no observable
splitting of the HH signal, and it is clear that the stereo-
chemistry of the substituent is important. Usually the
effect is only observed in norbornene derivatives with two
substituents in the 5-position, but occasionally the effect

is observed where there is a single endo substituent. The
TH/TT chemical shift difference for C2 is 1.31 ppm and the
HH/HT swnlitting for C3 is 1.lppm. A set of four relatively
weak signals are-also observed at low field, and are assigned
to carbons associated with c¢is double bonds. The c¢Zs double
bonds may have a random or blocky distribution along the poly-
mer chain. If the distribution is random, then the cis
signals observed are in fact ct signals, which should have

a slightly different chemical shift from the cc peaks observed
in high ¢is polymers. Alternatively, if there is a blocky
distribution the weak peaks observed should superimpose on

the high intensity signals in the spectrum of a high cis
polymer. Figure 3.17 shows the spectrum of a high ¢is poly-
mer (discussed later) and comparison with the spectrum of the
high trans volymers incdicates that the weak ¢<s signals ob-
served are slightly offset from the pure e¢<s signals, indic-
ating that they are ct veaks, and there is a random distrib-
ution of the small provortion of e¢<s double bonds. This
assignment is only tentative, and must be treated with caution
since the small shifts involved could be a result of solvent

or concentration effects. The value of Oc calculated from
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the vinylene carbon sicgnals is 0.13; the accuracy of this
value is questionable since the resolution of the spectrum
is not good, and consequently the integration not very re-

liable.

The high field signals are assigned as depicted in
Figure 3.15 by analogy with the earlier argument. The fine
structure observed for the signals is attributed to HT effects.
The low intensity signals observed in this region are assigned
to carbons associated with ¢is double bonds, since they corres-
pond to the hich intensity signals observed in the spectrum
of a high c¢7is volymer. The overall conclusion from the
analysis of the spectrum is that the polymer has a high trans
vinylene content with an equal distribution of TH, TT, HH and
HT junctions. The resolution of the vinylic HH resonance
indicates that the polymer is essentially atactic. Since

this polymer is atactic it seems likely that the analogous

polymer derived from exo isomer is also atactic.

The spectrum of the volvmer derived from MoCl_ catalysed

5
polymerization of endo-5-trifluoromethyl norbornene is shown
in Figure 3.16, and the chemical shifts and assignments re-
corded in Table 3.9. This spectrum is very similar to the
polymer derived via OsCl3 initiation discussed »reviously,
except the weak sicnals have now increased in intensity, and
the resolution is not as good. At low field the trans HH
neak is again resolved into two signals. The TH/TT shift
difference is 1.3 pom and the HH/HT difference is 1l.2ppm;
these values are similar to those obtained for the hich trans
polymer derived from OsCl3 initiation. The intensity of

the trans vinylene peaks indicates that the polymer has an

equal distribution of TH, TT, HH and HT assembly modes.
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The weak peaks in this region are assigned to carbons assocr
iated with ¢7s double bonds. The veaks are not well resolved
and the ¢is TH peak is not observed or hidden by a strong,
broadened trans peak. The O value calculated from these
signals is 0.12. However , comparison of Figure 3.15 and
3.16, and the infrared spectra, Figure 3.13, 3 and C, clearly
incicates that the nolymer deriveq via OsCl3_initiatiog has

a hiéher trans content than the MoCl5 derived polymer and

yet the O value calculated from the spectrum was 0.13. This
leads to the conclusion that the value of O obtained for the

OsCl3 derived polymer was an underestimate, or the value for

the MoCl5 derived polymer an overestimate.

The high field signals are assigned by analogy with
the spectrum of the high trans polymer made via OsCl, init-

3
iation. The overall conclusion of the analysis of the 13C

n.m.r. is that MoCl5 gives rise to a high trans atactic polymer.

The svectrum and assignments of the polymer derived from
ReCl5 catalvsis are shown in Figure 3.17, and the chemical
shifts recorded in Table 3.9. The high intensity peaks in
this spectrum correspond to the weak pneaks observed in the
svectra of the high trans polymers. Eence, it is clear that
the polymer has a high e¢is content; this conclusion receives
support from the infrared spectrum of the polymer. At low
field the major peaks are assigned to the c¢<s TH, TT, HH and
HT environments. One of the inner limbs of the CF3 guartet
overlaps with the HH and HT peaks making these signals corres-
pondingly more intense. Takincg this into account the TH,
TT, HH and HT environments have approximately the same in-

tensity, indicating that there is an equal distribution of

these environments in the volymer chain. In the high trans
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polymers derived from 0gCl, and MoCl5 catalvsis of the endo

3
isomer, m and r dyads were present, as evidenced by the resol-
ution of the olefinic HH resonance. In this example we see
no such resolution and this leads to the conclusion that this
polymer has an all meso or all racemic dyad assembly, al-
though which tacticity cannot be determined on the basis of
the available data. The weak intensi@y oeaks observed in
this region correspond to carbons associated with trans

double bonds; the value of 9. calculated from these signals

is 0.92.

At low field the spectrum is very different from that
of a high trans polymer. The C5 resonance appears at lowest
field and is poorly resolved. The C-1 and C-4 resonances
are identified with the aid of the DEPT spectrum. These
signals overlap but the broad resonance avvears to be re-
solved into four signals. These can be assigned to the HH

and HT environments of C4, and the TT and TH environments of

C-1. The C-6 resonance aoppears as a broad unresolved sicnal
at highest field. The C-~7 resonance appears as 3 signals
in the ratio 1:2:1. There are four possible situations for

this carbon arising from head/tail effects and observation

of a trimlet indicates coincidence of two environments. The
weak intensity signalsobserved in this region are assigned to
carbons associated with trans double bonds. The resolution

of signals is not good enough to allow an accurate O value

to be calculated.
The overall conclusions to be drawn from analyses of the
1
3C n.m.r. spectra of these polymers is that, endo-5-tri-

fluoromethylnorbornene gives an essentially stereoregular cis

(0c=0,92) volymer with ReClS, but it is not vossible to deter-
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mine whether the dyads are all m or all r; both OsCl3 and
MoCl5 give high trans atactic polymers of endo 5--trifluoro-
methylnorhornene, and OsCl3 gives an all trans, atactic poly-

mer of exo--5-trifluoromethyvlnorbornene.

3.7 Conclusions ’ : -

2,3,-Bis(trifluoromethyl)norbornadiene, 2 -trifluoro-
methylnorbornadiene and exo and endo-5-trifluoromethylnor-
bornene all underdgo ring ovening polymerization; the range
of catalysts with which they do so is variable. The polymers
produced could be purified to yield white granules, Iromn

which tough transvarent £films could be cast.

The polymers derived from ReCl5 catalysis of endo-5-
trifluoromethylnorbornene and 2-trifluoromethylnorbornadiene
are largely stereoreqular. This catalyst fails to initiate
the polymerization of 2,3-bis(trifluoromethyl)norbornadiene.
This is believed to be a result of the bulky nature of the
substituents which inhibits polymerizations leading to high
ei1s vinylene contents. Polymers derived from Os, Ir, Ru
and Mo based catalysts show varying degrees of trans vinylene

selection, but all polymers were essentiallv atactic.
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3.8 Polvmerizations

(a) Reagents

Analar chlorobenzene was purchased from B.D.H.Chemicals
Ltd. The solvent was refluxed over P?OS’ undexr a dry
nitrogen atmosphere, and distilled when required. Tetra--

methyltin and trans-—-4--octene were nurchased from Aldrich

3

chloropropene, and stored and manipulated as described

and uséd as supplied° WC16 was nrevared from WO, and hexa-

previously,88 IrCl3 and ReCl5 were purchased from Ventron,

OsC1 RuCl, and ifoCl. were purchased from Aldrich. All

3! 3 5

catalysts were used as suvnlied.

(b) Polymerization procedure

A dry nitrogen/vacuum line of the typme depicted in
Appendix A was used in order to carrv out all manioul-.
ations of catalysts under a dry nitrogen atmosphere. The
front manifold was connected to the vacuum pump, and the
back manifold to a dry nitrogen suppnly. The nitrogen was
passed through a concentrated sulovhuric acid bubbler into
the line, and out through a heavy white oil bubbler. Teflon
tavs and greasefree joints were used throughout. A piece
of apparatus connected at (1) mav be evacuated by opening
tan (2) and any other taps leading to the vacuum pump. Once
evacuated tao (2) is closed and tap (3) onened slowly whilst
watching the heavv white 0il bubbler, and adjusting the rate
at which the tap is opened to prevent suck back of air into

the systen.

All glassware was dried in an oven for at least 12 hours
before use, evacuated whilst still hot and let down to dry

nitrogen. Syringes were dried in the oven, and allowed to
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cool in a desiccator.

A flask of type 1, (Appendix A), was used to make up
the catalyst solution. The preweighed flask was placed in
a glove box, and catalyst added by removing the teflon tap.
A solids funnel is used to prevent contamination of the joint
with catalyst. The flask was removed from the glove box,
weighed, and connécted to the vacuum line. The region from_
the socket to the teflon tao was evacuated and let down to
nitrogen. The tap could then be removed and revlaced by
a septum seal, and the required amount of solvent then added

using an airtight syringe.

A flask of type 2, (Appendix A), was used as the re-
action vessel. The ground dglass joints were closed with
septum seals, A dry teflon coated magnetic follower was

inserted into the flask, after removing one of the seals,
against a counter current of nitrogen. The reguired amount
of purified monomer and solvent was added to the flask and
degassed by manionulation of the appropriate taps. After
several freeze-thaw cycles the flask was let down to nitrogen
and stirred. The required volume of datalyst solution was
transferred from flask (1) to flask (2) using an airtight
syringe, via the septum seals. The reaction mixture was

stirred, and heated if required.

In cases where the catalyst reguired activation a flask
of type 3, (Appendix A), - was used. The joint was closed
with a septum seal, and the £flask evacuated, let down to
dry nitrogen and a magnetic follower inserted. The required
volume of catalyst solution and activator were added to the

flask, via the septum seal, and stirred for the apvropriate
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period (usually 2 minutes). The activated catalyst solution
was then transferred, via a syringe to the reaction vessel.

. . . o . 3
The polymerization was terminated by the addition of 2-3 cm

of methanol.

The details of the catalyst and monomer concentrations,

reaction times and yields, ete., are given in the text.

(c) Purification of volymers

After termination of the pvolymerization reaction, the
mixture was added to a large excess of non-solvent causing
the volymer to vrecivitate. The vnolymer was recovered,
dried under vacuum and dissolved. The polymer solution was
reduced in volume on a rotary evaporator, to give a viscous
solution and then added dropwise to the stirred non-solvent.
These manipulations were carried out under a nitrogen atmos-
phere as far as'possible. The polymer was recovered, dried,
and the process repeated until clean,white polymer was ob-
tained. Table 3.10 lists the solvents and non solvents for

eacih polymer obtained.
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TABLE 3.10 Solvents and non-solvents for polymers of
monomers (I), (II), (III) and (IV) prepared
via different initiators

Catalyst Solvent Non-—solvent
3 WC16/MeASn acetone hexane or
[ - CH=CH * pentane
CF3 - C—F3 T MoC ],5/M84SI’1~ " ot
quc 13 M i
RuCl3/Me4Sn " i
CQ=CH}= WClG/Me4Sn acetone methanol
- MoClS/Me4Sn " methanol
CF .
3 RuCl, o hexane
OsCl3 " methanol
IrCl3 " methanol
ReCl5 " methanol
{%i::zg CH=CH€F OsCl3 (exo) | acetone methanol
OsC13~(endo) acetone nethanol
CF3
X -
_oClS/Me4Sn chloro methanol
(endo)] form
ReCl. (endo) | acetone methanol

5
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CHAPTER FOUR

METATHESIS POLYMERIZATION OF A RANGE

OF FLUORINATED NORBORNENE DERIVATIVES
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4.1 Introduction
This chapter is concerned with the polymerization of
monomers (V)~-(X) as part of an investigation into the range

of compounds susceptible to the ring-opening metathesis re-

action.

The microstructure of the polymer chains was in-

13

vestigated using C n.m.xr., and infrared spectroscopy, as
described previously, and in addition gel permeation chromo-

tography data was obtained.

4.2 Polymerization of S-bromotetrafluoroethylnorbornene (V)
(a) Catalysts effecting the polymerization of (V)

5 -Bromotetrafluoroethylnorbornene was synthesised as
a mixture of exo and endo isomers, which could not be separ-
ated by gas chromotography with any of the available station-
ary phases; hence the monomer was polymerized as a mixture.

The details of the polymerizations are given in Table 4.1

TABLE 4.1 Polymerization of 5-bromotetrafluoroethylnorbornene

Monomer Catalyst Cocatalyst solvent® Temprime XieldC
(mmole) (mmole) (mmole) (cm3)  |(hrs)|(hrs)| ()
37.76 WCl6 (0.18) | Me,Sn (0.36) C, (5) RT |2 min| 82
11.98 MoCl5 (0.06) Me4Sn (0.12) C,(1.6) | RT [2 min| 67
12.72 RuCl3 (0.06) Me,Sn (0.12) |CE,(1.6) | 50 24 41
17.79 ReCl5 (0.09) Me4Sn (0.18) C,(3.3) | 50 36 10

a. C = chlorobenzene, CE - 1:1 (vol for vol) mixture of chloro-
benzene and ethanol.

b. Approximate temperature. Some polymerizations were notably
exothermic, no monitor of temperature was placed in the vessel.

c. After reprecipitation and drying under vacuum for at least
24 hours.



Clearly monomer (V) can be readily polymerized. The
polymer produced via MoClS/Me4Sn initiation was insoluble,
but when the polymerization was repeated in the presence of
trans—4--octene, as a chain transfer agent, the resulting

polymer was casily dissclved.

(b) Infrared spectra of polymers of (V)

The infrared spectra of samples of poly(5 —-bromotetra-
fluoroethylnorbornene) prepared via different initiators are
shown in Figure 4.1. The spectra of the W, Mo and Ru derived
polymers, althoﬁgh prepared from different thicknesses of
film, are very similar. In particular, all show absorptions
at both 750 and 970 cmml, although the relative intensity
of the 750 cm-=l absorption in each, cannot be distinguished
due to the overlap of other peaks. Comparison ofithe in-

1

tensity of the 970 cm peak with a band which remains con-

l, leads

stant in intensity, e.g. the absorption at 930 cm
to the conclusion that the trans vinylene content increases
in the order Ru>Mo>W. In contrast, for the polymef derived
via ReCly initiation, the band at 970 cm *, although still
present, has become very weak, and the 750Acm_l absorption
correspondingly intense. Hence, it seems likely that the
W, Mo and Ru derived polymers have variable amounts of cis

and trans double bonds, whereas the ReCl5 derived polymer

has a high ¢is vinylene content.

(c) 13C N.m.r. spectra of polymers of (V)

5 ~-Bromotetrafluoroethylnorbornene is a chiral molecule
existing as equal amounts of (+) and (-) enantiomers. In
addition, the monomer is a combination of exo and endo iso-

mers. Hence, the monomer is essentially a mixture of four



147

?..l‘j MICKONS 3ID 60 %0 6.0 7,'0 QID QP ‘iIO 1'2 ‘ilL ‘i|6 l2'0 Zis’E'D‘é'O

B
N = e

welg

MOC|5

Res

| | | | | | ! | | | | | | |
4000 3500 3000 3500 2000 1800 1600 1600 1200 1000 80N 600 &M 250
Wavenumber (crr) '

PIGURE 4.1 Infrared spectra of samples of poly(5-bromo-tetra-
fluoroethylInorbornene) preparecd via cdifferent
initiators




148

compounds, and conscquently it would be expected that the
13C n.m.r. spectra of polymers derived from it would be com-
plicated, except in cases where there was some catalyst

selection.

The spectra of the polymexrs obtained from ReCl5 and

RuCl, catalysis are shown in Figures 4.2 and 4.3 respectively.

3
From comparison of the figures it is evident that both
catalysts give rise to polymers with complicated spectra,
but also that some signals present in the spectrum of the
RuCl3 derived polymer are totally absent from the spectrum

of the polymer obtained from ReCl_ initiation, and vice versa

5
The spectrum of the polymer obtained via MoCl5 catalysis
is poorly resolved, and not shown, but is very similar to
Figure 4.3, except some extra weak intensity peaks have

appeared. The WCl, derived polymer gave the most complex

6
spectrum, giving signals at positions coinciding with the
shifts of peaks observed in the spectra of both the Ru and
Re derived polymers. From this brief consideration of the
l3C n.m.r. spectra, and the results of examination of the
infrared spectra, it can be concluded that; ReCl5 gives a
polymer with an all e¢is vinylene content; the RuCl3 derived
polymer has an all trans vinylene content; the polymer derived

from MoCl5 has a high trans vinylene content; and the WCl6

polymer contains a mixture of e¢7s and trans double bonds.

The spectrum of the ReCl5 derived polymer is complicated,
but an attempt has been made to assign the signals. The

repeat unit and numbering system is shown in Figure 4.4.
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FIGURE 4-4 Ring opening polymerization of- 5 -bromotetra:--
fluoroethylnorbornene

3 £ Be e AR A3 s s s O —

The peaks in the spectrum are associated with c¢<s vinylene
units. At the low field region of the spectrum the C8 and
C9 signals are easily identified as low intensity overlapping
triplets in the range 113-124 ppm. The remaining signals

in this region are assigned to the vinyl carbons, C2 and C3.
There are four high intensity signals observed and it is
possible to assign these to the e¢7s TH, HH, TT and HT environ-
ments. The substituent shift effect of a bromotetrafluoro-
ethyl group does not appear to be available in the literature.
If it is assumed that the order of vinylene carbon signals is
the same as for a trifluoromethyl substituent, then the
signals from low to high field are attributed to the TH, TT,
HH and HT environments, Since the two central signals have
a higher intensity than the outer signals, it seems there is

a slight bias towards head-head, tail-tail assembly modes.
However , why there should be a bias of this sort is not clear.
In hydrocarbon poly(norbornenes) HH/TT bias is observed for
monomers of high optical purity, when this is the only way in
which the particular enantiomer can be incorporated into a

cis syndiotactic sequence. In cases where HT bias is observed
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for a racemic monomer, sSteric restrictions in the transition
state are postulated to be responsible for the selectivity.
Consideration of the transition state required to form a HH
unit in high c7s poly(5-bromotetraflucreethyl-

norbornene) does not provide a rationale for the apparent
selectivity observed. Indeed, steric restrictions in the
polymer chain, in which'the'~CF2CF2BR substituents are c7s

to each other, and situated over the double bond, seem to
imply that a HH junction would be unfavourable. It may be
that the assignment is incorrect, and the line order is not,
as has been assumed, the same as that in poly(trifluoromethyl-
norbornene) . If this is the case, since the number of HH

. jJunctions must equal the TT assemblies, the outer signals are
assigned to these environments, and the inner signals to the
HT and TH environments. In this assignment, there is a
slight HT bias, and on steric grounds, it seems likely that
this assembly would be preferred. Overall, an unambiguous
assignment of these signals is not possible, and in any event,
the extent of bias is small. Assuming the line order is the
same as for poly(trifluoromethylnorbornene) the observed TH/HH
splitting is 1.04 ppm, and the TT/HT splitting is 1.16 ppm.
The signals are attributed to carbons associated with repeat
units derived from endo monomer. The substituent shift effect
of an exo-bromotetrafluoroethyl substituent would be different
from an endo, and give signals at different chemical shifts;
the weak intensity signals are possibly a consequence of this
or alternatively could be attributed to carbons associated

with a low concentration of trans double bonds.

At high field, two sets of signals, resolved into three

lines with approximately 1:2:1 intensity, are observed.
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These are assigned to C5 carbons in units derived from endo
and exo monomers and are triplets with a coupling constant

of =20Hz, as expected for an o -CF,- substituent. The

2
ratio of these signals indicates that the polymer chain
consists of 88% of units derived from endo monomer. Since

the monomer mixture had a 75:25 ratio of endo:exo isomers,

it seems there has been a marginally selective incorporation

of endo unitg into the polymer. The resonénce ét hiqhes£
field can be assigned to C6, by comparison Qith the spectra

of poly(5-trifluoromethylnorbornene); this signal appears to

be partially resolved into two lines, which is consistent

with head tail splitting. The remaining signals in this
region are more difficult to assign. However, the four peaks
Observed at 36.20, 36.57, 37.41 and 37.84 ppm can be confid-
ently assigned to c¢is methine carbon signals, since these

peaks are totally absent from the spectrum of the RuCl3 derived
polymer. The total integral of these peaks indicates that

the signals can be attributed to both carbons 1 and 4. It

is possible that the signals at 37.84 and 36.57 ppm are assoc-
iated with the TT and TH environments of Cl, and those at 37.41
and 36.20 ppm attributed to the HH and HT environments of C4.
The different intensity of the TT resonance as compared to

the TH peak, (and the HH signal with the HT signal) is again
consistent with there being a small degree of bias in the
polymer chain. However, which signal corresponds to the TT
resonance, and which represents the TH environment, cannot be
assigned with certainty; hence whether there is head-tail,

or head-head/tail-tail bias remains unresolved. The remaining

signals in this region are assigned to the methylene carbon, C7;
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the integral of these peaks is consistent with their being
assigned to one carbon. The peak appears as three lines,
which can be attributed to the four possible environments

of C7, as shown in Figure 4.5, where the middle signal re--
presenis coincidence of two environments.

C7

a) CH=CH CH=CH

b) N- CH=CH
c7

c) CH=CH CH=CH
c7

d) CH=CH CH=CH

00 DD

FIGURE 4.5 Different environments for Carbon 7

The further resolution observed for two of these signals
can only be a result of m/r splitting, since HT effects are
unlikely to be transmitted further down the chain. The m
and r environments of structures (c¢) and (d) are the most
likely to be resolved, since it is in these assemblies that
HH junctions are formed. If the highest field signal of
the set is assigned to the m and r environments of (d), and

the middle signal to the m and r environments of (c), then
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the increased intensity of the signal due to (c) is a result
of overlap of the resonance associated with (a). The lowest
field signal, which is unresoived,is then assigned to (b).
The difference in intensity of the m and r signals suggests
there is a slight degree of selectivity. For the vinylene
carbons, HH resonances are sometimes resolved into m and «r
environments. However, in this polymer there was some
uncertainty ober %he assignment‘of the different éignéls,
and hence m and r resolution is difficult to differentiate
with certainty,6 although it is probable that the resonance at
130 ppm corresponds to the HH C3 environment and shows m/r
splitting. Thus, the low field signals do not pnrovide con-

clusive evidence that our assignment of the C7 signals is

correct.

An alternative explanation of the observed resolution
of the C7 resonance is that the weaker resonances are attrib-
uted to carbons derived from exo isomer,although their in-
tensity appears too great for this, Unfortunately, from the
data arailable it is not possible to determine which assignment
is correct.

The overall conclusion to be drawn from analysis of the
l3C n.m.r. spectrum is that ReCl5 gives rise to a polymer with
an all c¢is vinylene content, in which there has been selective
incorporation of endo monomer. There is a slight head-tail,
or head-head/tail-tail bias in the polymer chain, but it is
not possible to tell which. One postulate for the assignment

of the methylene carbon signals is also consistent with a

small degree of selectivity.
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The assignment of signals in the spectrum of the sample
derived from RuCl3 initiation has so far defied a thorough
interpretation. The C5 resonances are again easily ident-
ified as a pair of triplets centred at 45.53 and 44.24 ppm.
The ratio of these signals indicates that the endo and exo
isomers have been incorporated into the polymer chain in
the ratio 70:30. __ Since the monomer consisted of a 75:25
endo:exo misture, there has been little apparent preferential
incorporation of either isomer. The absence of signals in
the region 36-38 ppm, where c¢is carbon signals would be ob-
served, and the presence c¢f signals at c¢a. 43 ppm, indicates
the polymer has an all trans vinylene content. The com=
plexity of the spectrum suggests it is atactic. By analogy,
the Mo and W derived polymers are also probably atactic,

since both give similarly complex spectra.

4.3 Polymerization of 5-pentafluorophenylnorbornene (VI)

(a) Catalysts

5-Pentafluorophenylnorbornene was polymerized as a
mixture of exo and endo isomers, The details of the polymer-

ization are given in Table 4.2.

The monomer was readily polymerized by all catalysts

used.
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TABLE 4.2 Polymerization of 5-pentafluorophenylnorbornene

e ——— 2t

Monomer Catalyst Cocatalyst solvent® empb Time [Yield
(mmole) (mmoles) (mmole) (cm3) (eC) lthrs) (%)

6.26 WCl_(0.031) MeASn(OQOGZ) C,(6.2) RT |2 mins 86

6
2.50 MoClS(OOOIZ) Me4Sn(00024) C;,(3.3)| RT |2 mins 85
13.19 RuC13(0°066) Me4Sn(Oel32) CE, (4.4)] 45 12 | 20
17.03 ReC15(0,085) Me4Sn(O°l7) C,(3.1)] 55 24 24

a. C - chlorobenzene, CE - 1l:1 (vol for vol) mixture of
chlorobenzene and ethanol. '

b. Approximate temperature. Some polymerizations were
notably exothermic, no monitor of temperature was placed
in the vessel.

c. After reprecipitation and drying under vacuum for at
least 24 hours.

ot 53 o e 3 G A A 4 0 e . —

(b) Infrared spectra of polymers of (VI)

The infrared spectra of samples of poly(5-pentafluoro-
phenylnorbornene) prepared via different initiators are shown
in Figure 4.6. Unfortunately the spectra, which are not well
resolved, are dominated by an intense absorption in the
1000 cm—l region. Hence, no useful information could be
obtained from the out of plane bending modé of a trans double
bond. Comparison of the intensity of the band at 730 cm“=l
suggests that the polymers derived from Re, W and Mo catalysts

have significant proportions of e¢is vinylenes, whereas the Ru

derived polymer has a low cis content.

(c) 13C N.m.r. spectra of Polymers of (VI)

The monomer, as before, is essentially a mixture of four
compounds, and hence relatively complicated n.m.r. spectra

were obtained for its polymers. The spectra of the Mo and Re
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FIGURE 4.6 Infrarec spectra of samnles of poly(5-pentafluoro-~




derived polymers are gshown in Figures 4.7 and 4.8 respectively:
a detailed analysis of these complicated spectra proved imposs:-
ible. However, comparison of the two spectra shows that
large differences are observed. In the spectrum of the
ReCl5 derived polymer a weak peak at =45 ppm is observed;
this peak is much intense in the Mo derived‘éolymer° The
DEPT spectra (not shown) indicates that this peak is assoc-
iated with a methine carbon, and its chemical shift corres-
ponds to the position of the trans allylic carbon signal in
other fluorinated polynorbornenes. The ¢is allylic carbon
signal would be expected at ~40 ppm; signals at this position
are seen in both spectra, although there is considerable
overlap of resonances in this region. This observation
would tend to suggest that the Re based polymer has a high
eis vinylene content and the Mo derived polymer has a high
trans double bond content. By comparing the intensity of
the signal at 45 ppm in the Ru and W initiated polymers, it
can be determined that the Ru derived polymer has a trans
vinylene content, of similar order to the Mo derived polymer,
and the W initiated polymer has a lower trans content. No
further structurally useful information could be obtained

from these spectra.,

Thus, it can be postulated that the trans vinylene con-
tent of samples of poly(5-pentafluorophenylnorbornene) in-
creases in the order Ru2Mo>W>Re. However, the analysis must
be treated with caution, since the resolution, and signal to
noise ratio of the spectra are not good, and overlap of signals
- makes interpretation difficult. Also, the results are not
in full agreement with the information obtained from the infra-

red spectra. Nevertheless, the c¢is/trans vinylene content of
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the polymers prepared from different catalysts appears to
follow the trend observed for other fluorinated poly(nor:-

hornenes) .

4.4 Polymerization of exo(VII) and endo(VIIX)-pentafluoro-

phenyl-2,3-dicarboximidenorbornene

(a) General

Calderon and Castner77 observed that pure endo-=5-~
norbornene-2,3-dicarboxyanhydride was relatively inert to
metathesis polymerization, whereas the exo isomer readily
polymerizéd° The same authors also found that when a mixture
of exo and endo isomers was polymerized)the conversion was
dependent upon the amount of exo isomer present. The un-
polymerized monomer was recovered which clearly indicated
that the exo isomer had been preferentially polymerized, but
some-endo monomer had also been incorporated. They concluded
from their experiments that the barrier to endo/endo linking
was either in the carbene to metallocycle transition state,
or due to steric restrictions in the polymer chain itself.

Exo and endo=N—pentafluorophenyLQ,}{ﬁ@miokmudermmbmqemewenaex—

posed to metathesis catalysts, as detailed in Table 4.3.

The exo isomer was readily polymerized using W and Mo
based catalysts. However, attempts to polymerize the monomer
with RuCl3 and OsCl3 catalysts proved unsuccessful. The
endo isomer could not be polymerized via MoCls/Me4Sn or
WClG/Me4Sn catalysis, in any of several attempts. A mixture
of exo and endo isomers was polymerized using MoClS/Me4Sn
as catalyst, givinga relatively low yiéld of polymer, These

results are analogous to those obtained by Calderon and Castner.
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TABLE 4.3 Polymerization of exo and endo-N-pentafluoro--
phenyl-2,3-dicarboximide norbornene

Monomer Catalyst Cocatalyst Solvent® Témpb Time |Yield®

(mmole) . (mmoles) (mmole) (cm3) () | (hrs) | ()

exo (10.58)| WCl (0.071) | Me,Sn(0.142) | C,(20.8)| RT 24 45

exo (5.56) |MoCl(0.034) | Me,Sn(0.068) | C,(11.4)| 60 | 0.75 89

exo (1.9 + |y~ (0.038) | Me,sn(0.076) | ¢, (12) | 60 | 1.75 39
e _ _lendo 1.9) T A My’ st bbbt eA A AN St A | °

endo (4.04) MoClS(O,OSO) Me4Sn(O,l6O) C,{(11.1)| 60 24 -

endo (6.14) WC16(0.041) Me4Sn(O.084) C, (15) 60 36 -

a. C - chlorobenzene, CE - 1:1 (vol for vol) mixture of
chlorobenzene and ethanol.

b. Approximate temperature. Some polymerizations were
notably exothermic, no monitor of temperature was placed
in the vessel.

c. After reprecipitation and drying under vacuum for at
least 24 hours.

(b) Infrared spectra of polymers of N-pentafluorophenyl-2,3-
dicarboximide norbornene

The infrared spectra of the polymers of N-pentafluorophenyl-
2,3-dicarboximide norbornene are shown in Figure 4.9. No
structurally useful information could be obtained from these
spectra, other than to confirm the presence of expected funct-
ional groups. In particular, the C-H out of plane bending
region for the c¢is and trans vinylenes did not yield any

information due to the overlap of other absorbances.

(c) 13C N.m.r. spectra of polymers of N-pentafluorophenyl-

2,3-dicarboximide norbornene

The spectrum of the polymer obtained vig MoCl5 catalysis
is shown in Figure 4.10, and the chemical shifts and assign-
ments recorded in Table 4.4. The repeat unit of the polymer
and the numbering system used when assigning spectra is shown

in Figure 4.11.
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TARILE 4.4 1’C N.m.r. chemical shifts and assignments of samples
of poly (N pentafiuorophenyl: 2,3 dicarboximide norbornene
e oo Catalyst | Assignment
Exo, MoClg Exo, WCl6 Exo/Endo MoCls
174,62 174.61 174,61 C5 exo
173.2 C5 endo
143057p1JCQF=263Hz l@BOSVlJC“F=251H2 14304,1Jéanzsoaz c8
142=l3,lJéuF=258Hz 142=06leC”F=255Hz 14201,1JC”F:259H2 C9
137.82, 9, ~254mz |137.8,%9 =253z | 138.0,'7,_ =252z | cC7
133.36 133.30 133.30 Cl, cis
132.35 )
131.88 131.81 ; 131.86 Cl,trans
131.27 endo
129.10 endo
107.14 107.10 107.00 of5
53.02 C4 ct
52.90 52,87 52.89 C4 cc
52,05 C4 tc
51.41 51.41 51.40 C4 tt
49,55 43.55 endo
47.17 endo
46.95 46,95 46 .95 )
46.56 46.56 ;Cz,trans
46.38 46.40 46.38 ;
45.19 endo
44.87 endo
42.78 €3, cc
42.47 42.47 42,46 C3,ctitc
41,91 ) 41.90 41.89 C3,tt
41.78 !
41.27 41.33 41.26 C2, cis
40.63 endo
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FIGURE 4.11 Ring opening polymerization of N-pentafluoro-
phenyl-2,3-dicarboximide norbornene

e D s o . D A — O3 T D e D

The C5 resonance in Figure 4.10 is easily distinguished as
the lowest field signal. The carbons of the pentafluoro-
phenyl group are observed as low intensity doublets and are
assigned by analogy with related compounds. The C6 reson-
ance appears at =107 ppm, and is absent in the DEPT spectrum.
The vinylene carbon signal is resolved into e¢is and trans
environments as indicated, giving a value of o of 0.09.

At high field the C4 ¢{s and trans environments are assigned
to the signals at 52.90 and 51.41 ppm respectively. A low
intensity peak, observed adjacent to the trgns signal may be
a tc or ct resonance, These signals give o value of 0.09.
The trans allylic carbon signal is observed at 46.56 ppm, and
consideration of the expected 5 ppm upfield shift of the eis
environment, allows the C2 c¢is signal to be assigned to the
peak at 41.27 ppm; this signal overlaps with thé methylene

carbon signals but the DEPT spectrum confirms the assignment.
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The transsignal appears to be resolved into two peaks, with
a low intensity shoulder. The signals may be a consequence
of the resolution of the tt and tc¢ environments and/or m/r

Fay

effects. The 0. value for this carbon is 0.12. The C3
resonance is resolved into 3 peaks assigned to the cc,

tczct and tt environments. The cc peak was not detected by
~ the computer and the integral for this peak was estimatea;
the value of 0. from this carbon is 0.15. The tt peak is
resolved into two signals of approximately equal intensity,

which could be a result of m/r splitting, and indicates that

the polymer is atactic.

The overall conclusion from this analysis is that the
polymer has a high trans vinylene content. The values of O
calculated from the C3 and C2 signals are not very reliable
since the peaks overlap, and consequently the integrals are
inaccurate. However, all Oc values indicate a high trans
double bond content, and the resolution of the C3 resonance

suggests the polymer is probably atactic.

Figure 4.12 shows the spectrum of the polymer derived
via WCl6 initiation. The C5, C6, C7, C8 and C9 resonances
are assigned by analogy with the MoCl5 derived polymer. The
Cl resonance is again resolved into ¢is and trans environ-
ments, and the trans signal is observed as two peaks, a con-
sequence of c¢is/trans vinylene effects or m/r splitting. The
vinylene signals give a value of O of 0.36. The C4 reson-
ance appears as four signals assigned to the cc, ct, tc, and
tt environments of this carbon; a value of o, = 0.39 is
obtained. Carbons C2 and C3 are assigned by comparison with the

spectrum of the polymer derived from MoClg catalysis, and



A aafis A ad Al , A AN
ATV A aRnet iRy At adA RS R AN A

EX0.WClg catalyst

Cé&
-
c?t
C2

—

b c

3

oy

MWWM?% gj A P\w

170 160 150 140 130 PPM 120 %0 57 LC

FIGURE 4.12 l3C N.m.r. spectrum of poly(exo-N-pentafluorcphenyl-2,3-dicarboximidenorbornene) prepared via

WCl, /Me, 5n initiation

L9T



168

give 0. values of 0.23 and 0.49 respectively. There seems
to be some discrepancies in the Oa values; overlap of the C2
and C3 carbon signals makes the integrals and hence, 9
values for these carbon unreliable. The Cl and C4 signals
are well resolved, and the values of 9 calculated from these
carbon signals are in reasonable agreement. Hence, it can
be concluded that the polymer has a mixture of eis and trans
vinylenes. Broadening and thé occurrence of fine structure
for most of these signals probably implies that the polymer

is atactic.

The l3C n.m.r. of the polymer produced from polymerizing

a mixture of exo and endo isomers via MoClS/Me4Sn initiation
is shown in Figure 4.13. The shifts and assignments are re-
corded in Table 4.4. The spectrum is very similar to that
obtained from polymerization of the exo isomer using M0C15

as catalyst, except some of the weak peaks have increased

in intensity. These peaks can be confidently assigned to
carbons associated with endo units, and by comparison of the
integral of the exo and endo signals, it is apparent that the
exo isomer has been preferentially incorporated into the polymer
chain. The signals of the carbons derived from endo isomer
are marked (e) on the spectrum and those associated with the
exo isomer are assigned by analogy with the previous spectra.
The o, values were 0.17 for the vinylene carbons, 0.23 for C4,
0.17 for C2,and 0.23 for C3. The overlap of signals with
endo carbon resonances makes the reliability of the values un-

certain, but it is apparent that the vinylenes adjacent to

exo units have a high c¢7s stereochemistry.

Thus, the conclusion to be drawn_from analysis of the

spectra is that the MoCl5 based catalysts give a high trans
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vinylene content, and WC16 based polymers give a mixture of
cts and trans double bonds. The polymerization of a mixture
of exo and endo isomers shows that exo monomer is preferentially

incorporated into the chain,

4.5 Polymerization of 5-perfluorohexylnorbornene (IX)

5=Perfluorohexylﬁorborﬁéne was ﬁblymerized with a range

of metathesis catalysts, as detailed in Table 4.5.

TABLE 4.5 Polymerization of 5-perfluorohexylnorbornene

Monomer Catalyst Cocatalyst Solvent® Tamp Time |vield®
(mmole) (mmoles) | (mmole) (cm3) (°0) | (hrs) | (%)

8.52 WC1l,(0.042) | Me,Sn(0.084)| C, 1.7 RT |2 min 76

6 4
5.27 M0C15(0,026) Me4Sn(00052) c, 0.7 RT |2 min 53

4.95 0sCl, (0.025) - CE, 0.7 50 24 39

3
5.51 ReC15(00027) - c, 0.5 50 4 29

a. C - chlorobenzene, CE = 1:1 (vol for vol) mixture of
chlorobenzene and ethanol.

b. Approximate temperature. Some polymerizations were
notably exothermic, no monitor of temperature was placed
in the vessel.

c. After reprecipitation and drying under vacuum for at
least 24 hours.

—— s e o = eoe T D R o) Cer e e

The polymers obtained were all found to be insoluble in a
wide range of common organic solvents, even after attempts to
reduce the molecular weight using trans-4-octene. One solvent,
however, methylheptafluorcbutyrate was found to slowly dis-
solve the polymers. The infrared data obtained for the poly-
mers was poorly resolved, and no structurally useful inform-

13

ation could be derived from them. C N.m.r. spectra would

be expected to be complex for a monomer which was unsymmetrical,
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and a mixture of exo and endo isomers. In addition, the
long perfluoroalkyl chain increases the number of carbon
resonances, and reduced the solubility of the polymers.
Although they were all soluble in methyl heptafluorocbutyrate
only dilute solutions could be obtained and it proved impract-

icable to record useful n.m.r. spectra. Nevertheless, it

has been demonstrated that long perfluoroalkyl substituents
can be tolerated by metathesis catalysts. It is also note-
worthy that the polymerization using ReCl5 as initiator occurs

reasonably rapidly, and in fairly good vield for this catalyst.

4.6 Polymerization of 5-perfluorooctylnorbornene(X)

The details of the polymerization of 5-perfluorooctyl-

norbornene with a range of metathesis catalyst are given in

Table 4.6.

TABLE 4.6 Polymerization of 5-perfluorcoctylnorbornene

Monomer Catalyst Cocatalyst Solvent® Tém;) Time |vield®
(mmole) (mmoles) (mmolza) (cm3) (°C) | (hrs) (%)
3.41 WC16(O,017) Me,Sn(0.034) 0.7 RT |2 min| 57
3.91 MoClS(O.OZO) Me,5n(0.040) 0.5 RT |2 min| 90
2.54 RuCl3(O.Ol3) - 0.3 60 24 33
4.07 ReClg (0.020) - 0.4 50 24 22

a. C - chlorobenzene, CE - 1l:1
chlorobenzene and ethanol.

b. Approximate temperature. Some polymerizations were
notably exothermic, no monitor of temperature was placed
in the vessel.

c. After reprecipitation and drying under vacuum for at
least 24 hours.

(vol for vol) mixture of

o e D D R L wn e =t e € e o ——
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Again, the polymers were found to be insoluble in common
organic solvents, but were sparingly soluble in methyl hepta-
fluorobutyrate. Infrared and l3C n.m.r. Spectroscopic data
for the polymers were not of sufficiently good quality to be

interpreted in terms of polymer chain microstructures but

were consistent with the assigned structure.

4.7 Gel permeation chromotography and molecular weight
distribution

Gel permeation chromotography has been used as a rapid
and efficient method of determining molecular weight of
polymers.,159—161 Molecular size separation is achieved by
injecting a solution of the polymer onto a column consisting
of a crosslinked polystyrene gel, Molecules which are larger
than the pore size of the gel pass through, whereas smaller
molecules enter the pores. Hence, small molecules have longer
retention times. The gel permeation curve, obtained by
measuring the refractive index of the eluted material, reflects
the polymers molecular weight distribution; larger molecules
are represented at the front of the curve. The conversion of
the elution volume to a number average and weight average

molecular weight has been described previously‘,89

Polymer
samples were dissolved in tetrahydrofuran to give a 0.5%
solution, and filtered through 10um and O.5uym millipore
filters, and injected onto the column. The weight average and
number average molecular weights, together with the values of

polydispersity, of the polymers which were soluble in tetra-

hydrofuran are recorded in Table 4.7.
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TABLE 4.7 Molecular weights of polymers of (V) and (VII)

T ) — 5 = 5 Poly-" |
Polymer Catalyst M (107) | M _(107) dispersity
C:~CH=CH _ | wclg/Me,sn 0.33 0.85 2.58

CF?CFZBr MoCls/Me4Sn 0.58 2.50 2.32
RuClS/Me4Sn 0.60 1.30 2.16
ReClS/Me4Sn 0.83 2.00 2.41
—— [
~CH=CH— [exo, WC1,/Me,Sn 1.99 | 8.80 | 4.42
/_O exo,MoCl5/Me4Sn 3.05 12.60 4,13
F F endo + exo, 1.05 3.50 3.33
F F » MoCl5
¥

— e ——— -

The results show that the materials produced are genuine
high polymers, and that the polymers have a fairly wide range

of molecular weights.

4.8 Conclusions

A range of fluorinated norbornene derivatives, substituted
in the 5- and 6-position can be tolerated by metathesis catal-
ysts. Inspection of the l3C n.m.r. spectra of the polymers
confirms the general trends determined for the simpler fluor-
inated norbornenes and norbornadienes; O0s, Ru, and Mo based
catalysts give rise to polymers with high trans vinylene con-
tents, whereas ReCl5 gives polymers with a high e¢7e¢ double bond

content, and W based catalysts have the lowest tendency to

produce regular structures.
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Reagents

Reagents and suppliers are as detailed in Chapter Three.

Polymerization procecdure

The method of polymerization was as described in Chapter

Three, Details of the reaction conditions, and catalyst and

monomer concentrations are given in the script.

The polymers
produced were purified by successive reprecipitation, and the
solvents and non-solvents are recorded in Table 4.8.

TABLE 4.3 ©Non=solvents and solvents for some fluorinated

polynorbornenes

Polymer

' Catalyst

Solvent

Non—-solvent

=1C:z.:cn ~CH-~
F CF Br

WC1 /Me
MoCls/Me
RJC13/Me
ReCl /Me

b&-bob

acetone

methanol

WClG/Me4Sn
MoClS/Me4Sn
RuCl3/Me4Sn
ReClS/Me4Sn

chloroform

methanol

CH=CH~

Exo, WC16/Me4Sn
Exo,MoClS/Me4Sn
Endo, + Exo,

MoClS/Me4Sn

butanone

methanol

WClG/Me4Sn
MoClS/Me4Sn
0OsCl

3
ReCl5

methyl hepta-
fluorcbutyrate

hexane

WClG/Me4Sn
MoClS/Me Sn
OsCl

3
ReC15

4

methyl hepta-
fluorcbutyrate

hexane




CHAPTER FIVE

PHYSICAL PROPERTIES OF SOME FLUORINATED

POLY (NORBORNENES) AND POLY (NORBORNADIENES)
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5.1 Introduction

This chapter is concerned with an investigation into
some of the physical properties of polymers produced during
the course of this work. Generally, the polymerizations
were carried out on a small scale; and hence these investig-
ations of physical properties were only carried out with the
more readily available polvmers. The thermal behaviour of
the polymers was investigated using_ differential scanning
calorimetry and thermogravimetric analysis. A knowledge
of the thermal behaviour of a polymer is required to deter-
mine the limits of its working range, and hence the limits

on its potential end uses.

An attempt to investigate the potential piezoelectric

behaviour of one of the polymers was unsuccessful.

5.2 Differential Scanning Calorimetry

Differential scanning calorimetry is a well established
technique for investigating chemical reactions and physical
changes which involve a flow of heat into or out of a sample.
In polymer science it has been widely used in studies of the
glass transition phenomena, melting, cure, and degradation
processes. Many polymers exhibit some degree of crystallinity
and crystalline regions are most easily formed from regular
chains. Hence, polymers which are stereoreqgular might be
expected to be crystalline, and display a crystalline melting
point (Tm), although this is not absolutely essential. Amor-
phous regions of polymers (in which the polymer chains are

arranged in a random fashion), when heated, will undergo a
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glass transition (Tg), during which the chain mobility under-:
goes a large increase in a small temperature interval. The
polymer changes from a rigid, glassy solid to a rubberlike

material as it passes through the glass transition temperature.

Many polymer samples contain varying proportions of

ordered and disordered regions. These semicrystalline poly-

mers usually exhibit both a glass transition temperature and _ .

a crystalline melting point.

Differential scanning calorimetry detects the enthalpy
changes occurring at Tg or Tm‘ With the instrument used in
this work, a Perkin-Elmer D.S.C.II, a sample of the polymer
(typically 10Omg) was placed in an aluminium sémple pan, and
an empty pan used as a reference. The pans were placed in
cells in a heating block, and heated at a uniform rate
(10K/min) . The energy input to the sample or reference from
the cells was maintained so both sample and reference remained
at the same temperature. The output obtained represented
the amount of electrical energy supplied to the system, and

the areas under the peaks was proportional to the change in

enthalpy which occurred.

The glass transition temperature is observed as a de-
flection in the base line. The 'I‘g was calculated from the
output as the temperature at which the change in heat capacity

was half the maximum as shown in Figure 5.1.

Table 5.1 lists the glass transition temperaturesof some

of the polymers prepared in this work.
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- FIGURE 5.1 - -
TABLE 5.1 Glass transition and decomposition temperatures
of some fluorinated poly(norbornenes) and
poly (norbornadienes)
Micro- T (K) Decampos—
Polymer Catalyst structure g | ition (K)
(from 13c n.m.r.)
- CH=CH~ MoClS/NIe4Sn(RI‘) high trans 405
) MoCl. /Me,Sn (-20°C) ? 438
. 5774
C}r3 CF3
WClG/Me 4Sn ets/trans 398
RuCl3 high trans 390
CH=CH~ MoClS/Me4Sn high trans 358 405
WC1l,_/Me Sn eis/trans 403
‘ CF 6" 4
; 3 OsCl3 ets/trans 402
OsCl3 {ex0) all trans 355
CH=CH-
OsCl3 {endo) high trans 344
cr
> |Moclo/Me Sn (endo) high trans 355
ReCl5 (endo) all eis, 345
stereoreqular
Q@ﬂ_ MoClS/Me 4Sn high trans 349
CFZCFZBr WClG/Me 4Sn eits/trans 370
ReCl5 all cis 360
CH=CH WCle/Me,sn cis/trans 373
high eis 41 501
C6F5 ReCl5 3
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The samples were heated from 300K at 10K min”l until
a transition was observed, then cooled at.320K/min, and the
procedure repeated. The values of Tg (when detected) and
decomposition temperatures recorded in Table 5.1 represent
the average values obtained from a number of experiments.
A crystalline melting point was not detected foxr any of the
polymers, even when samples heaéea‘ébeve their glass transition
temperature were annealed slowly at 1K/min. This result is
disappointing in view of the fact that some of the polymers
are believed to be stereoregular, but this does not exclude
stereoregularity. For some polymers neither a crystalline
melting point, nor a glass transition temperature could be
detected, and an exothermic peak believed to correspond to
decomposition was observed. On opening the cooled sample

pan after detection of this peak, black, charred material

was invariably obtained.

On inspection of the data acquired for specific polymers
it can be seen that for poly(2,3-bis(trifluoromethyl)-
norbornadiene) derived from MoCl5 catalysis only a decompos-
ition peak was observed, whereas for the W and Ru derived
polymers, both of which were concluded to be atactic from 13C
n.m.r. analyses gave similar values of Tg and no exothermic
decomposition peak below 530K. The l3C n.m.r. analysis
suggests that both the Mo and Ru derived samples were high

trans and atactic, and the marked difference in their thermal

behaviour is puzzling.

The polymers of 2-trifluoromethylnorbornadiene all gave
decomposition temperatures in a similar range; in this case

a glass transition temperature was detected for the Mo derived
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polymer only. Again this is surprising since the 0s and Mo
derived samples have similar microstructures according to the
13C n.m.r. analysis. These differences between superficially
similar samples indicate that there must be factors other

than polymer microstructure which are important in determining
thermal behaviour. The most likely causes of these discrep-
ancies would appear to be differences in molecular weight

distribution or the presence of trace impurities derived from

catalyst residues.

Comparison of the glass transition temperatures obtained
for samples of poly(2-trifluoromethylnorbornadiene) and poly-
(2,3-bis(trifluoromethyl)-norbornadiene) is consistent with
the theory that, for polymers with stiff backbones the nature
of the side groups is important in determining the glass tran-
sition temperature; the bulkier the side group the higher the
value of Tg observed. This effect is a result of the rest-
riction on molecular motion caused by bulky substituents;
consequently the polymer must be heated to a higher temperature

to permit chain movement.le’163

Two trifluoromethyl sub-
stituents on a cyclopentene ring seem to cause more restriction
on motion than one CF3 group. This observation supports the
argument presented earlier (Chavoter Three), in which it was
postulated that for polymers of 2-trifluoromethylnorbornadiene
c¢is head-head junctions were formed more easily than in the

2,3 -bis(trifluoromethyl)norbornadiene case, because rotation of
the bonds around the allylic carbons allows the trifluoromethyl
groups to adopt a reasonably sterically favoured configuration

which is forbidden for the more substituted system. These

factors are reflected in the glass transition temperature.
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The glass transition temperatures obtained for polymers
of 5-trifluoromethylnorbornene are perhaps the most interesting
since it was for these polymers that the microstructures were
most confidently assigned. The polymer obtained from OsCl3
catalysis of the exo isomer gave a Tg very similar to the
polymer of 2 ~trifluoromethylnorbornadiene obtained from MoCl5
catalysis. Both polymers were concluded to have high trans
atactic stereochemistries, and the steric restrictions on
motion of the two polymers are probably similar. Viﬁ is;—iwww—mrf—

therefore, not surprising that both give very similar glass

transition temperatures.

The polymers derived from the endo isomer of 5-trifluoro-
methylnorbornene all gave very similar Tg values. The tacti-
cities of these polymers were concluded to be all e¢7s and
stereoregular for the ReCl5 derived polymer, and high trans
and atactic for the OsCl3 and MoCl5 derived polymers. Tactic-
ity effects in polymer chains can, in some cases, have dramatic
effects on the glass transition temperature. Hence, for poly-
(methylmethacrylate) the syndiotactic, isotactic and atactic
microstructures gave glass transition temmeratures of 115, 45
and 105°C respectively. It was concluded that the variation
in the value of Tg for the different tacticities of polymers,
which were otherwise chemically identical, was a consequence
of the relative placement of substituents, and the resultant
interactions between them. In contrast, for poly(acrylates),
in which a methyl group has been replaced by a hydrogen, much
smaller differences in the values of the glass transition

164,165 This

temperatures resulted from a change in tacticity.
effect was a result of the reduced steric bulk of the substit-

uent. In this case the introduction of a single trifluoromethyl
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group at 5-position in poly(norbornene) raises the glass txan-
sition temperature from 308K to 350+5Kirrespective of the
disposition of the substituent. This is somewhat surprising
but indicates that the polymer backbone has a bigger influence
than a single trifluoromethyl substituent. The overall re-
sults seem self consistent; thus polymers with a single tri-
filuoromethyl substituent on the repeat unit have very similar
glass £ransiti6n temperétures; which are about 40K higher than
the hydrocarbon analogue, whereas two trifluoromethyl groups
cause a further elevation of about 40K. In general, the
poiymers of S5-bromo-tetrafluorocethylnorbornene and 5-penta-
fluorophenylnorbornene, gave higher glass transition temper-
atures than the other polymers. This result is probably a
consequence of the bulky nature of the substituents.

It must be remembered that the glass transition temper-
ature is a function of the molecular weight of the polymer.lahlﬁ7
At high masses Tg is essentially constant, but as the molecular
weight is lowered, the glass transition temperature is reduced.
The point at which the Tg is independent of the molecular weight
is characteristic for each polymer. The investigation has
not been thorough enough to determine if such an effect is

influencing the glass transition temperatures observed.

5.3 Thermogravimetric Analysis

The thermal stability of polymers can be routinely com-
pared by thermogravimetric analysis. This technique involves
measuring the weight loss of a polymer either, as the temper-
ature is increased at a constant rate, or at a constant temper-

ature, however, there does not seem to be a universally
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accepted standard procedure to adopt. A Stanton Redcroft

TG 760 thermobalance, operating in the percentage weight loss
mode was used in this work. A sample of the polymer (<1Omg)
was placed on the balance, and the instrument programmed to
heat at a rate of lOoC/minute from ambient temperature to
1000°C. The decomposition temperature, determined from the

trace obtained, was taken as the temperature at which 10%

weight loss had occurred. The results are recorded in
Table 5.2, which in most cases represent the average values
obtained from a series of three experiments.

TABLE 5.2 Decomposition temperatures of some fluorinated
poly (norbornenes) and poly(norbornadienes)

10% decom-
Polymer Catalyst position (°C)

CH=CH- MoClc/Me,Sn (RT) 330

, MClg/Me,Sn (-20°C) ‘ 237

cF3

WC16/Me4Sn 300

Q— CH=CH~- McClg/Me ,Sn 396
cF, WClc/Me  Sn 320
Q CH=CH endo, OSC13 : 400
CF3 endo, ReCl5 274
endo,MoCl5/Me4Sn 380

CH=CH- MOClS/Me4Sn . 401

Cg Br WClG/Me48n 388
ReClS/Me4Sn 395

Qmﬂﬂ exo, MoCl, 392
exo/endo MoCl 355

CeFe / 5
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A general trend, which would allow a physical propexrty/
structure correlation to be constructed was not observed.
Indeed, if the decomposition temperatures collected in Table 5.2
are compared with those obtained via differential scanning
calorimetry, then large differences are observed. Even if
the actual decomposition temperatures obtained from the two
methods differed, the relativé order they are-observed for  _.
polymers within the same group (Z.e. polymers with the same
repeat unit but with different microstructures) might be ex-
pected to be the same, and this is not the case. The decom-
position temperature of a polymer determined via thermal anal-
ysis is highly dependent on heating rate and on the type of
atmosphere, e.g. air, N2’ helium, employed. In addition,
the physical form of the polymer'when placed on the thermo-
balance is also important, since granules, powders or solid
blocks of polymer have very different surface areas and will
decompose at different rates. The decomposition temperatures
recorded in Table 5.2 are recorded undef standard conditions,
heat rate lOOC/min under N2 atmosphere. However, the physical
form of the polymer was more difficult to control. In addition,
some of the polymers were contaminated with small amounts of
catalyst residues, which may affect the observed decomposition
temperature. These results have been recorded here for the
sake of completion, and can be taken to indicate in a rough
manner the thermal stability of this class of polymer, but do

not bear a detailed analysis.
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5.4 Conclusions

In this study several new fluoropolymers have been
produced and characterized with respect to their structures.
The thermal behaviour of the polymers seem to show considerx-
able variation. However, a firm correlation of microstructure
and physical properties could not be established on the basis
of the limited data so far available. -~ Nevertheless, the
results are encouraging, and a more detailed investigation
of the physical properties seems worthwhile, particularly

as a wider range of structures becomes available.
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CHAPTER SIX

CONCLUSIONS AND PROPOSALS

FOR FURTHER WORK
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Conclusions and Proposals for further Work

The work described in this thesis clearly illustrates
that fluoropolymers are easily accessible vZa the olefin
metathesis reaction. In favourable cases, it has proved
possible to determine the microstructure of the polymer chains

produced using 13C n.m.r. and infrared spectroscopy. Using

these methods, it has been concluded that some of the polymers

produced via ReCl. catalysis are all c¢is and stereoregular.

5
This catalyst seems to be the most selective of those used,

but also the least active. This, in itself is a reasonable
observation, since a catalyst which selects the direction of
approach of an incoming monomer will certainly polymerize at

a slower rate than a catalyst in which approach of the monomer
is irrelevant. The catalyst produces polymers in which there
is an approximately equal number of HH, HT, TH and TT environ-
ments. Presumably, the fluorine substituents of repeat units
in the polymer chain which are remote from the active centre,
do not influence which aummiomef approaches the catalyst site,
although the direction of approach of the monomer is clearly
critical; it has been postulated that the formation of all cis
double bonds and stereoregular polymers requires that the mono-
mer approaches the catalyst site in alternating directions, 7Z.e.

M, and Mr’ and that the configuration of ligands around the

metal centre changes between propagation steps.

The catalysts, MoCls/Me4Sn, RuC13, 0sCl, and IrCl, give

3 3
polymers which have a high trans vinylene content, and are
atactic, and the polymers produced from WC16/Me4Sn initiation

contain a mixture of e¢Zs and trans double bonds and are also

atactic. This is indicative of propagation by an achiral
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species, or through a chiral species which rapidly epimerizes

between additions.

The investigation of the physical propertics of the
polymexrs produced, was not detailed enough to determine any
property-structure correlation, and more work is required in

this area.

Clearly, many aspects of the work described in this
thesis could be expanded. In partiéular, the preparation of,
and analysis by l3C n.m.r. spectroscopy of hydrogenated deriv-
atives of the polymers prepared would be instructuve. Compar-
ison of the l3C n.m.r. spectrum of the unsaturated polymer and
its hydrocenated analogue would allow signals to be assigned
with more confidence, and provide unambiguous evidence of the
tacticities as isotactic, syndiotactic or atactic. From a
mechanistic viewpoint, it would be interesting to prepare and
polymerize with a variety of catalysts, fluorinated norbornene
derivatives substituted in the 1,2 and 7 positions. The
effect of substitution on the tacticity of the polymer obtained
could then be monitored via 13C n.m.r. The polymerization of
l-trifluoromethyl norbornene with a variety of catalyst may well
yield some interesting results. Ivin reports65 that polymer-
ization of l-methylnorbornene with ReCl5 catalyst gives an all
eis. all HT polymer, in which (+) and (-) enantiomers from an
alternating sequence. The formation of an all HT structure
is rationalised in terms of the steric difficulty of forming a

eits—1,2-disubstituted metallocyclobutane transition state that

would be required to form a ¢is-=HH dyad. A trifluoromethyl

substituent would exert a greater steric influence than a methyl
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group and hence, the polymerization of 1<trifluoromethyl
norbornene may give analogous results. Therefore, as well
as being interesting mechanistically, such experiments would
be expected to yield well defined totally stereoregular

polymers.
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APPENDIX A

APPARATUS AND INSTRUMENTS
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Infrared spectra were recorded using a Perkin-—Elmer 457

grating spectrometer.

Mass spectra were recorded on a VG7070E spectrometer.
Combined gas chromatography/mass spectra were recorded on
a V.G. micromass 12B spectrometer coupled to a Pye 104

gas chromatograph.

Elemental analyses were carried out with a Perkin-Elmer 240

CHN analyser.

Gas chromatography analysis was carried out using a Pye

Unicam GCD gas chromatograph (flame ionisation detector).

Preparative scale gas chromatography was carried out using a

Varian Aerogravh Model 920 chromatograph.

N.m.r. spectra were recorded on either a:

(i) Varian EM360L spectrometer (56.4MHz for 19F,

60.00 MHz for 1H),

13

(ii) Bruker WH-90 FT spectrometer (22.63MHz for C), or

(iii) wvZa the SERC High Field N.m.r. services at Edinburgh

or Newcastle. The majority of the 13C n.m.r. spectra

of polymers were obtained from the Edinburgh service.

19F Chemical shifts are in ppm from external fluorotrichloro-

methane (positive upfield), lH and 13C chemical shifts are

measured on the § scale relative to tetramethylsilane.

Differential scanning calorimetry was performed using a

Perkin-Elmer DSC-2 Model B Differential scanning calorimeter.

Thermogravimetric analysis was performed using a Stanton

Redcroft TG760 thermobalance operating in percentage weight

loss mode.
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Gel permeation chrxomatography was carried out using PL gel
columns of 105, 103 and 5008 pore size arranged in series.
Each column was 300nm x 7.7mm diameter and 38,000 plates/m.

Tetrahydrofuran, which had been distilled, degassed and

stabilised was used as sclvent.

Vacuum System. A vacuum/dry nitrogen line, of the type
.depicted below was used. All joints are greasefree, fitted

with Young's teflon taps and 'O' rings. An Edwards E2M-1.5
two stage high vacuum pump was used and pressures were measured

using an Edwards PR10-C Pirani head and Pirani 11 gauge.
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Vacuum/dry nitrogen line

Apparatus

Flask 1
-Flask 2

) LIE,

\_/
Flask 3




185

APPENDIX B

INFRARED SPECTRA
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Infrared spectra are given below. All spectra were
recoxded using KBr cells, plates or discs, and were run under

conditions designated by:

(A) - KBr disc
(B) - thin liquid film
(C) - gas phase.
Spectrum No. Name of Compound
1. 2,3-bis(trifluoromethyl)bicyclo{2.2.1}hepta-

2,5-diene (B)

2. 3,3,3-trifluoropropyne (with PCT) {(C)

3. 2-trifluoromethylbicyclo[2.2.1l]lhepta-2,5-diene (B)

4. endo-5-trifluoromethylbicyclo[2.2.1]hept-2-ene (B)

5. exo-5-trifluoromethylbicyclo(2.2.1]lhept~-2-ene (B)

6. iodolactone of 5-carboxybicyclo(2.2.1llhept=2~ene (A)
7. 5-(2 =-bromotetrafluoroethyl)bicyclo[2.2.1]hept-2-ene(B)
8. 5-pentafluorophenylbicyclo[2.2.1]hept-2-ene (B)

9, exo-bicyclo[2.2.1)hept=5-ene-2,3~-dicarboxy-

anhydride (A)
10. exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboximide (A)
11. endo-bicyclo[2.2.1l]lhept-5-ene-2,3~-dicarboxy-
anhydride (A)
12. endo-bicyclo[2.2.1]Jhept-5-ene-2,3-dicarboximide (A)
13. S5-perfluorohexylbicyclo[2.2.1]hept-2-ene (B)

14. 5-perfluorooctylbicyclo[2.2.1]hept-2-ene (B).
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APPENDIX C

MASS SPECTRA
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The mass spectra of compounds obtained in the course of

this work are tabulated below. Ions are tabulated in the form:

134 (27%, C_H_.F M=C2H

6HsF3s 2) -

In this example the ion has a mass number 75, its intensity is
27% of the intensity of the base neak, it has provisionally

been assigned the formula C6H and its origin is loss of

537

CzH? from the parent ion M. The base veak is designated B.

1. 2-Trifluoromethylbicyclo[2.2.1}hepta-2,5-diene

160 (26%, C8H7F3, M), 159 (20%, C8H6F3, M~-H), 140 (5%,

114 (10%, CgH,F.,
B, M~CF5),

C8H6F2, M-HF), 134 (27%, C6H5F3, M=C2H

M~C2H2,HF), 109 (11i% , C7H6F, M-CF

66 (15%, C5H6), 65 (19%, C5H5)°

,)

91 (100%, C

2H) 7H70

2. Endo-5-trifluoromethylbicyclo[2.2.1]hept-2-ene

162 (2%, CgHgF 54 M), 93 (4%, C7H9, M=CF3), 91 (5%, C7H7,
M—CH2F3), 67 (6%, C5H7), 66 (100%, C5 6" B), 65 (5%, CSHS)
3. Exo-5-trifluoromethylbicyclo(2.2.1]lhept-2-ene

162 (2%, C8H9F3, M), 93 (6%, C7H9, M—CF3), 91 (5%, C7H7,

M=CH2F3), 67 (7%, C.H 66 (100%, C

576

4. 5-(2°-Bromotetrafluoroethvl)bicyclo[2.2.1l]heot-2-ene

o 81 79
274 (2%, C9H9F4 Br, M), 272 (2%, C9H9F4 Br, M),

193 (2%, C9H9F4, M-Br) , 174 (2%, C9H9F3, M-BrF), 143 (6%, C8H9F2,
81

M-CF,Br), 131 (1%, °lcr,Br), 129 (13, '2cr,Br), 93 (30%, C

79’

M-CFZCFzBr), 91 (23%, C7H7, M~C2H2F4Br), 78 (12%, C6H

77 (55%, C6H5), 67 (51%, CSH 66 (100%, C5H6,

o)

) B).
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5. 5--Pentafluorophenylbicyclo(2.2.1}hept-2-ene

260 (1%, C M), 259 (1%, M-H), 194 (18%,

13095 C13HgFg.
CgHyFg, M-CcH(), 193 (143, CgH,Fo, M-C.H(), 181 (11%, C.i,F,,

M~C6H7), 169 (2%, C6H2F5, M=C7H ), 78 (1lls, C6H 66 (l00%,

B), 65 (31%, C

6)

C B-H) .

576" 575’

6a. Endo-N-ventafluorovhenvlbicyclo(2.2.1]hent-5-ene-2,3-
dicarboximide

~ 329 (1%, C,gHgFgNO,, M), 328 (1%, C, H,F NO,, M-H),

263 (12%, ClOHZFSNOZ' M—CSHG), 262 (6%, ClOHlFSNO2’ M—C5H7),

149 (1%, C9H802' M—C6F5N), 92 (7%, C7H8)’ 91 (23%, C7H

67 (15%, C5H7),

2

66 (100%, C5H6B), 65 (19%, CSHS,B-—H)°

6b. Exo-N-pentafluorophenvilibicyclo[2.2.1}lhept-5-ene-2,3-
dicarboximide

329 (35%, C15H8F5N02, M), 328 (l1l0%, C,_H,F_NO M-H) ,

15775 "2

262 (18%, ClOHlFSNOZ’

91 (68%, C7H

263 (69%, C, H,F_NO,, M=C5H

1012 5N0, M=CgHo)

o)

181 (2%, C6 N, M-C H802), 92 (21%, C7H

2
B-H) .

g) s
B), 65 (41%, C

F
5 9

67 (30%, (C5H7), 66 (100%, C

5767 5757

7. 5=-Perfluorohexvlbicyclo[2.2.1]lheot-2-ene

412 (1%, C13H9%3LM), 392 (1%, C13H8F12, M-HF), 93 (15%,

. _ 9. %
C7d9,M (CFZ)SCFB)’ 77 (11sg, C6H 67 (10%, C5H7),66 UDOo,C5H6,B).

5)

8. 5-Perfluorooctylbicyclo{2.2.1]hept-2-ene

492 (l%, C15H8Fl6l

M—(CF2)7CF3), 77 (6%, C6H

M-HF), 143 (1%, C8H9F2, M- (CF CF3),

)
2’6
93 (6%, C 67 (6%, C5H7),

779’ 5)'

66 (100%, C B).

576
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