AR
W Durham

University
Durham E-Theses

Metathesis ring-opening polymerization of some new
aryl and fluoroaryl polycyclic alkenes, and related
studies

Lamies Abdulhadi Hassan Shahada

How to cite:

Shahada, Lamies Abdulhadi Hassan (1984) Metathesis ring-opening polymerization of some new aryl
and fluoroaryl polycyclic alkenes, and related studies. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/7176/ is made to the metadata record in Durham E-Theses

e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/7176/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

METATHESIS RING-OPENING POLYMERIZATION OF SOME NEW ARYL AND

FLUOROARYL POLYCYCLIC ALKENES, AND RELATED STUDIES

By

Lamies Abdulhadi Shahada (Trevelyan College)

B.Sc. (Qatar University, Qatar)
M.Sc. (Durham University, England)

Thesis submitted for the Degree of Doctor of Philosophy
to the University of Durham, England.

1984

The copyright of this thesis rests with the author.
No quortation from it should be published without
his prior written consent and information derived

from it should be acknowledged.




my sisters:

to

my father and my mother
Salwa, Mysoon, Asma, Kalida and Yusra

my brothers: Ahmed, Kalid and Osama

ii



ACKNOWLEDGEMENTS

I would like to express my deepest thanks and gratitude to my
supervisor, Dr. W.J. Feast, for his continuous guidance, invaluable
assistance and kind encouragement during the supervision of this work.
I also acknowledge my thanks to Dr. J.H. Edwards for his helpful
discussions and practical advice and assistance. I also owe thanks to
Dr. I. Sadler (University of Edinburgh) and to Professor K.J. Ivin
13

and co-workers (Queen'’s University, Belfast) for recording the C

13

n.m.r. of the polymers; to Dr. R.S. Matthews for recording ~C n.m.r.
spectra of the monomers; and to Dr. M. Jones and Mr. V.J. McNeilly
for recording mass spectra. Also T would like to express my thanks

to Dr. G.M. Brooke for his help and advice.

I am grateful for the assistance of members of the technical
staff, in particﬁlar, Mr. J.A. Parkinson for his help and assistance;
Mrs. E.M. Nevins for the photographic work; Mrs. M. Cocks for the
elemental analysis and to Mr. R. Hart, Mr. G. Haswell and Mr. B. Hall.
My thanks to the Storekeeper, Mr. T.D. Argument for his help in
providing the apparatus and the chemicals.

On this occasion I would like to thank Dr. M.M. Ahmad for his
help, my colleagues in Lab. 25, particularly Patrique Blackmore and
my colleagues in Lab. 9. Also T would like to thank
Miss Jean Eccleston for her skill and patience in typing this thesis.

Finally I would like to thank the Government of Qatar and

Qatar University for their financial support during my research.

111



MEMORANDUM

The work reported in this thesis was carried out in the
Chemistry Department of the University of Durham between January 1082
and June 1984. This work has not been submitted for any other
degree and is the original work of the author except where

acknowledged by references.

v



ABSTRACT

This thesis describes work on the metathesis ring-opening
polymerization of a series of seven aryl and fluorocaryl derivatives
of bicyclof2.2.1Jhepta-2,5-diene and a study of the potential of
5,6-dimethylenebicyclol2.2.11hept-2-ene as a monomer for metathesis
and anionic polymerizations. The thesis is divided into four
chapters. In the first chapter the background of olefin metathesis,
as it relates to this work, is discussed. The second chapter
describes the synthesis, characterization and polymerization of the
monomers used in this study. The attempted metathesis, and anionic
polymerizations of §5,6-dimethylenebicyclol2.2.1Jhept-2-enc are discussed
in éhapter three. The fourth chapter describes the characterization
of the new polymers obtained in this study, the chict analytical
method has been 13C n.m.r. spectroscopy and it is shown that the
polymer chain microstructure is a function of the catalyst (either
WClé/(CH3)4Sn or MoClS/(CH3)4Sn in this work) and the monomer structure.
Generally it appears that the molybdenum based catalyst leads to
polymers with a higher proportion of cis vinylene units and a greater

degree of stereoregulation than is found in polymers derived from

the tungsten based catalyst.
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CHAPTER 1

Introduction and Background




.1 Introduction

This thésis describes various studies of the polymerization -and
attempted poiymerization of some novel polycyclic polyene monomers.
Various technigues have bgen investigated including classical cationic
ard anionic initiation but the bulk of the work has used the relatively
less well known method of ring-opening metathesis. The well established
methods are not discussed in any detail here but at the appropriate
points reference will be given to the relevant literature; however, it
seems appropriate to discuss olefin metathesis and its application to
polymerization in a little more detail and this topic forms the content

of this chapter.

1.2 Definition of Olefin Metathesis

The word metathesis, is derived from the Greek meta (change) and
tithemi (place). In chemistry it usually refers to the interchange of
atoms between two molecules. In olefin chemistry the term metathesis is
used to denote a bond reorganization reaction in which the total number
and type of chemical bonds remains unchanged during the transformation of
the initial olefins into products. Olefin metathesis reactions fall into
three broad groups; exchange, or cross-metathesis; degradation; and

ring—-opening polymerization, Figure 1.1.

PhCH=CHPh PhCH CHPh
exchange = . ; —

CH2='CH2 CH2 CH2

—_— %CHCHZCH CH CH%n

olymerization
po.ly! oCH,

[



The reactions are generally reversible, and with the right catalyst
system equilibrium can be attained in a matter of seconds. The earliest
description of an olefin metathesis polymerization is probably that
recorded in a 1955 patent to Anderson and Merckling,1 but the expression
"olefin metathesis® was introduced by Calderon (1967)02 The first
examples of the metathesis of linear alkenes or the exchange reaction
were reported by Banks and Baily (1964),3 who named the reaction "olefin
disproportionation". The chemistry of the exchange reactions and
polymerization reactions developed independently and it was Calderon who
recognized that the two procedures were in fact examples of the same

reaction type. Both types of reaction were remarkably late starters on

the modern scene.

1.3 History of Olefin Metathesis

Probably the first citation of a metathesis reaction catalysed by a
transition metal dates back to 1955,1 when Anderson and Merckling
successfully polymerized bicyclo[2.2.1]hept-2-ene to a high molecular
weight polymer in which cyclopentane rings are inter-connected at
the 1 and 3 positions by trans vinylene groups. They used a mixture of
titanium tetrachloride activated by reducing agents as the catalyst,
but it was not until 1960 that the polymer's structure was reported to

be that of a polyalkenylene,4 Figure 1.2.

o

Figure 1.2

Expanding the work of Anderson and Merckling, Eleuterio5 in 1957

disclosed an additional catalyst combination capable of inducing ring-



opening polymerization of a variety of cycloolefins. He used a catalyst
of molybdenum oxide on alumina activated by hydrogen reduction and further
reacted with aluminium hydride, dicyclopentadiene, dihydrodicyclopenta-
diene, {5,6-trimethylene bicyclof2.2.1lhept-2-ene), and bicyclof2.2.13-
hept-2-ene were all reacily polymerized by a ring-opening route. In the
case of cyclopentene, trans-poly(l-pentenylene) was formed with a high
degree of stereoregular structure but only in low yield.

Metathesis and Ziegler-Natta catalysts are similar, and in 1962,

6,7

Natta and co-workers reported the successful ring-opening polymerization
of cyclobutene employing what would normally be regarded as Ziegler-

type catalysts; for example, TiCl4/Et3A1, VCl4/Hex3AlJ MoCl3/Et3Al°

Later the same authors demonstrated the possibility of producing various

stereoregular polymers from cyclobutene using different catalyst systems

and reaction conditions, some of their results are listed in Table 1.1.

Table 1.1

Ring-opened cyclobutene polymers by transition metal catalyst

catalyst system polymer structure
TiC14/Et3Al/n—heptane predominantly cis
TiCl4/R3A1/toluene predominantly trans
MoClS/EtsAl/toluene predominantly cis
Ru013/H20 mixed cis and trans
RuCl3/Et0H trans

In 1964 Natta's8 group reported the ring-opening polymerization of cyclo-
pentehe and showed that it was possible to prepare high cis or high trans-
polypentenamer under very mild reaction conditions, employing catalysts

derived from W016 or MoCl_ in combination with organcaluminium compounds.

5

This disclosure triggered an avalanche of research activity on cycloolefin



rirg-cnening polymerization. Iun 1G€7 Calderonz’g’lo and co-workers
reported their results related to the metathesis polymerization of
cycicolefins with tungsten-based homogeneous catalysts and showed that
mezatnesis exchange occurred wnen 2ia acyclilic olefin was treated with a
cazalyst derived tungsten hexachlioride (or the product of the reaction

of equimolar amounts of WC16 end an alconol) and an organoaluminium
compound. The contribution of this work to the evolution of the olefin
metathesis concept was significant, in that it confirmed the notion that
the seemingly unrelated olefin disproportionation and cycloolefin
polymerization reactions were special cases of an entirely new transition
metal catalysed reaction. These authors also suggested that a macro-
cyclization process accompanied cycloolefin metathesis, and this latter
suggestion turned out to be somewhat misleading as far as the development
of a mechanistic understanding of the reaction was concerned.

During the development of this remarkable reaction the number of
substrate types has been enlarged to include substituted alkenes,
non-conjugated dienes and polyenes, and also alkynes. It can be said
that the quite extraordinary nature of the olefin metathesis reaction
took chemists by surprise, and no one would have predicted in the 1950s
or early 1960s that a reaction in which the double bond was apparently
cleaved and the pieces put back together again was even remotely possible.
Yet not only is it possible but in some cases it can procecd to
equilibrium within seconds. Although olefin metathesis and ring-opcening
polymerization have been extensively reviewed many problems remain to
be solved before a completely detailed understanding of the reaction
will be established. The catalyst systems used, mechanistic

rationalizations and synthetic applications are dealt with in the

following sections of this chapter.

I



1.4 O_efin Metathesis Catalyst Systems

The metathesis of acyclic alkenes and the ring-opening polymerization
of cycloalkenes are governed by a common mechanism but they differ in
many chemical, kirstic and thermedynamic aspects and this results im
cifferent catalyst efficiencies. The rnumber of catalyst systems that
initiate olefin metathesis is very large indeed, and.in this brief
review only general trends are indicated. A single compound is sometimes
effective but more commonly the catalyst system contains two, three,
or more components. The systems may be heterogeneous or homogeneous,
though it is often difficult to be sure whether a system is truly
homogeneous and to know whether the catalyst activity resides in the

homogeneous or the heterogeneous part.

1.4.a Heterogeneous catalysts

Heterogeneous catalysts generally consist of transition metal
oxides or carbonyls (less frequently sulphides), preferably of tungsten,
molybdenum or rhenium, supported on oxide or phosphate carriers,
preferred supports are alumina, or silica-alumina mixtures. As pointed
out by BanksM and Baily,12 comparatively little has been reported on
optimization of preparative procedures and operating conditions for
various combinations of promoter and support materials. Generally
either the support or the finished catalyst requires activation, usually
achieved by heating under moisture free conditions as an inert gas.
Hctcrogeneous catalysts are normally prepared by dry mixing the
individual coﬁponents, co-precipitation, or impregnation of substances
which decompose at high temperatures to leave the promoter deposited on
the support. The catalysts are sensitive to poisoning by polar compounds.
Side reactions with lower selectivity, can be largely eliminated by
treating the catalysts with various metal ions; thus, double bond shift

isomerizations are common, but can be diminished by addition of metal



13,14 °5

ions chosen from alka.i, aikaline earth,” " copper, .or silver.”
Pennella reported dramatic increases in catalyst activity after pre-
treatnert with hydrogen chioride, vinyl, chloride or chlorinated hydro~
carb0?3016’17 Heterogeneous catalysts acguire a considerable metathesis
activity only at high temperatures (100 - 400°¢) . Hence, they are not
very convenient for ring-opening polymerizations and are essentially
only applied to olefin disproportionations. Recently heterogeneous
catalysts based on rhenium oxide/aluminaiS have been gaining popularity
because of their high activity at relatively low temperatures, high
selectivity and resistance to catalyst poisons. More detailed
examinations of the composition, preparation, activation and generation
procedures, poisons and catalytic modifications have been given by

Baily12 and Banksoll

1.4.b Homogeneous catalysts

Homogeneous metathesis catalysts are comprised of (a) the transition
metal compound, (b) a Lewis acid co-catalyst, and (c) modifiers. The
former is uswally a halide, oxyhalide, organosalt or olefin complex
of tungsten, molybdenum, rhenium or tantalum. Tungsten is particularly
effective, not only owing to its great versatility in promoting many
different metathesis reactions, but also because it yields the most
efficient catalyst for ring-opening polymerization of cycloolefins.
Molybdenum, rhenium, and tantalum also yield quite efficient catalysts
for ring copening polymerizations they are also effective in promoting
metathetical disproportions of acyclic olefins. These four transition
metals now seem to be the most important ones for industrial applications
in metathesis reactions. All the other metals generally yield only
poorly active systems with a relatively specialist application. However,

it may be stressed that for these less frequently used metals (for example

Ti, Gr, Ru, Rh) the formation of active species strongly depends on the



moce of cata_ystpreparation and on the type of ligands or co-catalysts
employed. The co-catalyst may be an organometallic compound of group

I - IV metals (such catalysts are clearly similar to Ziegler-Natta type
systems) or an electron deficient metal halide of the Friedel Crafts
type. Notable co-catalyst types are aluminium alkyls, aikyl aluminium
nalides, Grignard reagents, lithium alkyls, tin alkyls, lithium
2luminium hydride and sodium borohydride. Rridging between the tungsten
compound and the co-catalyst may occur through chloride, hydride or
alkyl ligands; or the Lewis acid properties of the organometallic or
hydridic species may give rise to acid-base equilibria of the type shown
in equation 1.1. Such reactions would allow the formation of a vacant

19

co-ordination site for the incoming olefinic substrate molecule.

WOl + AlCL, & [Wel__ 1%+ [a1c1 4]" 1.1

3 1

The yield and stereoregularity of polyalkenamers obtained from the
metathesis of cycloalkenes in the presence of the transition metals and
co-catalyst mixtures (the two-componment catalysts) depends on catalyst
composition, type of Co—catalyst,zo’21 type of cycloalkene,zz’23
variation of the transition metal to co-catalyst ratio,zo polymerization
temperature,10_20’24’25 and monomer concentration.26 Hence many variables
must be considered when optimizing reaction conditions. More
sophisticated catalyst systems of this class contain a promoter, a
molecular wéight regulator, and/or a modifier. The catalyst activator
can bé an oxygenated compound such as alcohol, ether, an organic acid,

9; 27"30

peroxide, water or molecular oxygen; such catalyst activators are
added to the catalyst system to enhance activity, increase reproducibility,
improve the stability and solubility of the catalyst, increcase the rate

of polymerization, increase monomer conversion, and reduce side reactions.

It has to be admitted that catalyst formulation remains a largely



empirical process. Table 1.2 lists examples of ¢he kinds of molecules

commonly used in the preparation of homogeneous metathesis catalysts.

Table 1.2

Catalyst compcnents for homegeneous metathesis

Transition metal COrganometallics or Modifiers
derivative Lewis acids
WClg, WCl, Wel, RLi, RMgCl, R Mg 0,, H,0, ROH
WOCl4, WBrS, WF6 RSAl’ RzAlcl, R3A12C13 RCOOH, RCOOR, RCOR
W(CO)é, W(n—allyl)4 RAlClz, AlCl3, RZZn RCHO, RSH, RNH2
t»JClz(py)z(NO)z, M0015 R4Sn, RZHg
MoCl, (py),(NO,), ReCl

Three-main factors govern the reactivity of a homogeneous catalyst towards
the metathesis of any given olefinic substrate. First, a selection of

a proper combination of catalyst compounds is necessary. Second, the
molar ratio of the respective compounds ought to be optimized. Third,

a suitable catalyst mixing procedure must be established in order to
obtain optimum results. All catalyst components are freﬁuently soluble

in the monomer-solvent systems or become soluble after rcaction with the
monomer or with one of the other catalyst components. However, not all
such catalyst systems maintain their solubility throughout their formation
and subsequent polymerization. Thus, the term homogeneous catalyst

does not strictly apply to all these systems. This class of catalyst,

is of primary importance for ring-opening polymerization of cycloolefins,
owing to their high activity and versatility. Also, their temperature of
activity ranges from above room temperature down to —5000 and even below

which makes them experimentally convenient for laboratory investigations.



1.5 The Mechanism of C_efin Metathesis

Ring-opening polymerizations of cycloolefins and olefin disproport- '
ionations are governed by a common mecnanism called metathesis,
therefore, it appears appropriate to describe both reactions jointly.
The first mechanistic guestion that must be answered is which bonds
are broken and formed in the reaction? This question has been answered
for both homogeneous and heterogenebus catalyst systems.

There are two simple interchange processes which can be visualized
as possible routes for the olefin metathesis reaction, as shown below.

(1) A transalkylation scheme, Figure 1.3, forhally involves

the interchange of alkyl groups via scission of a carbon-

carbon single bond adjacent to the double bond.

R -cr=cHR! rlcH-cH CH=CH-R'
t JREE——. Y B l
+ ‘ — +
1
R24CH=CHR2 R2 R2
Figure 1.3
(ii) A transalkylidenation scheme, Figure 1.4, which involves

cleavage of the double bond itself as a means of

redistributing alkylidene species.

)

R'_chrch-R! R'_He cH-R
]
L, = -
R2-CHLCH-R® R*-HC CH-R®
]
Figure 1.4

d9,10c 14

olefins and C

Isotopic labelling experiments with deuterate

labelled compounds31’32 were designed to distinguish between these
alternative transalkylation and transalkylidenation mechanisms, and
results have beeﬁ reported by several workers. Calderon and co-workers
examined the products of a cross metathesis between 2-butene and

perdeutero-2-butene; the only product observed in equilibrium with the



startcing o.efins was 2-butene-d nd This resu..t is only consistent

4 2

. - 0,10a .
with doubie bond cleavage,”’ Figure 1.5.

L Ee L e Srat] T
Ch‘?)CfL—CIT.Cﬂg wcl@/EtAlcl Z/EtOH CH 30‘; {({,‘* {CH
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Figure 1.5

Calderon proposed the transalkylidenation scheme for ring-opening
polymerization of cycloalkenes and metathesis of acyclic alkenes ruling
out Natta's earlier proposal of transalkylation,8 A further confirmation
of the trans alkylidenation mechanism was provided by Dall'Asta and

33,34

Motroni. They copolymerized cyclooctene with cyclopentene in which
the cyclopentene was 14'C—labelled at the double bond carbons. The
resulting polymers may have the structures shown in Figure 1.6 depending
o whether cleavage takes place at the double-bond or at the carbon-
carbon single-bond adjacent to the double-bond. Ozonolysis of the two

possible copolymers followed by reduction would produce the glycols

shown in Figure 1.7.

8 E CS : C8 :

1]

LCH-(CH )6 CH'CH-(CH )B-énicn-(CHz)é-CHé

C

Irees-

double bond cleavage

. Cq 3 c5 ; Cq :

*CH=CH-(CH,)  CH=CH-(CH, ), £CH= CH(CH,)) .
allylic-bond cleavage

(% denotes 140 labelling)

Figure 1.6

H, C- - & H.C- -
HOH,C-(CH, ) (~CH,0H + HOH, - (CH,) CHZOH + HOH,C-(CH,)  ~CH,OH

Glycol mixture derived from double-bond cleavage polymerization

HOHZC_(CHZ)G—CHZOH + HOHZC—(CH —CHZOH + HOHZC—(CH CHZOH

2)6‘

Glycol mixture derived from allylic-bond cleavage polymerization

2)3

Figure 1.7



The ozonolysis/reduction procedure was performed on the copolymer

1 .
and labelled ~40 atoms were found to be present only in the pentanediol.

Supporting evidence was obtained in a similar manner using cyclobutene/

35

3-rethyl cyclebutene copolymerizaticn.
- 5 3 s : M 367 37
Alkyne metathesis is perhaps even more surprising. Mortreux
. . )
has found that hex-2-yne undergoes metathesis on M003/8102 at 350 °C.

Isotopic labelling shows that in this reaction the triple bond is

completely broken, Figure 1.8.

=14
BuC=""CH M003/Si02 Bu?

T e

1oy
3 o
puc=t4cy  30C BuC Yooy

Figure 1.8

There are two distinct ways to accomplish this transformation, the first
general pathway is a direct exchange of alkylidene units between a pair
of olefins (pairwise); the second route involves a sequential breaking
of double bonds one at a time with transfer of individual alkylidene
units (non-pairwise).

1.5.a Pairwise mechanisms

Three different pairwise mechanistic rationalizations have been
proposed, the intermediates postulated for these different mechanisms
are either gquasi-cyclobutanes, or tetramethylene transition state
complexes; or metallocyclopentanes.

The quasi-cyclobutane proposal was put forward by Bradshaw in

10,38

1967,13 it became popular and was widely supported. The proposal

was that two alkene double bonds were coordinated to the transition metal
atom of the catalyst and then underwent pairwise alkylidene exchange
via a quasi-cyclobutane intermediate as illustrated in Figure 1.9.

The following year Calderon et al10 suggested that this proposal could be

11
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used to account for the polymerization of cyclic olefins and put forward

2. 4
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R™HC- -----CH-R

: 2
CH-R

the scheme shown in Figure 1.10, this scheme clearly implies a macro-

cyclization polymerization process.

M
HC c f———QH ----- CH ——
(CH (CH) = (CH,) E :ﬂ (CH,)
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(CH,) 4M (CH, ) =
A
HC CH

Figure 1.10



Trhe observed formaticn of lirnear and macrocyclic species was explained

on the basis of an interaction of the growing macrocycles with an acyclic
alkene (fortuitously present as an impurity) which resulted in cleavage

¥ the macrocycie. Altsrnative exp anations of the formation of linear
polymers have also been proposed, for example in the case of polypenten-

. . 9
amer the scheme shown in Figure 1.11 has been advanced.

CiH=CH CH-CH
N\
HY cH —_— H CH
N o J 2 2
/CH"Cdz CH=CH,,
CH=CH CH=CH
macrocyclic polymer linear polymer

Figure 1.11

Mango and others40 suggested on.the basis of calculations and
orbital symmetry considerations that the reaction could proceed by this
pairwise mechanism in a concerted fashion with a low activation cnergy.
Normally the conversion of two olefins to a cyclobutane is a high-energy
process, and a concerted nsz + ﬂsz cycloaddition is symmetry forbidden
for simple olefins;41 Mango suggested that the interaction of the olefin
n—orbitals and the metal d orbitals removed the symmetry restriction
for such reactions when they occurred in the coordination sphere of the
metal. Since this mechanism implies a simple concerted pathway with
no build-up of intermediates it is difficult to design an experimental
test of the proposed scheme. However, the little circumstantial evidence
available argued against this proposed mechanism. Thus if the intermediate
has considerable cyclobutane character, it would be expected that cyclo-
butanes would be cleaved to olefins under the usual metathesis reaction

conditions. Although there are numerous side products produced in many

of the catalyst systems, there have been virtually no reports of the



nreduction of cyclobuteres. Trhere was only one claim which purported

-

2o demonstrate a metathesis catalyst causing a two olefin - cyclobutane
A
. . L s L
conversion and its reverse,” the two reactions are shown in Figure 1.12.
Zerly work by Yilscn in (hese aboratories showed trat these observations

were not rerevant to the metathesis argument since the 2,3-bis-trifluoro-

methylbicyclof2.2.1hepta-2,5-diene, which is described by CGassman and

PhWCl_/AlCl
3/ 3

>

hWC1l _/AlCI
PhWC 3/ ¢3>

Figure 1.12

2 . . . .
Johnson4 as the product of interaction of the bis-trifluoromethyl
gradricyclane with "a typical metathesis catalyst", is itself a monomer
which is easily and rapidly converted to polymer by metathesis ring-

opening at the unsubstituted double bond by any of a range of simple

43

metathesis catalysts based on tungsten and molybdenum. Thus, although

the observations of Gassman and Johnson may well be correct they have
no relevance to the mechanism of metathesis. It is worth noting that

the "catalyst" described as PhWCl, which made several appearances in the

3
early literature appears to have lost favour; indeed it is difficult to

q.44

find convincing evidence that it was ever satisfactorily characterize

45

Pettit '~ demonstrated that cyclobutanes were unreactive under usual

metathesis conditions. Although these results did not conclusively rule out



this concerted quasi-cyciobutane mecianism, they suggested that other
schemes might be more reasonable. Pe¢tit visualized the process as
involving a transition state in which the bonding is most conveniently
described as resulting from the interaction of 2 basic set of metal
atomic orbitals and four methyienic units, Figure 1.13 illustrates the
transformation via the tetramethyiene metal transition state.

T o
i

S

y

C—C

oD
A D]

[ ==
e

Figure 1.13

Suffice it to mention that the important feature of the proposed
mechanism is that the transformation of the bis-olefin complex into the
tetramethylene-metal transition state is accomplished by donation of four
electrons from filled ligand orbitals to empty metal orbitals and back
donation of four electrons from filled metal orbitals to empty ligand
orbitals. Consequently, the carbon-carbon o-bonds of the initial olefins
are ruptured concurrently with the n-bonds, so that no genuine cyclobutane
molecule is ever formed along the reaction coordinate. This mechanism
was shown to be symmetry allowed by molecular orbital considerations.
Owing to the difficulty of finding evidence to support the concerted
diolefin, pairwise scheme, other mechanisms were considered, one of

these was a pairwise non-concerted scheme. Grubbs and Brunck 6 suggested
a mechanistic scheme based on the rearrangement of the complexed alkenes
to a metallocyclopentane intermediate followed by a reorganization of the

metallocycle and subsequent fragmentation of this new intermediate to



give the new comp.exed alkenes, Figure 1.14.

1 2 1 1
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Figure 1.14

Evidence to support this hypothesis came from the investigation of 1,4-
dilithiobutanes with tungsten hexachloride the intermediate produced in
this reaction should be similar in structure to the proposed metallo-
cyclopentane intermediate. When the reaction was carried out with
labelled dilithiobutane, rearranged products were obtained (Figure 1.15)

which was taken as evidence supporting the scheme shown in Figure 1.14.

D Li
&N/

+ WCl, ——> CH,=CHD + CHD=CHD + CH,=CH,
g N\
D Li

Figure 1.15

1.5.b Non-pairwise mechanisms

Substantial evidence points to a non-pairwise chain growth
mechanism, which involves a carbene-bearing metal interacting with an
incoming olefin to form a metallocyclobutane intermediate which then
rearranges to give a new carbene-metal complex and a new olefin,

Figure 1.16.

RLCH=M RicH M ricH M
= | | =] |
+
1 1

R} CH=CHR Ricy CHR R'CH CHR

Figure 1.16

This mechanism was initially proposed by Hérisson and Chauvin in

1970,47 they suggested that this scheme would account for the products



and general characteristics of metathesis reactions just as well as the
pairwise schemes. However, since the little that was known concerning
the chemistry of metal-carbene complexes at that time was thought to

be inconsistent with such species being intermediates in such
reactions, this mechanism was considered unlikely until fairly
recently. This mechanism is readily adapted to rationalise the
formation of high molecular weight polyalkenamers from cycloalkenes

by chain growth, Figure 1.17.

R H
R H
i/ - -{— ) ( ""—j
/

a
= 7 O

. /
"’M“‘”‘ ==CHR -°M == CHR —M = CHR

L ! ——-CHR -5 = = (QM>&(HR

M “M
<] 7

Figure i.17

This mechanism overcomes the difficulty in the macrocyclization mechanism
proposed, which would need acyclic alkene impurities to open the
macrocycle and produce linear polyalkenamers; it also allows for the
formation of macrocyclics via a "back-biting" mechanism.

A number of reactions have been discovered that provide models for

each of the steps of this mechanism. Cardin et a148 exposed a mixture
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of unseturated amines to a rhodium phospihine catalyst and observed
some disproportionation, as a side product they isolated a complex
having one electron-rich alkylidene moiety complexed to Rh. They

suggested a monccarbene complex (1) as illustrated, Figure 1.18.

R : R R R
11 ?1 12 12 i1 12
N N N N N N
- , N/ ) R,
z | + /ﬁ\ I — d\ +
¥ ¥ N \v—" N N
i ! ] i
R R Ry R, Ry Ry

1
. N
(Phsp)zlﬂzh ==< :u
Cl N-
{
Rl
(1)

Figure 1.18

49

In 1976 Dolgoplosk’~ reported that the reaction of small quantities

of PhCHN, with WC16 or MoCl_ gave active catalysts for ring-opening

2 5

polymerization, this was rationalized in terms of the formation metal-

carbene complexes as shown in the equation below:

C6H CHNZ + MXn _ (36HSCH=MXn + N21‘

5
50

Casey~ provided an excellent model for one of the critical steps of
the reaction, he demonstrated that a tungsten carbene (2) would undergo

alkylidene exchange with an olefin as shown below.

/Ph Ph Ph CH
N / 2
(CO) _W=C + C=CH, ——> (C0)_W=C + C
> \Ph CH_ O : > \ 7\
(2) 3 OCH3 Ph Ph

Later, these tungsten carbenes were used to initiated ring-opening



polymerization of several cycloalkenes without the requirement of a
co—catalyst?2’51_54Schrockss subsequently provided an example of the
preparation of a metal-carbene complex (3) that was produced under
conditions similar to those used to prepare metéthesis catalysts.
C(CH
—> [(CH,)_C-CH_ 3 Ta:C/ | 3)3
373 2 \

3
(3)

— ] i— - 4
[(CH3)BC CHZJ Ta012 + 1d CH2 C(CIB)

3 3

H

These early observations lead to the new general acceptance of a

chain growth mechanism involving metallo-carbenes and this is discussed
in more detail below. The primary processes for all chain reactions
are initiation, propagation and termination and these are discussed in
the following three sections.

1.6.a Metal carbene initiation

If the non-pairwise carbene to metallocyclobutane mechanism is to
be accepted, it becomes of interest to examine potential routes to the

formation of the initial carbene-metal entity, for this purpose it is

convenient to classify metathesis catalysts into three major categories:

(a) Catalyst combinations that do not involve an organometallic
component; this is particularly relevant to almost all the
heterogeneous catalysts.

(b) Combinations that involve organometallic co-catalysts e.g.
RAlClz/WClé,'R4Sn/WCI6, MoClS/RgAl.

(c) Catalysts possessing stable carbene-metal ligands such as the
Casey and Fischer carbenes.

Firstly, where organometallic co-catalysts are not present, three

schemes have been proposed. Ephritikhine and Green56 proposed the

mechanism of initiation of metathesis shown in scheme 1.19, in which
an olefin coordinates to a metal centre and then an allylic hydride

to metal transfer occurs followed by a hydride to C2 of the coordinated



n3—311y1 fragrent tc generate the metaillocyclobutane. However, this
mecharism could not be extended to highly reactive substrates such as

2 o . i " 3
rorbornene where nv-allyl formation is not possible because the allylic
hydrogen which wouvld hzve %o be transferred is at a bridgehead.

ﬂ
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Figure 1.19

A second scheme has been proposed which involves the direct and reversible
conversion of a coordinated olefin to a metallo-carbene in one step via

57

a 1,2-hydride shift, Figure 1.20.
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Figure 1.20

This proposal provides a rationalization for the generation of chain
initiating metallo-carbenes and, since the isomerization is reversible,
it also provides a possible chain termination mechanism. A recent
report58 provides supporting evidence for this proposal in that the
carbene ligand in RCHIZ(Ph)C=W(CO)5 is readily isomerized to the
corresponding olefinic ligand PhCH=CHR. However, this route to metallo
carbenes may not apply to norbornene and other similarly sterically
constrained but highly reactive cycloalkenes, since the transition state
in equation 1.20 requires some distortion from the planarity of the
olefinic group. A possible variation avoiding this difficulty requires a

1,2-hydride transfer to give a metal hydride followed by a 1,3-hydride
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shift to give the meta’lio carbene, Figure 1.21.

1 2 1 2 R2

R R
Nee” = e
2L /N 2y

B M OE A M- M

Figure 1.21

The third scheme which has been proposed invelves a transition
metal hydride, either present in the catalyst or formed during its

preparation, Figure 1.22.
1 2

R CH.R
Rlcn=cer® _____» Rloc-cmr? . N/ 2
1 = S

- !
M-H M V-H

Figure 1.22

The transition metal-hydride may be formed by initial reaction between

the transition metal and an oxygen containing activator such as an

59

alcohol or water.
The oxygen containing activator may act in two ways, either via a

hydride shift, Figure 1.23, or less likely by a concerted-type reaction,

Figure 1.24.
1 2
R CH, R
R} CH-CHR? R _CH-CH_R® N,/ 2
1 o2 0 2 ¢
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Figure 1.23
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27,28

Recently, Amass reported the formation of a W=0 site for reactions

which do not contain metal alkyl co-catalysts, Figure 1.25.

0, T,
WCl( — W =3 _W=0
0 /I
Figure 1.25

¥*

8

activated tungsten species
vacant site

(||

For syétems containing a transition metal catalyst together with an
organometallic co-catalyst, it has been well documented that organometallic
co-catalysts do provide o-bonded alkyl groups when reacted with transition

60, 61

metal derivatives. Muetterties observed that methane was produced
during the activation of W016 with dimethyl zinc. When the reaction was
repeated in deuterated solvent the methane produced contained no
deuterium. The author proposed that the hydrocarbon resulted from the

formation of a metal to carbon double-bonded species by onc of the paths

given below.

' CH
-ZnCl, N3

WCl CH.).Z W W -
C 6+ ( 3)2 n —-—%/U\.. V————-/ﬁ\m ——>/Hv CH2 + CH4
ﬂ3 ’ un3
CH,ZnCl \| \?/CHZ (CH,),2Z \ﬂ
- Il + n /
WCl, + (CH,) Zn —3—3 W-CH, ——— W — 32 5y .
6 3’2 ZIN 3T /1IN V2 W
c1 CH
2
v CH,ZnCI

Reaction of selected transition metal compounds with the appropriate
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organometaliic co-catalysts afferded methane and ethylene. Perdeuterated
methane and ethylene were produced when the co-catalyst was (CD3)4Sn as

snown below,62

WCl, + (CD3)4Sn —> CDb, + CD2=CD2 + YW-catalyst

6 4

Finally, Fiscner and Casey carbenes are stable metathesis catalysts
without the addition of co-catalysts.

1.6.b The propagation step

The propagation step in the olefin metathesis reaction involves
metal-carbene to metallocyclobutane interconversion. There is evidence
to support the formation of a metallocyclobutane as an intermediate.
Green et a163 showed that a stable metallocyclobutane of tungsten could
be isolated, and that thermolysis or photolysis gave a metal-carbene

and an alkene which was rationalized as shown in Figure 1.26.

(Cp = cyclopenta-
diene ligand)

Figure 1.26

The sequence shown in Figure 1.17 for the polymerization of cycloalkenes

received convincing confirmation in recent work reported by Grubbs and

64

co-workers. They showed that the titanacyclobutane derivative shown in

Cp,LW3CH, + CHRlzCHR
2 2

2



Figure 1.27 reacted with one molecular proportion of norbornene at room
temperature to give the exo-titanacyclobutane shown. When this 1:1

adduct was heated with an excess of norbornene ring-opening

A

CH CH(CE ) CH .

AN N S 372 .2 ‘i

Ti .C + — ! ;
e \C}-“/ \CH G r

p ‘o 3 Cp2T1
+

H

CH(C 3)2
CH2=C
CH
3

Figure 1.27

polymerization occurred to give polynorbornene. The propagation step is
important in controlling the stereoselectivity of the polymer and much
work has been carried out by Ivin and co-workers. This will be
discussed in Chapter 4.

1.6.c Chain growth termination

Most chain reactions display one or more termination steps. In
polymerizations there are those reactions which limit the molecular
weight of the polymer by formation of a low molecular weight carbene
species and dead polymer (usually described as chain transfer); and
those reactions which terminate chain growth by destruction of the
lytic species. Reactions that destroy the catalytic intermediates
are clearly more critical.

It is well established that the termination of the chain can be
brought about through proton transfer by introduction of water or an
alcohol, through nucleophilic substitution with alkyl halides or by

addition of CO these termination modes can be controlled by olefin

95

purification and apparatus design. Very little work has been reported
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concerning the exact termination modes; however, sufficient model
reactions are available to suggest some reasonable possibilities. For
example a common reaction of carbenes is the formation of cyclopropanes

as shown in Figure 1.28, and this is a plausible chain termination step.

CHR™ oy’

P HC=MX -+ ; , —_— PnCH\ ﬂ ,
CHR CHR
Figure 1.28

Recently, it was suggested that ring-opening polymerization and Ziegler-
Natta polymerization are mechanistically related65 and the metallo-
carbene chain carrier of metathesis is easily related to the metal alky!
of Ziegler-Natta polymerization via 1,2-hydrogen shifts as shown in Figure
1.29. This analogy can be extended, termination via bimolecular hydrogen

transfer can be postulated, this process is illustrated in Figure 1.30.

&
+H
Vo P Y uH
[Mt]:CH—%—Pn — Mt C—C—Ph —_—— Mt—C—C—Pn
HH HH
H
[Mgg\CH CH_-P
2
u,, o > DEE]CHQHP + P OHCH, i)
P -CH-CH,-[Mt]
n 2
Figure 1.30

Another model reaction available is that of carbenc complexes
with oxygen which destroys the complex rapidly:oo
Ph Ph
7
(CO) W=C —> 0=C
5 N
OMe OMe
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olefin metathesis mechanism unconventional Ziegler- conventional Ziegler-

for the ring-opening poly- Natta polymerization Natta polymerization
merization of cyclioalkenes  mechanism mechanism
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Figure 1.29
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1.7 Mezathesis of Substrates Bearing Polar Groups

At one time it was thought 1t would be difficult to extend the
olefin metathesis reaction to compounds containing functional groups.
The classical catalyst system w016/EtA1C12/EtOH rapidiy loses its
activity in tne presence of an excess of such compounds. A major step
forward was made in 197267 when it was shown that the metathesis of
unsaturated esters could be brought about by WClé/MeASn at 7000,
Heterogeneous catalysts effective for metathesis reactions involving
alkenes carrying heteroatom polar groups are also known, polyunsaturated
esters, unsaturated lactones, cycloalkenes carrying ester groups,
nitriles, ketones, ethers, amides and amines have been shown to be
susceptible to metathesis reactions. This aspect of metathesis is now
in a state of rapid development, and its technological significance
extends broadly into applications related to such areas as insect
control, perfume chemistry, flame and oil-resistant elastomers, and
speciality plastics.

1.7.a Functionalized acyclic olefins

In 1972, Boelhouwer67 reported the metathesis of the ester methyl
oleate and its trans isomer, methyl elaidate with a homogeneous catalyst
based on a 1/1,4 molar combination of WClé/(CH3)4Sn. At 7000 and an
ester/W molar ratio of 33/1; 49% and 52% of the respective esters were
converted to equal amounts of 9-octadecene and the dimethyl ester of

J-octadecene~i, 18 dioic acid, Figure 1.31.
2 b

CH3—(CH2)7—CH CH—(CH2)7CH3 CH3~(CH2)7—CH=CH—(CH2)7CH
ﬂ * M T +
CH 3000_(011 2)7—CH CH-( CH2 ) 7CH 3 CHBOOC—(CH 2) 7—CH=CH—(CH2)7COOCH3

Figure 1.31

3

Boelhouwer subsequéntly reported the successful metathesis of methyl
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esters of polyunsaturated iinoleic and iinolenic acids using the WClé/
(CH3)45n catalyst.68 Unsaturated esters such as those found in sunflower
seed o0il, olive oil, linseed oil, and soya bean o0il, may be converted
into intermediaces for the preduction of useful perfumes, polymers,

etc. For example, the metathesis of olive o0il, which consists chiefly

of triglycerides of oleic acid, produces the glyceride of 9-octadecene-
1,18-dioic acid from which can be obtained after saponification,
acidification, and low temperature crystallization the free acid, which
69,70,71

can be transformed by intermolecular condensation to Civetone,

Figure 1.32.

H H CH

’/,(c 2)7000 //,( 2)7
o ¢ \
! | 0 .
gj —_ [} C=0 + H20 + co2
Qg\\ cg\\

(CH2)7COOH (CH2)7
free acid Civetone

Figure 1.32

Boelhouwer found the WC16/(CH3)4Sn combination to be unique for

. N 2 . . .
metathesis of fatty acid esters.’ Seemingly related combinations,

such as wc16/(c H.) Sn, w016/(c H ) Sn, WC16/(Ph)4Sn and MoClS/(Ph)4Sn

254 4974
were surprisingly inactive in the homometathesis of fatty acid esters
or in cross metathesis reactions with common olefins. Recently,
additional catalyst systems which are effective for the methathesis of
olelins vearing polar functional groups have been reveaied. Nakamura and
co—workers73 found that either WC16 or (CZHSO)zMoCI3 in combination
with triethyl borane gave catalysts capable of converting cis-9-octa-
decenyl acetate to 1,18-diacotoxy-9-octadecene and 9-octadecene at the
rather high temperature of 17800, Figure 1.33.

CH3(CH2)7CH=CH(CH2)7CH20AC ;:::i§‘ACOCHZ(CHZ)7CH=CH(CH2)7CH20AC

4

CH3(CH2)7CH=CH(CH2)7CH3

Figure 1.33



Nakamura74 subsequently reported that catalyst systems derived
from WCl6, MoClS, Mo(OCzHS)ZCI3 and W(CO)6 in combination with (CH3)3A12013
effected the metathesis of a variety of fatty acid esters, as well as
alkeny! nitriles, ketones, ethers, amides and oxysilanecs. Catalysts

such as WC¢6/CZHSOﬂ/02H5A1012, Re207/A120 w016/(c H_).Al_Cl_ and

3’ 2537273
WC16/(02H5)3A1 were found to be inactive towards these substrates.
With WCl6/Me3A12013 as catalyst the substituted ketone CH3(CH2)7CH=CH(CH2)7—
CoCZHS gave a 5% yield of metathesis products; CH2=CH(CH2)ZCOCH3 gives a 10%
yield, and CH3(CH2)7CH=CH(CH2)7CON(CZH5)2 a 3% yield. No reaction is
observed when the functional group is COOH or CONH 75 Ast and

ot
co—workers76 reported the olefin metathesis of unsaturated cthers in the
presence of the homogeneous catalyst WClé/(CH3)4Sn for example the

metathesis of 4-pentenyl-butyl ether (4) according to the following

reaction scheme 1.34, under the following conditions:

CH2=CH—(CH2)3—0—(CH2)3—CH3 CH2 ?H—(CH2)3—0—(CH2)3CH3
=" |
CH2=CH—(CH2)3—O—(CH2)3—CH3 CH2 CH—(CH2)3—0—(CH2)3CH

(4) (5

Figure 1.34

3

Molar ratio W/Sn/olefin is 1:3:10, reaction temperature 90°C, reaction
time 24 hours, gave the maximum yield about 90%. The yield slightly
decreased when using a 1:3:30 ratio but only traces of (5) could be
detected when using a ratio lower than 1:3:100. Ast and co-workers also
measured the influence of the distance between ether oxygen and the
reactivity of the double bond. They found that with a homogeneous
catalyst it is essential to have more than one methylene between the
double bond and the ether function, and the reaction only proceeds in

good yield when there are at least three intervening methylene groups.



With this system the catalyst/substrate ratio must be much higher
than is required for olefins, otherwise the reaction becomes inefficient

vers?? ¢

or will not procced. Bassct and co-workers cound that amino olefians
such as allyl amine and the N,N dimethyl derivative failed to undergo
metathesis but when the catalyst's molar ratios of clefin/(mesitylene)

wlc ) "J_ 1 ' l r i

W 0)3/CZH5A_ 012/02 and olefln/Mo(NO)ZC ZLPPhSJ/CzhsAJClz 20/1/24/80 and
20/1/24 respectively were used, yields were in the 8 - 23% range,

Figure 1.35.

PRI Y
CHZ—CHCHZN(CH3) 4Br T CH,=CH, « Br(CH3) 3NCH

Figure 1.35

ZCH:CHCHZN(CH3)3Br

The result is similar for other low-molecular-weight halogen substituted
alkenes. In the nitrile case, the reaction of acrylonitrile with
propene over a heterogeneous catalyst derived from ammonium tungstate
to give ethylene and I-cyano-propylene, has been claimed as shown in

this Figure 1036,78 Nakamura74 has reported that the heterogencous

Me CN Me
AN /7 AN
CH CH CH CH
| -1 = | -}
+ < l} + ,
VCHZ CHZ //CH CH2
CN

Figure 1.36

catalyst system Re207/(CH3)4Sn is active towards the metathesis of
methyl 4-pentenoate at SOOC, producing 4-octene-1,8-dioic acid dimethyl
ester and ethylene in 51% yield. A ratio of olefin/Re/Sn of 219/6/1 was
used, the degree of selectivity was > 99%, and the system was found to be

inactive without Sn(CH3)4.

30



G
et

1.7.> Functionalized cycloolefins

The inhibitory effects of polar functiomal groups are not nearly as
prorounced when the substituent is attached to a strained cycloalkene,
wnere the release of ring strain acts as a significant driving force
for metathesis. The norbornene ring system polymerizes easily by ring-
opening thus numerous functionalized polymers have been prepared by the

reaction shown below.

CH=CH3
n

The earliest reported ring-opening polymerizations of functional
norbornenes were carried out in protic solvents (alcohol, water) using

iridium, ruthenium or osmium salts. Thus, norbornenes substituted with

79,80

ester, hydroxy,80 chlorine,81 alkoxy,82 and imide83 groups have
been polymerized via metathesis using noble metal catalysts.

Homogeneous catalysts based primarily on W016 and organcaluminums have

83-91 02-97

nitrile,

89,90

also been reported for norbornenes bearing ester,

amide, chlorine,gs anhydride, pyridyl,

98

and alkoxy »99 functional groups. Monomer/W molar ratios generally in

the range of 100 - 2000/1 were employed, catalyst modifiers were employed
to increase metathesis activity.

Other functionally mono, bi and tetra substituted bicyclo[2.2.1lhept-
2-ene and bicyclo[2.2.1Jhepta-2,5-dienes which have been ring-open

43,100,101 examples of

102

polymerized include fluorinated derivatives,
which are shown in Figure 1.37 and aryl-substituted derivatives,
Figure 1.38; catalysts in this work consisted of w016 or MoCl5 together

with organotin co-catalysts.
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Figure 1.37

Figure 1.38

The polymerization of monomers substituted on the double bond has been
reported, l-methyl cyclobutene undergoes ring-opening polymerization
in the presence both of Ph,C=W(CO) at 50°C and of WCl,-based catalysts

to give polyisoprene, Figure 1.39.22’52’54’103

CH

3 » %H3
U ——>  ECH,CH=C-CH,3_

Figure 1.39

Subsequently, Katz (1980) reported the successful ring-opening
polymerization of l-trimethylsilylcyclobutene and 2-methyl bicyclol2,2,1]1-
hept-2-ene, and Lee (1976) reported the ring-opening polymerization of

1-methylcyclooctene as shown in Figure 1,40.53’104
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Ph,C=W(CO) Me
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40 C n
PhC=W(CO) Me
— ECH(CH,) —C=
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Figure 1.40

All the compounds 6 - 12 in Figure 1.41, except 12, are polymerizable

105-109 and 1t seems to be essential to leave at least

by ring-opening
one double bond free of substituents unless the double bond is

strained by being in a small ring or having a trans structure.

Me
Me
9 R = Et

[eh)
~1
O
d)
[f}
b
(o]

Me

Me
12

Figure 1.41



It seems reasonable to assume that reaction occurs mainly by ring-
opening at the unsubstituted double bond.
Ring-opening polymerization and copolymerization of the Diels-Alder
adduct of 1,5-~cyclooctadiene and hexachlorocycliopentadiene occurred
. . . . 110 _..
via reaction at the unsubstituted double bond, Figure 1.42, the
resulting polymers were found to be thermally stabie flame and oil

resistant materials.

ECHZC?z /CHZCHZCHzCHQH

Figure 1.42

It has also been shown that the presence of an alkyl substituent at
the allylic position of a strained cycloalkene does not affect the

polymerizability, for example 1-methyl and 1l1-ethyl bicyclo{2.2.13hept-2-

enes readily polymerize by ring-opening, Figure 1.43;111 however, in less

ReCl Me

—25 £cH CH3
20°¢

iv Ccl

——35 eon— CH3
75°C o

Figure 1.43

strained systems polymerizability decreases with the size of an allylic

substituent.

(8]

NN
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Other substituted monomers containing pendant ester groups may be
prepared by the reactions of ethyl diazocacetate with 1,5-cyclooctadiene,

1,5,9-cis, trans, trans-cyclododecatriene, and norbornadiene,

s . . . . . . 111
respectively and undergo ring-opening polymerization, Figure 1.44.

COOC_H
25

t — =
COOCzd — E(CHZ)ZCH CH(CHZ)ZCH CH}n

5

COOC, H
@ s

=uUH—- —_C—,, =
4£:>P=00002H5 —> £(CH,) ,CH=CR-(CH,)) ~CH-CH-CH,,CH-CH3_

CO0C_H

25

— COOCZHS H @\
CH=CH3
n

Figure 1.44

1 So . ..
Recently, Streck 12 reported new silicon and tin containing
polymers prepared from the monomers shown in Figure 1.45, the products
derived having useful properties as adhesion promoters and biocides

respectively.

i CH
Sicl CHZSn(C4H9)3

FMigure 1.45
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1.8 Ring-opening Polymerization of a Lactone by Metathesis

A naturally occurring lactone, ambrettolide was polymerized

employing the WCl6/(CH3)4Sn catalyst in a molar ratio of monomer/W/Sn of
113

50/1/5, affording a high molecular weight unsaturated polyester,

CH-(CH, ) CH 0

r 277772\ 0
ny 0 _— E(CH2)7—COCH2(CH2)7CH=CH%n

{

CH—(CH2)7—C S

0

conversions of about 80% were obtained. The polymer could also be cleaved
by cross-metathesis with an excess of 4-octene which gave, as the main
product, 9-tridecenyl-7-undecenocate. The unsaturated lactone was also
copolymerized with cyclooctene, 1,5-cyclooctadiene, and cyclopentene
to afford linear copolymers which were high molecular weight, unsaturated

113

rubbery polyesters.

1.9 Applications of Metathesis

1.9.a Synthesis of macrocycles

The synthetic potential of the olefin metathesis reaction to polymer
chemistry is enormous. Monocyclic alkenes from C, to C12 with the

4
114

exception of cyclohexene undergo ring-opening polymerization to
produce polyalkenylenes and depending upon the structure ofAthe repeat
unit and the double bond configuration these polymers may possess
properties ranging from amorphous elastomers to crystalline materials.
By conducting the metathesis reaction of cycloolefins at high dilutions
a relatively high yield of macrocyclic compounds can be obtained.115_117
0f special interest is 1,9-cyclohexadecadiene, the cyclic dimer of
cyclooctene, - which can be converted to the macrocyclic musk-like ketone

as shown in Figure 1.45.118
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Figure 1.46

. 11 . .
Studies by Wolovsky et al. 9 lead to the conclusion that interlocked
ring systems are present in the mixture of macrocyclics obtained from
120

metathesis of cyclododecene; the formation of catenanes was

accounted for by assuming a concerted intramolecular transalkylidenation

of a twisted "strip" as illustrated in Figure 1.47.

Figure 1.47

1.9.b Cross-metathesis

‘Cross-metathesis reactions of acyclic with cyclic olefins can
be directed towards the formation of liquid polymers, diene, triene

and other polyenes, depending on the ratio of acyclic/cyclic olefin

121-127

employed. Some examples of this type of process which have

been achieved are the interaction of ethylene with cyclopentene, cyclo-

octene or cyclododecene to give hepta-1,6-diene, deca-1,9-diene and

1,13-tetradecadiene as shown in Figure 1.48.121’128—"32
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In all these kind of reactions, high ethylene pressures help to shift
the equilibrium toward the diene. The symmetric triene 1,5,9-deca-
triene was obtained by the metathesis of cthylene with 1, 5-cycloocta-

diene as shown in the following equation.ml’131

- _ _ _
+ 02H4 — CHZ—CH(CHZ)ZCH—CH(CHZ)ZCH—CH2

The product triene can react with an additional mole of ethylene to
yield 1, 5-hexadiene. The reaction products will be complex when the
acyclic olefin is an unsymmetric olefin. Three series of polyencs can
be produced by the cross-metathesis of 1-pentene and c:yc'.lopcntenc,"33

two symmetric and one unsymmetric, see Figure 1.49. The symmetric

polyenes constitute less than 5% of the total products shown in Figure 1.49.
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) c .
H + M (CHZ)3 CHZtCH(CH2)30H§CHC3H7 - unsymmetric
CH, CH C.H_CH=CH(CH, ) .CH=CHC H_ - symmetri
3HCH= o) ;CH=CHC H, ymmetric

Figure 1.49

Norbornene reacted with 2-butene to yield 11% of 1,3-bis(l-propenyl)
120,134

cyclopentane as shown below.

+ CHBCH=CHCH3 e CH30H=CH CH=CHCH3

Cross-metathesis between cycloalkenes and functionalized alkenes
gives new routes to long-chain linear mono- or di-functionalized
compounds which are industrially attractive.
Cross—-metathesis reactions have also been used in the chﬁracterization

135-142 The polymers are degraded to yield

of unsaturated polymers.
oligomers which are characterized giving information about the position
of the unsaturated linkages in the polymer.

.The extent to which a potential application can be translated into
commercial production depends on the usual market forces; the supply and
cost of the raw materials, costs of erection and maintenance of
processing plant; and proberties and price of product in relation to its
competitors. Banks has reported a recent industrial use of metathesis
in the large scale production of acyclic alkenes, historically the
Phillips triolefin process was the first industrial application of the
olefin metathesis reaction and involves the production of high purity

ethene and but-2-ene from propene; reaction 1.2. The process was

based on technology developed by the Phillips Petroleum Co.

2CHSCH=CH2 — CH2=CH2 + CHSCH=CHCH3 1.2



3,3-Dimethyl-but-1-ene (neohexene) is an important intermediate in
the synthesis of an artificial musk perfume. The process is based on
the dimer of isobutene which consists of a mixture of 2,4,4-trimethyl-

pent-2Z-ene and 2,4,4-trimethylpent-l-ene. Cross-metathesis of the

former with ethene yields the desired product (reaction 1°3),143 the
CH, CH CH CH
¥ é ; C é 3H C CH LS
—C-CH=C~ -CH =——— CH.-C-CH= =C- .
CH3 % CH CH3 + CH2 g T C 375 C H2 + CH, CH3 1.3
CH CH
3 3
nechexene

latter is notwasted since a dual catalyst WO3/SLOZ/MgO, can be used to
ensure that it is converted into 2,4,4-trimethylpent-2-ene as this gets

used up by metathesis, reaction 1.4.

S o
_ —_— —C—CH=C—
CHs—%—CHZ C=CH, T=—— CH, (': CH=C~CH, 1.4
CH, CH

Neohexene is employed to make the class of synthetic musks designated
as bicyclic musks. The reaction with p-cymene, followed by acetylation,
gives one such compound, 7-acetyl-1,1,3,4,4,6-hexamethyltctralin (13),
Figure 1.50.
CH

3 CH

73
ch CH
3\

40

CH
3 3/
il \ 5S¢ 3
%\ﬂ] CHFCHC(CH,) 5 AN S, C/M

P~ Me ;
L::%”/J | Me X ﬂ /,Q<’ICHM€ Me X | CH
CH3 Me Me CH3 CH3
13
Figure 1.50

In the commercial manipulation of hydrocarbon feed stocks the metathesis



reaction clearly provides a valuable new unit process which may be

combined with other processes either in the same reactor using successive
. . i 132,144,145
layers of the requisite catalysts, or in consecutive reactors, :

two examples of these are shown in this scheme

CH.Cu-cy. [metathesis, o op ooy EE?QE@E?—-; CH..CH_CHCH (CH_)
3 2 3 “773 alkyiation 3772 3777373

Alkane :§g> Alkene EEEEEEEE&E; Alkenes ?gé Alkanes.

In recent years it has been shown that many insect sex attractants
are either higher olefins or their simple derivatives. Some of them
may be synthesized by.olefin metathesis, such synthetic pheromones may
provide valuable means of control of agricultural pests.143’144’146’147
The ring-opened polymer of cyclooctene wasvfirst marketed in 1980, under
the trade name Vestenamer 8012, this polymer also goes under the name
trans-polyoctanemer (TOR).112 The monomer is readily obtained by partial
hydrogenation of cyclooctadiene which in turn is prepared from butadienc
by catalytic dimerization. Vestenamer 8012 is especially suitable for
use in blends with other rubbers.

The 90% trans polymer of norbornene was put on the market in
1976 by CAF Chimie under the trade name Norsorex, the monomer is made

148,149

from cyclopentadiene .and ethene. Polymers made from norbornene

derivatives have been the subject of numerous patents, but as yet there
is 1o 3ign that
The polymer from 5-cyano-bicyclof2.2.1]hept-2-ene, poly(4-cyano-1,3-
cyclopentylene vinylene), is under market research as a thermoplastic

1
resin. 50

CH=CH>»
n

CN
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Wnile ir 1974 it seemed likely that trans-poly(l-pentenylene),
sometimes termed trans-polypentenamer T.P.R., was about to make its
debut as the new all-purpose synthetic elastomer which could be blended

151

with, or take the place of, natural rubber. Much time and money
was spent on developing a method for the economic extraction of cyclo-

cut obtained by steam cracking of naphtha and

152

pentadiene from the C

5

for its selective hydrogenation to cyclopentene. However, the
economic recession of the last few years has resulted in changed
circumstances and plans for the large-scale production of TPR made by
at least one large company have therefore been shelved. However, since
World demand for rubber is increasing by at least 4% per annum, there is
a continuing incentive to produce a synthetic material comparable in

properties to natural rubber and polypentenamers may yet find commercial

exploitation.

1.10 Objectives of the Work Reported in this Thesis

The initial objectives of the work reported in this thesis were
to investigate the polymerization of 5,6-dimethylenebicyclol2.2.1Jhept-
2-ene (14) as indicated in Figure 1.51. The monomer (14) has been

153-168

described previously and its free radical initiated polymerization

55

. 1 L . . :
studied. In the present work the anionic, metathesis ring-opening,
and cationic polymerizations were thought to be worth investigation.

There is a lot of research on highly conjugated organic polymers

169-171

at the present time, this activity is based on the observation
that several polymers of this type have interesting electrical
properties. For example, polyacetylene, which may be regarded as the
parent of this family of polymers, can be an insulator (cis-polymer) an

intrinsic semiconductor (trans-polymer) and can also be modified by

electron donors or acceptors to give first n- or p-type semiconductors



(14)

anionic metathesis cationic

polymerization polymerization polymerization
V4
i
¢@Q(-~n ")
2°n
(15) (16) (17)
vacuum| pyrolysis isomerization

(-CHZC=CCH2-)n ==

(18)

Hypothetical routes to polymers from monomer (14)

Figure 1.51

172-175

and eventually metal-like electrical conductivity.
It was envisaged that if the monomer (14) could be ring-open
polymerized the product polymer (16) would be subject to isomerization by
1,3-hydrogen shifts to generate a conjugated system (19) which might have
interesting electrical properties. This approach to the synthesis of
conjugated polymers is analogous to other two-step syntheses achieved

169-171

by workers in this group as illustrated below. An advantage of

this approach is that the prepolymers (20), (21) and (22) are soluble

and can be purified and processed whereas the product conjugated polymers

)
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(22)

are generally intractable insoluble materials; it was hoped that (16)
might be another example of this type of approach to conjugated polymers.
It was already known that careful regulation of conditions allowed the
polymerization of 5-methylene norbornene (23) by ring-opening to yield
(24) but that any trace of cationic initiator gave polyﬁcr (25).]76
Examination of the cationic polymerization of (14) was therefore scen to
be relevant to this study. A reservation concerning this planned work
was the fact that there are apparently no successful examples of
metathesis polymerization of conjugated diene monomers.

Another intended project using monomer (14) involved its anionic

polymerization via the diene unit to give polymer (15) which it was hoped

would generate polymer (18) on vacuum pyrolysis. Polymer (18) has a very



metathesis
polymerization

cationic N
polymerization”

simple structure and it was anticipated that it ought to give i polymer

£ 3
n
A\N
(24)
cH, Er
(25)

in which the acetylene units could be cross-polymerized to yield an

ordered conjugated polymer of the type shown below;

systems which are somewhat analogous to this have recently been examined

177

by Lando and co-workers.
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Another part of the programme of work undertaken was a study of

the extension of metathesis polymerizable

monomers to include systems

45

containing polycyclic aromatic ring systems and fluorinated aromatic rings,

to this end the synthesis and polymerization of the seven monomers



shown below was uvndertaken.

Chapter two describes the synthesis of all the monomers used in
these investigations, and the successful metathesis polymerizations of

monomers 26 to 32. Chapter three describes the largely unsuccessful

work carried out on monomer 14. Chapter four describes the

characterization of the various polymers obtained in this study.

46



CHAPTER 2

Monomer Synthesis and Metathesis Ring-Opening Polymerizations
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2.1 Synthesis of 5,6-dimethylene bicyclo[2.2.1Jhept-2-ene

The synthesis of 5,6-dimethylene bicyclo[2.2.1Jhept-2-ene (14) has

153,155 In 1957 Hartung

been carried out using two literature routes.
and Netz described the synthesis of triene (14) by the route shown in
Figure 2.1. The Diels-Alder adduct (33) of cyclopentadiene and fumaryl
chloride was reacted with dimethyl amine to give the 5,6-bis(carboxy
dimethyl amide) of bicyclo[2.2.1]hept-2-ene (34); reduction of the

amide with lithium aluminium hydride gave 5,6-bis(dimethyl amino methyl)>
bicyclol2.2.1]lhept-2-ene (35); this amine was treated with methyl iodide
to form the quaternary ammonium iodide (36) which, after conversion

to the hydroxide and pyrolysis gave 5,6-dimethylene bicyclof2.2.1]hept-

2-ene (14).

CON((‘,H:;)2
\(/‘H
c1c0o ON ( CH3) 5
(33) (34)
+
CH.N -
, H2 (CH3)3I
LiAlH ﬂ Ag.,0
-_—
H HZO
CH.N(CH ) LI
YA LD (,,HZN((,H3)31,
(35) (36)
+ —
CHZN(CH3)30H
heat
+ —
CHZN(CHS)SOH (14)

Figure 2.1
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This synthesis has been the subject of two detailed studies, tne present
author has repeated the synthesis and full details of the preparation
and purification of compounds (33 - 36, 14) shown in scheme (2Z.1) are
given in the experimental section. The characterization of the
intermediates (33 - 36) is also recorded in the experimental section

and the appropriate appendices, although all the intermediates have

been prepared previously, in some cases the details of their
characterization have not been recorded. The sequence shown in scheme
2.1 gave 5,6-dimethylenel[2.2.1lhept-2-ene in low overall yield (7.7%).

155

In 1960, Rose and co-workers reported the synthesis of the triene
by a more convenient route. Their preparation involved the reaction
between 1,4-dichlorobut-2-ene and dicyclopentadiene (used directly
without prior conversion to cyclopentadiene) at 200°C for 24 hours.

To prevent side reactions a large excess of 1,4-dichloro-but-2-cne

must be used, but unreacted dienophile is easily recovered. The product
of this reaction, 5,6-bis{chloromethyl)bicyclo[2.2.1lhept-2-ene (37) was
recovered by distillation, and then heated under reflux for 40 hours with
ethanoic potassium hydroxide, the resulting solution was diluted with
water and the mixture extracted with petroleum ether to give 5,6-di-

methylene bicyclo[2.2.1lhept-2-ene (14) after fractional distillation.

The synthesis is summarized in Figure 2.2 below:

CH-CH,C1 CH,Cl

=\ ., O , N
| ) T W\ KOR M
CH—CH201 CH201 EtOH
(37) (14)

Figure 2.2

As for the previous synthesis this route has been studied by many

156,157,159,162

organic chemists. The route has the advantages of using
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simple experimental procedures and relatively cheap starting materials,
therefore it was decided to use it for the routine synthesis of triene
(14). A further modification introduced to Rose's original procedure
was claimed to improve the yield and to simplify the procedure even

156 Full details of this modified

further by aveiding isolation of (37).
procedure are given in the experimental section, but in practice the
author found that Rose's original procedure was at least as good as the
reported improvement. This synthesis gave triene (14) with overall
yields routinely in excess of 40%. Analytical gas chromatography
showed that compound (14) was a single component, the elemental
analysis (see experimental part), i.r. spectrum (Appendix B, No. 5),
mass spectroscopy (Appendix A, No. 2), 1H n.m.r. (Table 2.1) and 130
n.m.r. (Table 2.2) confirmed the assigned structure and were in

13

reasonably good agreement with the literature data; the ““C spectrum

had not been previously reported and the assignments made in Table 2.2

are based on analogy with a series of related structures. /0102

Table 2.1

Iy N.m.r. shifts for compound 14, measured at 60 MHz
relative to internal T.M.S. in CDCi, solution

3

This Work Ref. 156%|Ref. 160°
H1 5.28 5.06
H 4.97 & .
W )3 2 H, 4.81 4.86
4 C
“ N H 3.19 3.24 3.22
HapH gl 3
\c/ H 6.04 5.92 6.10
H N 4
H H H|s =1.86 1.78
aj a | Jp = 8.0 Hz 1.67
CHy| 8, = 1.50 1.47

a
Measured at 60 MHz in CS2 solution; b at 100 MHz in CC]A internal T.M.S.



Table 2.2

130 N.m.r. shifts for compound 14, measured at 75.47 Miz
' in CDC1l . relative to internal T.M.S.

3
Shifts Assignment
148.85 C2
136.56 C4
101.40 Cl
51.51 A
50.79 C, and CS

King and Stonels6 showed that when compound 14 was heated with a
group VI metal carbonyl, such as molybdenum, chromium or tungsten
hexacarbonyl, all three double bonds of the triene, because of their
favourable steric disposition, would displace carbonyl groups from the
hexacarbonyl to'form a tricarbonyl complex 09H10M0(00)3' Many other
chemical and physical studies have been made of 5,6-dimethylenebicyclo-

161,164,168

[2.2.1]Jhept-2-ene including photoelectron spectroscopy nd

comparison between this triene and other dimethylene hydrocarbon
162
compounds .

5,6—Dimethy1enebicyclp[2.2,1]hept—2—ene has been used as a starting

material for a variety of syntheses which involve a cycloaddition step.

2.2 Syntheses Involving Aryne and Alkyne Cycloaddition Reactions

2.2.a Introduction

Diazotization of anthranilic acid, 3-amino-2-naphthoic acid or a
substituted anthranilic acid, yields an arene diazonium-2-carboxylate
: 178 179
which can be pyrolyzed or photolyzed to produce benzyne,
naphthalyne, or a substituted benzyne; such species are reactive as

. . . .- . 1
dienophiles in cycloaddition reactions.

50



It has been found that anthranilic acids are readily diazotized
by alkyl nitrites in aprotic media to give (38) (a and b) which undergoes
fragmentation to benzyne, nitrogen and carbon dioxide.,181 Reaction can
be effected by slow addition of a solution of the anthranilic acid to a

refluxing stirred solution of alkyl nitrite and benzyne acceptor. If the

(38)

reactants are mixed at room temperature and then heated a vigorous
exothermic reaction ensues and the yield of desired product is greatly
diminished. This is probably a result of the reaction of benzyne with
unreacted anthranilic acid. When higher boiling solvents are used it is
advantageous to add alkyl nitrite concurrently with the solution of
anthranilic acid to minimize the thermally induced decomposition of
nitrite. Witting and Krauss182 have reported the generation of benzyne
from o-bromofluorobenzene and magnesium. However, the formation of
benzyne by the diazotization of anthranilic acid is more economical.
Earlier reports have described the reaction of benzyne generated in this

178

. . 0
way, with dienes,178 carboxylic acids, t-butyl alcohol,18 aryl

. 183 . . . .
azides, °J compounds containing the acetylenic linkage and simple

aromatic hydrocarbons such as benzene and naphthalene as well as the
. . . . . . . 1
dimerization and trimerization reactions. 79
. 1 . .
Mich and co-workers 84 reported the synthesis of benzonorbornadiene

from benzyné (generated from diazotization of anthranilic acid with amyl

nitrite) and cyclopentadiene, they reported a violent explosion. They did
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their reaction at ambient temperature vhich was insufficient to promote
the complete decomposition of diazonium salt (38) as it was génerated

in the feaction mixture, such materials are well known to be unstable
particularly if allowed to dry, and it seems likely that the reported
explosion can be related to an accumulation of (38). Feast and
IEl--Saafin102 adopted this method of preparing benzonorbornadiene
using the approach outlined above to avoid any accumulation of (38) and
consequent risk of isolating the explosive diazonium salt. In this
study 2,3-naphtho bicyclo[2.2.1lhepta-2,5-diene (27) has been prepared
via two routes using either naphthalyne addition to cyclopentadiene or
benzyne addition to triene (14), see Figure 2.3. A further extension

of this procedure allowed the synthesis of 2,3-anthracenobicye¢lol2.2.1]-
hepta-2,5-diene (28) via naphthalyne addition to trieme (14). Bis-
(trifluoromethyl)benzonorbornadiene (30) was prepared by dehydrogenation
of the Diels-Alder adduct of (14) with hexafluorobut-2-yne. These
syntheses together with those of compounds (31) and (32), generously
provided by Dr. G.M. Brooke, are discussed in the following sections.

2.2.b Synthesis of 2,3-naphthobicyclo[2.2.1]hept-2,5-diene (27)

This monomer was prepared in two ways. The naphthalyne cyclo-
addition to cyclopentadiene was achieved by adding monoglyme (ethylene
glycol dimethyl ether) solutions of freshly distilled cyclopentadiene,

3-amino-2-naphthoic acid, and amyl nitrite at the same rate to the

decomposed immediately and the resulting naphthalyne was trapped with

cyclopentadiene to give 2,3-naphthobicyclo[2.2.1]hepta-2,5-diene (27).
The other synthesis used the cycloaddition reaction between

§,6-dimethylene bicyclo[2.2.1]hept-2-ene (14) and benzyne, generated

via the diazotization of anthranilic acid with amyl nitrite in monoglyme,

to give 4,5—benzotricyclo[6,2,1,02’7]undeca—2 (7), 4,9-triene (26) in

9
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55% yield, this compound was dehydrogenated using chloranil in xylene
to give compound (27). The two routes used are summarized in Figure
2.3, and the details of reaction conditions and yields are recorded in
the experimental section. The structures of compounds (26) and (27)
were confirmed by elemental analysis (see experimental section), i.r.
(Appendix B, No. 6 and 8), Mass (Appendix A, No. 3 and 4), YWon.mr.

13C n.m.r. {Table 2.4 below) spectroscopy;

(Table 2.3 below) and
these compounds had not been previously reported. The structures
follow in a straightforward manner from the mode of preparation and
the spectroscopic data, the assignments recorded in Tables 2.3 and 2.4
are based on analogy with the spectra of a series of compounds with
related structures and will be discussed in more detail later when

13

monomer and derived polymer "“C n.m.r. spectra are analysed in Chapter 4.

Table 2.3

1H N.m.r. shifts for compounds (26) and (27) measured at 60 MHz
relative to internal T.M.S. in d6 acetone

... a .
Shift Assignment
(integrated intensity)

7-15 (4) m H/He
6.80 (2) m Hl
3.55 (2) bb H2
3.40 (4) bb H4
2.02 (2) bb H3

7.6 - 7.4 (6) m H,H ,H

37 45
6.7 (2) s H,
3.95 (2) s H2
6A 2'21’2J = 8 Hz Ha,
oy 2.375 M H
B “77N h

a . Ly . . .
Chemical shifts are for centres of broad bands (bb) or partially
resolved multiplets (m) unless otherwise described.
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Table 2.4

130 N.m.r. shifts for compounds 26 and 27 measured at 22.64 Miz in CDC].3

relative to internal T.M.S.

C;mpound Shifts Assignments

144.21 04

| 142.39 C1
134.47 C6
129.01 08
125.77 C7
71.33 C3
52.23 C2
31.05 C5
148.88 04
141.86 C1
131.99 C6
127.96 08
125.10 C7
119.26 C5
66. 51 C3
49.49 02

2.2.c Synthesis of 2,3-anthracenobicyclof2.2.1Jhepta-2,5-diene (28)

Compound 28 was prepared by the route outlined in Figure 2.4.

Naphthalyne, generated as described previously, readily added to triene

. C<H110N0 monoglymeE “ 2

Figure 2.4



(14) to give the 1;1 Diels-Alder adduct (39). In practice it proved
impossible to isolate a pure sample of compound (39) because it was so
easily oxidized to yield the fully aromatized monomer (28). The easy
oxidation of compound (39) is not too surprising because the hydrogens
removed during oxidation are both allylic and benzylic and the product
is aromatic. The initial product from the addition of naphthalyne to
triene (14) was a pale yellow solid which was shown to be a mixture of
compounds 39 and 28 by a combination of spectroscopic analyses. Thus,
mass spectroscopy indicated a relatively strong parent peak at m/e 244
with P+1 and P+2 peaks of appropriate intensity for the formula CI9H16
(39), this parent loses 2 amu easily to give a base peak af m/e 242,
019H14 (28). The ultraviolet spectrum of the crude reaction product

is shown in Figure 2.5. It is clear from the spectra reproduced in

figure 2.5 that the band multiplicities and shapes in the spectrum

.of the reaction product are consistent with both'naphthyl and anthracyl
residues being present; however, it appears that the naphthyl bands

are bathochromically shifted (i.e. to longer wavelength) whereas the
anthracyl bands are hypsochromically shifted (i.e. to shorter wavelength).
These observations are consistent with the expected effects of the
structural features of compounds 39 and 28 on these chromophores. Thus,
in compound 39 the naphthyl residue has two saturated ortho alkyl

groups which.would be expected to produce a bathochromic shift; for

the bathochromic shift of toluene's Xmax with respect to

that of benzene is about 5 nm,185 similar bathochromic shifts are
observed for alkyl substituted naphthalenes.186 In the case of compound
28 the hypsochromic shift of the anthracyl bands is again consistent

with structural effects, in this case the bridged bicyclic unit is
expected to cauée strain and increasing strain is often associated with

a shift to shorter wavelength; for example Amax for cyclopentadiene is



Figure 2.5

Reaction
product
mixture
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239 nn whereas for cyclohexadiene it is 2506 am.
In view of the oxidative sensitivity compound (39) it seemed of
little interest as a monomer and so no serious attempt to obtain a
pure sample was made but the whole reaction product was refluxed with
chloranil in xylene for 24 hours in order to complete the dehydrogenation.
2,3-Anthracenobicyclo[2.2.13hept-2, 5-diene (28) was obtained as a
crystalline white solid of low solubility which was characterized by
elemental analysis (see experimental part), i.r. (Appendix B, No. 10),

3

Mass (Appendix A, No. 5), 1 C n.m.r. (Table 2.5) and u.v. spectroscopy

(Figure 2.5). Compound 28 has not previously been reported, the

Table 2.5

130 N.m.r. shifts for compound 28 measured at 75.47 MHz

in CDCl_. relative to internal T.M.S.

3 .

Shifts | Assignments
147.53 Cq
141.44 C,
131.70 06
131.18 C4
128.03 C10
125.68 C9
124.87 C
118.91 CS
64.40 Cq
49.38 Cz

assignmentofstructureéfﬁll@wsstraightforwardly from the spectroscopic
1 .

data, the 30 shifts were analysed by analogy with the spectra of

related compounds showing the same structural features.,102

2.2.d Synthesis of 4,5—bis—trif1uoromethyltricyclo[é,2,1,02’7]undeca_

2,4,6,9-tetraene (30)

Monomer (30) was synthesized by dehydrogenation of 4,5-bis-trifluoro-
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methyltricyclo[6,2,1,02’7]umdeca—2,4,9—triene (29) using chloranil in
xylene. Compound (29) was prepared from the Diels-Alder reaction
between hexafluorobut-2-yne and 5,6-dimethylenebicyclo[2.2.1]hept-2-ene
at room temperature as shown in Figure 2.6. Both monomers (20) and
(30) were identified by their elemental analysis (see experimental
section), i.r. spectra (Appendix B, No. 12 and 15), mass spectra

13

{Appendix A, No. 6 and 7), lH n.m.r. and “C n.m.r. spectra (see Table

2.6 and 2.7 respectively). Compounds (29) and (30) are both new

V3

. l“ R.T,;
V
CF3

~mvmemmvzon Al e e el s o
LVUHIPVULILD UL LUCL T LD

bout their struciures or specira

and their identification follows in a routine manner from the data

recorded.

2.2.e Synthesis of 5,6,7,8-tetrafluoro-1,4-dihydro-1,4-methanonaphthalene
(31)
Cyclopentadiene reacts with tetrafluorobenzyne to give compound

(31), tetrafluorobenzyne was prepared from pentafluorophenyl lithium
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Table 2.6

1 3
H N.m.r. shifts for compound (29) and (30) measured at 60 MHz
relative to internal T.M.S. in d, acetone

6
Shift Assignment
{integrated intensity)
6.8 () Hl
3.4 (2) H,
3.2, 3.1 (4) H4
2 (2) H3
7.54  (2) H4
6.7 (2) H1
(30) 3.92  (2) H,
.31 2 H
2.3 (2) 3
Table 2.7
13

C N.m.r. shifts for compounds (29) and (30) measured at 22.64 (29)
and 75.47 (30) MHz in CDCl3 relative to internal T.M.S.

Compound Shifts Assignment

142.53 01
ca. 131 unCCF ~ 20 Hz Cé
129.7 qu JCF = 310 Hz C7
1. ' C
71.9 3
52.1 CZ

28.
5 05
unrecorded C4
157. C
57-4 4
143.0 C1
125.34JCCF v 30 Hz C6
123.6 JCF = 270 Hz C7
120.6 CS
1.0 C
7 i 3

0.
5 Cz




(made from bromopentafiuorobenzene and n-butyl lithium, Figure 2.7.

1 .
This compound was prepared by Dr. BrooXxe 87 (this department) who

the procedure outlined above was more convenient than that described
in 1969 by Callander et al, who did the reaction at elevated

188
temperature. This sample had been characterized previously, only

F
7
(- -
FRx
F
Figure 2.7

the 130 n.m.r. spectrum (Table 2.8) was recorded as reference data for

1 . .
polymer 3C n.m.r. spectral interpretation purposes.

Table 2.8

1
3C N.m.r. shifts for compound (31) measured at 75.47 MHz

in CDCl3 relative to internal T.M.S.

Compound Shifts Assignments
142.6 C1
142.0% d JCF = 255 Hz C6
137.9% d JCF = 255 Hz c5
132.8% C
0. .
9. C
. 3
47. C,

* very weak signals

2.2.f Synthesis of 5,6,7,8-tetrafluoro-1,4-dihydro-9-isopropylidene-

1,4-methano naphthalene (32)

1
This compound was also provided by Dr. Brooke, 89 he prepared the

sample used in this work by the established literature method described

61
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in 1973 by Hankinson and co—workers,lvo which involves the cycloaddition

of tetrafluorobenzyne generated from pentafluorophenyl lithium to

6,6-dimethyl fulvene as shown in Figure 2.8. This compound had been

(32)

Figure 2.8

thoroughly characterized previously, only the 130 n.m.r. spectrum has

been recorded for reference in relation to polymer characterization.

Table 2.9

1
3C N.m.r. shifts for compound (32) measured at 75.47 MHz

in CDCl3 relative tointernal T.M.S.

Compound Shifts Assignments

158.6

5 03
142.5 C5
141.6 d JCF = 255 Hz c8
138.1 d JCF = 255 Hz C7
131.2 06
104.8 C2
46.9 C4
18.71 C,

2.3 The Polymerization of some Aryl Substituted Polycyclic Alkenes

2.3.a Introduction

This work expands earlier investigations of El-Saafin in which
he showed that monomers carrying aryl substituents could be polymerized
by catalysts based on tungsten hexachloride activated with tetraaryl

102
or tetraalkyl tin. Thus, at the beginning of this work it was known



that the monomers shown below could be polymerized. The catalyst used
in this earlier work (WClé/R4Sn) is generally found to be very active

and fairly non-selective with regard to stereoregulation. In this work

endo/exo endo/exo

Aryl substituted bicyclic olefins polymerized by El-Saafin

Figure 2.9

the author's objectives were to extend the range of aryl substituted
monomeré which could be polymerized by this technique and to
investigate the possibility of obtaining stereoregular polymers by
use of the catalyst derived from molybdenum pentachloride, which
generally regulates ring-open polymerization of cycloalkenes to give
polymers with a high cis-vinylene content.

A further factor which emerged from earlier work in this department
was that simple hydrocarbon polymers of the type derived from the
monomers shown in Figure 2.9 were very readily oxidized; by contrast,

the fluorinated systems101 shown below are qualitatively much less

£CH- CH2 £CH CH)
n n
F F

CF CF
3 3 (CF,),

r 3

susceptible to oxidation although theyalso contain the tertiary allylic
C-H bond which might be expected to be the site of initial oxidation

reactions. In the light of this observation it was decided to examine
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the polymerization of some fluorinated aromatic monomers.

2.3.b Stereoregulation in ring-opening polymerization

This question will be discussed at greater length in the sections
on polymer characterization in Chapter 4, but at this point it is
worth noting that a simple bicyclic monomer such as benzonorbornadiene
can, in principle, be polymerized by ring-opening via four assembly
modes, as illustrated in Figure 2.10 (nomenclature is discussed in
detail in Chapter 4). This kind of stereoregulation is different to
that observed in the Ziegler-Natta polymerization of styrene_l91 in that
the aryl unit is much more rigidly oriented with respect to the polymer

backbone because it is bound via two bonds and its rotation is

cis isotactic

cis syndiotactic

trans isotactic

s

Assembly modes for polybenzonorbornadiene

Figure 2.10



consequentially restricted. Qualitatively, therefore, such materials

may be expected to be stiffer at a molecular level than the more familiar
aryl substituted polymers (for example, polystyrene), and it may be that
interactions between successive aryl units on the chain will be more
rigidly defined. Such effects, if they exist, would be expected to be
most marked in stereoregular rather than atactic polymers and one of the
likely practical effects would be on solubility. In this work only

w016/Me Sn and MoClS/MeASn catalysts have been used and it soon emerged

4
that the polymers derived from the molybdenum catalyst were less soluble
than the polymers obtained from the same monomer using WClé/Me4Sn

catalyst, a result which created considerable practical problems in this

investigation.

2.3.c Polymerizations

2.3.c.I Benzonorbornadiene

At the time of El-Saafin's work with this monomer it was established

Sn readily polymerized benzonorbornadiene (40) to give the

4
expected polymer (P-1), Figure 2.11.102 However, the product was found

that WClé/Me

4

(40)

Polymerization of benzonorbornadiene

Figure 2.11

to be very sensitive to air oxidation leading to rapid degradation and

insolubility resultiﬁg from crosslinking. As a consequence it was

13

difficult to record high resolution "“C n.m.r. spectra and hence to
deduce the microstructure of the product, although the overall features
of the structure were clearly those shown in Figure 2.11 (P1), that is

the ring-opened product rather than the vinyl addition product. In the



period since this work was reported improved techniques for handling air
sensitive polymers have been developed in these laboratories and so
as a first exercise El-Saa
comparing the polybenzonorbornadienes derived from w016/MeASn and
o4

MoCl _/Me Sn catalysts. T

5 4 :

Following the standard technique {see experimental section) and
rigorously excluding air at all stages, and particularly during the

polymer purification stage, it proved possible to obtain polybenzo-

norbornadiene as a soluble white film forming material using the

13

WClé/Me Sn catalyst, an excellent C spectrum was obtained on this

4
material (see Chapter 4). However in several attempts using MoClS/Me4Sn
as catalyst the polybenzonorbornadiene obtained (P2) was insoluble in

a wide range of solvents even after prolonged refluxing. In an attempt
to overcome this difficulty the polymerization was carried out in the
presence of oct-4-ene which can act as a molecular weight regulator
either by chain transfer during polymerization or by cross-metathesis

of polymer after formation; even with a Mo:Sn:monomer:oct-4-ene ratio

of 1:2:200:10, which should give a fairly low d.p. product, it was

found that the polybenzonorbornadiene produced was not very soluble,

13

although it was readily swollen by CDCl, to allow "“C spectra to be

3
recorded. Experience gained in handling the WClé/Me4Sn derived

polymer makes it unlikely that this insolubility can be associated with
crosslinking caused by air oxidation and it also seems unlikely that
MoCl_ would cause chemical reactions leading to crosslinking (other

5

MoCl_ derived polymers are not crosslinked) so this apparently inherent

5

insolubility.is probably a consequence of stereoregulation by the moly-

bdenum based catalyst.

66



67

2.3.c.11 4,5—Benzotricyclo[6,2,1,02’7]undeca-2(7114,9—triene (26)

and 2,3-naphthotricyclof2.2.1Jhept-2,5-diene {(27)

Compounds (26) and {27) were found to polymerize easily in chloro-
benzene with WClé/(CH3)4Sn catalyst to give, respectively, P3 and P4;
the overall result is shown in Figure 2.3 (p-53). The products from
these two monomers dissolved in chloroform, the former was readily
dissolved while the latter was.difficult to dissolve. A soluble fraction
of P4 was obtained by refluxing with an excess of chloroform for about
two days, the solution was filtered and the solvent was evaporated
producing a viscous solution which was added dropwise to a vigorously
stirred excess of methanol, and recovered by filtration and dried under
vacuum. These polymeric materials were fully characterized (see
experimental and Chapter 4). In view of the difficulties experienced with
polybenzonorbornadiene and the relative insolubility of the WC16/M04Sn

derived polymer P4, MoClS/Me Sn initiated polymerization-of thesec

4

monomers was not investigated.

2.3.¢.IIT 2,3-Anthracenobicyclof2.2.13hepta-2,5-diene (28)

Attempts to polymerize compound (28) in chlorobenzene solvent using
both w016/(CH3)4Sn and MoClS/(CH3)4Sn catalysts were frustrated by the

insolubility of the product polymer (P5), Figure 2.12 below. Thus, in

CH=CH}
n

Polymerization of 2,3-anthracencbicyclof2.2.1Jhepta-2,5-diene

Figure 2.12



ail of many attempts at differert dilutions the polymer (P5)

precipitated from solution almost immediately on addition to the active

a vhite powdery product which was resistant to all attempts to dissolve
it, even on prolonged refluxing with aromatic solvents. It was clear
from a comparison of the monomer (28) and polymer PS5 infrared spectra
(Appendix B, No. 10 and i1) that polymerization had occurred and the
results described above are attributed to an inherent insolubility

which results in precipitation at a relatively low d.p.

2.3.c.1IV 4,5—Bis—trifluoromethyltricyclo[6,2,1)02’7]undeca—2;4,9—
2,7

triene (29) and 4,5-bis-trifluoromethyltricyclol6,2,1,07°']

undeca-2,4,6,9-tetraene (30)

These two monomers were polymerized by conventional metathesis
catalyst systems WClé/(CH3)4Sn and MoClS/(CH3)4Sn. Using the
polymerization technique in which an active catalyst mixture is injected
into the monomer solutions, the products were purified by two
reprecipitations from butanone or acetone into methanol, they were
dried under vacuum, producing white solid materials; the overall result
is shown in Figure 2.6 (p. 59 ). Identification of polymers (P6, W)
and (P6, Mo) derived from monomer (29) using i.r. (Appendix B, No. 13 and

13

14) and “°C n.m.r. spectroscopy (see Chapter 4) indicated, rather
surprisingly, that these two polymers had the same structure and micro-
tacticity. There are many important factors which affect the behaviour
of the catalyst, including: the catalyst/co-catalyst ratio; the

i i : 192-194
ageing time; the monomer concentration; and the temperature. It is
generally found that the cis content tends to fall as the reaction

temperature is raised, because of this, attempts to polymecrize monomer

(29) at low temperature (—2000) were undertaken. In the first



experiment the monomer solution was added to the cooled catalyst
. 0 . . .
solution (-20 C) and in the second experiment the catalyst solution
- - - - - P s ~ oﬁ Y 1 Py
was added to the cooled monomer solution (-25 C); the products from

13

these two reactions still gave the same i.r. and “C spectra as the

room temperature experiments (see Chapter 4).
Figure 2.6 shows the overall result of polymerizing monomer (30).
The products from the two catalysts (P7, W) and (P7, Mo) showed, in

13

contrast to the monomer 29 case, differences in their "“C n.m.r.

spectra attributable to expected tacticity differences. The details
of tacticity for these two polymers will be discussed in Chapter 4.

2.3.c.V 5,6,7,8-Tetrafluoro-1,4-dihydro-1,4-methano naphthalene (31)

The ring-opening polymerization of monomer (31) was achieved at
room temperature using the catalyst systems WClé/(CH3)4Sn and MoClS/
(CH3)4Sn (see experimental part, Table 2.10), the overall result is
shown in Figure 2.13. Both polymers were produced as white solid
materials, which were readily soluble in chloroform, T.H.F., toluenc
and chlorobenzene. The analysis of spectroscopic data for these
materials is discussed in Chapter 4, in this case the tungsten and

molybdenum derived polymers were different.

CH=CH}
n
Ea— —
F ¥
\ /
N
F F

(P8, W), (P8, Mo)

Figure 2.13

2.3.c.V1 5,6,7,8-Tetrafluoro-1,4-dihydro-9-isopropylidene-1,4-methano

naphthalene (32)

Monomer (32) was polymerized using w016/(CH3)4Sn and MOCIS/(CHS)ASH



catalyst systems, details of conditions are summarized in the
experimental section, Table 2.10; Figure 2.14 shows the overall

result for these polymerizations. Polymer (P9, W) was dissolved in

N

(P9, W), (P9, Mo)

Figure 2.14

toluene, precipitated in methanol, and dried under reduced pressure;
while polymer (P9, Mo) was dissolved in chlorobenzene and precipitated
in methanol. Polymer (P9, Mo) was found to be insoluble in T.H.F.,
while polymer (P9, W) was readily soluble. The practical result of

this difference in solubility was that only .for polymer (P9, W) was

it possible to record GPC data. (P9, W) and (P9, Mo) were clearly
different from their 13C n.m.r. spectra (see Chapter 4) and the
differences in solubility in T.H.F. also may be taken as an illustration

of the eftfect of differences in stereoregularity.
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2.4 Preparation of §5,6-dimethylenebicyclo[2.2.13hept-2-ene

2.4.a Reagents

Dicyclopentadiene, methyl iodide, lithium aluminium hydride,
and silver nitrate were purchased from Koch-Light Laboratories Ltd.
Fumaryl chloride from Lancaster Synthesis Ltd., anhydrous dimethyl
amine and potassium hydroxide from B.D.H. Chemicals Ltd.

2.4.b Cyclopentadiene

Cyclopentadiene was prepared by thermal cracking195 of dicyclo-
pentadiene. The dimer was distilled at atmospheric pressure through a
Vigreux column (40 cm) and the diene collected slowly in the range
40 - 450C. Rapid distillation results in a temperature rise above
4500, product collected under these conditions is contaminated with
dimer. Cyclopentadiene was used without further purification, when
necessary it was stored in the deep freeze (-20°C) and under these
conditions it could be kept for several days.

2.4.c The Diels-Alder adduct of cyclopentadiene with fumaryl chloride (33)

Analar carbon tetrachloride was distilled from phosphorus penta-
oxide, fumaryl chloride (10 g, 7.143 ml, 65.35 mmole) was dissolved in
CCl4 (200 ml) in a 3-necked round bottomed flask (500 ml), the middle
neck was fitted with a mechanical stirrer, the second neck was fitted
with a dropping funnel containing a diluted solution of cyclopentadiene
(4.31 g, 5.39 ml, 65.30 mmoles) in CCl4 (100 ml) and the third neck
was attached to a water cooled condenser. The apparatus was purged with
dry nitrogen during the course of the reaction. The reagent solution
in the dropping funnel was added dropwise to the stirred mixture in
the reaction flask, the addition took half an hour, the mixture was
then heated from an 0il bath until it refluxed gently; it was stirred
continuously throughout the experiment. After stirring at reflux

for 2 hours the solvent was removed by distillation and the product was



then distilled under reduced pressure to give an oil (11.56 g, 52.8
mmoles, 81%) identified as endo, exo-5,6-dicarboxychloridebicyclol2.2.1]
hept-2-ene by infrared spectroscopy (Appendix B, No. 1} which showed
vinylic CH (3080) and aliphatic CH (3000 - 2880), acid chloride {1800)
and -HC=CH- (1460 cm_l) stretching vibrations as expected.

2.4.d Preparation 0f bicyclo[2.2.1lhept-2-ene-5,6-dicarboxy—dimethyl

amide (34)

Dimethylamine was dissolved in (150 ml) petroleum ether. This
solution was added dropwise using a dropping funnel to a 2-necked round
bottomed flask (1 1. which had been charged with a solution of the
cyclopentadiene/fumaryl chloride adduct (85.4 g, 0.389 mole) in
petroleum ether (300 ml). The mixture in the flask was stirred
continuously using a mechanical stirrer. The reaction flask was cooled
with crushed ice throughout the experiment, there was considerable
evolution of gases and the addition of dimethylamine was continued until
the evolution of these gases stopped. The product mixture was filtered
and the solvent was evaporated, the raw product (120 g) was extracted
with ether by soxhlet extraction, and after concentrating of the ether
solution the bis-dimethylamide crystallized as large prisms which were
dried under vacuum (60.7 g, 0.27 mole, 66%). The product was
characterized by elemental analysis (found: C, 66.3; H, 8.6; N, 11.5%,
CI3H20N202 requires C, 66.0; H, 8.47; N, 11.8%) and i.r. spectroscopy
(Appendix B, No. 2) which showed the expected CH stretching (2060 -

2880 cm‘l) and diamide carbonyl (1635 cm—l) bands.

2.4.e Preparation of 5,6-bis(dimethylaminomethyl)bicyclo[2.2.1]hept-

2-ene (35)
A solution of the bis-dimethylamide (34) (20 g, 0.0847 mole) in dry
ether (150 ml) was added gently with stirring to a suspension of lithium

aluminium hydride (6.52 g, 0.1718 mole) in 200 ml of dry ether, contained
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in a ore litre, 3-necked round bottomed flask, equipped with a stirrer,

a condenser and a dropping funnel. After the mixture had been stirred
for 5 hours it was treated carefully with distilled water, followed by
excess of sodium hydroxide solution (15%), a strongly exothermic

reaction occurred, the oily product was separated by steam distillation,
the water layer from the steam distillation was extracted with ether
using a separating funnel. The combined o0il and ether extract was dried
over sodium sulphate, the solvent was evaporated and the product was
vacuum distilled, 52°C/0.1 mm Hg to yield the diamine (35) as a colourless
0il (12.25 g, 0.0589 mole, 69.5%) which was characterized by infrared |
spectroscopy (Appendix B, No. 3), which showed the expected CH stretching
absorptions and an absence of carbonyl functionality.

2.4.f Preparation of quaternary ammonium iodide (36)

A solution of methyl iodide (40.96 g, 17.96 ml, 0.29 mole) in
petroleum ether was added dropwise using a dropping funnel to a 2-necked
round bottomed flask, 11., which had been charged with diamine (25.27 g,
0.124903 mole) in petroleum ether (200 ml), the mixture in flask was
stirred continuously using a mechanical stirrer. The reaction flask
was cooled in ice throughout the experiment, the precipitated quaternary
ammonium iocdide was recovered by filtration and dried in the air to give
(64.8 g, 0.0955 mole, 76%).

2.4.g Silver oxide reagent

A solution of silver nitrate (50 g, 0.29 mole) in 150 ml of
distilled water was placed in a 500 ml, 2-necked, round bottomed flask.
It was stirred vigorously while a solution of potassium hydroxide (20 g,
0.356 mole) in 106 ml of distilled water was added dropwise, the brown
,0 thus precipitated, was washed with water by decantation until the

2

. . f . .
washing water was free of Ag , the AgZO was then used for the following

Ag

reaction.



2.4.% Preparation of 5,6-dinethylenebicyclol[2.2.1 Jhept-2-ene {(14)

The quaternary ammonium iodide (36) prepared in 2.4.f (46.8 g,
0.0955 mole) was dissolved in distilied water {1 1, in a round bottoiied
flask. The solution was treated with an excess of freshly precipitated
silver oxide, the precipitate was filtered, washed with water at about
700C several times, and the collected filtrate was evaporated under
vacuum at 3000 to dryness. The residue was heated under a nitrogen
atmosphere in the presence of a trace of hydroquinone using an oil
bath at 120 - 14000, to give triene (14) as a brown liquid (3.1 g,
0.0263 mole, 28%).l This product was dissolved in ether, then ether
solution was washed with water (2 x 50 mls) and dried over anhydrous
sodium sulphate. The solvent was evaporated and the product was
distilled at 14000 at atmospheric pressure to give a colourless liquid

which was identified by i.r. and mass spectroscopy (see below).

. 2.5 The Preparation of 5,6-dimethylenebicyclof2.2.1}hept-2-ene using

1,4-dichlorobut-2-ene with dicyclopentadiene

2.5.a Materials

1,4-Dichlorobut-2-ene was obtained from stock (Aldrich Chemical
Co. Ltd.) it was purified by distillation, dicyclopentadiene was
purchased from Koch-Light Laboratories Ltd. and used without further
purification.

2.5.b The reaction of 1,4-dichlorobut-2-ene with dicyclopentadiene

A mixture of 1,4-dichlorobut-2-ene (244 g, 195.2 moles, 206 ml) and
hydroquinone (0.2 g) was placed in a 2-necked round bottomed flask (1 1.)
fitted with water cooled condenser, the other neck was fitted with a
dropping funnel. The flask was heated using a silicone 0il bath until

the contents refluxed gently (ca. 160°C), the mixture was stirred using

a magnetic stirrer throughout the experiment. Dicyclopentadiene (64.77 g,



69.66 ml, 48.99 moles) was added dropwise over a period of ca. 2 hours.
After complete addition the mixture was refluxed for 18 hours. After
cooling to room temperature, the product was separated into two main
fractions; the excess of i,4-dichiorobutene was recovered by rotary
evaporation as the first fraction (138 g, 110 moles, 116.6 ml}), the
second fraction was recovered by vacuum distillation to give 5,6~
dichloromethylbicyclo[2.2.1Jhept-2-ene (37), 70 - 80°C/0.1 mm Hg lit.

155

{118 - 122/15 mm). Elemental analysis figures (Found C, 58.79; H,

6.6%, 09H12012 requires C, 56.6; H, 6.3%) indicate that this product
was slightly contaminated with hydrocarbon (probably cyclopentadiene
dimer). The infrared spectrum of this product (Appendix B, No. 4)
was consistent with the assigned structure and the mass spectrum
Appendix A, No. 1) showed a parent ion at m/e 190 with P+2 and P+4
isotope peaks indicative of 2 chlorines (calculated for 09H1235012

M, 190). The yield of (37) calculated with respect to unrecovered

dichlorobutene was 73%.

2.5.c The reaction of dichloromethylbicyclo(2.2.1Jhept-2-ene with

potassium hydroxide in ethanol

Dichloromethylbicycol(2.2.1]hept-2-ene (37) (185.33 g, 97.54 moles)
was placed in a 2-necked round bottomed flask fitted with water cooled
reflux condenser, the other neck was fitted with a dropping funnel
containing potassium hydroxide (181.44 g, 323 moles) in absolute
ethanol (468.60 ml), the dichloro compound was heated using an oil bath,
and stirred usinga magnetic follower, the potassium hydroxide solution was
added, the mixture was heated undgr reflux for 42 hours, after cooling
to room temperature, the mixture was diluted with (1 1.) of distilled
water. The resulting solution was extracted with pentane (11.) the
extract was dried over anhydrous magnesium sulphate. After filtration

and evaporation of the solvent the product was distilled under reduced
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pressure, Vigreux coiumn 30 cm, 3500/15 mm Hg (water pump) to give
5,6-dimethylenebicyclo[2.2.13hept-2-ene (68.17 g, 57.8 moles, 59%).
153-168 a

A :
ia it was 1

This is a known compound

ILH and 13C and mass spectroscopy. The product obtained in this manner

was a single component by g.l.c. (di-n-decylphalate and silicone oil
stationary phases), elemental analysis gave(C, 91.50; H, 9.3%,
C9H10 requires C, 91.52; H, 8.47%) this material was found to be
satisfactory for synthesis of monomers (26, 27, 28, 29, 30) but in view

of difficulties in relation to attempts to polymerize it some product

was refractionated on a high quality fractionating system (sece Chapter 3).

2.6 Synthesis of aromatic compounds (27, 28, 30)

2.6.a General procedure

Dry monoglyme was placed in a 3-necked round bottomed flask, the
middle neck was fitted with a mechanical stirrer the second neck was
fitted‘with a dropping funnel containing a solution of a required
amounts of anthranilic acid or 3 amino-2-naphthoic acid and 5,6-dimethylene-
bicyclo[2.2.1]hept-2-ene or cyclopentadiene in dry monoglyme. The third
neck was attached to a water condenser which was also fitted with a
dropping funnel containing a solution of the required amount of amyl
nitrite in monoglyme, the apparatus was purged with dry nitrogen, the
solvent in the flask was heated from an oil bath until it refluxed
gently, it was stirred continuously throughout the experiment; the
compounds in the two dropping funnels were added to the refluxing
solvent in the reaction flask at the same rate, there was considerable
evolution of gases and the colour of the reaction mixture progressively
darkened, the mixture was kept at reflux throughout the addition which
took one or two hours. After complete addition of rcagents the mixture

was rcfluxed gently for one hour, the reaction was left to cool to



room temperature, the mixture was Qgrklfed to black in colour, the solvent
was evaporated and the product»Wés dried under vacuum, it was examined

by t.l.c.(silica, cyclohexane) which usually indicated the presence of

two components. Cenerally, an attempt was made to separate the

components of this mixture by "dry column” chromatography. The mixture
was packed as a thin band on the top of a dry silica column, the

column was then developed in the normal way using cyclohexane as eluent.
The separated product was further purified by recrystallization and/or
sublimation.

2,7

2.6.b Synthesis of 4,5-benzotricyclo[6,2,1,07” " Jundeca-2 (7), 4,9-

triene (26)
Anthranilic acid (23.92 g, 17.44 moles), 5,6-dimethylenebicyclo-
[2.2.1]hept-2-ene (20.577 g, 17.44 moles, 19.05 ml) and dry monoglyme
(158 ml), were added to the refluxing monoglyme (200 ml) at the same
rate as a solution of amyl nitrite (20.43 g, 17.44 moles, 23.32 ml) in
monoglyme 150 ml, in the manner described above. The solvent was evap-
orated and the product purified using Column chromatography (Kieselgel
60/cyclohexane), recrystallization from acetone,and finally sublimation
at 7000/0,1 mm Hg to give 4,5—benzenotricyclo[6,2,1,02’7]undeca—2(7),
4,9-triene (26) (18.692 g, 96.353 moles, 55%), m.p. 78 - 79°C [Found
C, 92.99; H, 7.28, calculated for CISH14’ C, 92.78; H, 7.21%3, the
i.r. spectrum (Appendix B, No. 6) showed a multiplicity of CH stretching
' -1

bands in the 2800 to 2100 cm = region

I~

nd was consigtent with the

assigned structure; the mass spectrum (Appendix A, No. 3) showed a

parent peak at m/e 194 (M) and base peak at 128, a fragment ion at

m/e 191 represents an unusual P-3 pathway possibly due to the ion
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2.6.c Synthesis of 2,3-naphthotricyciol2.2.1Jhept-2,5-diene (27)

Chloranil (2.16 g, 8.74mmoles), xylene (100 ml) and 4,5—benzotricycio—
[6,2,1,02;611ndecan—2(7)_,4,9—triene (26) (0.85 g, 4.3814 mmoles), were
pilaced in a (1 1.), one-neck flask fitted with a condenser, the solution was
refluxed for 24 hours, after cooling, the xylene was removed using a
rotary evaporator the remaining solid was purified by Column
chromatography, a white powdery product was collected, 2,3-naphtho-
tricyclo[2.2.1Jhept-2,5-diene (0.75 g, 3.9 moles, 89.5%), and sublimed
at 100 - 110°C and 0.001 mm Hg, m.p. 80°C, [Found, C, 93.76; H, 6.18,
calculated for CI5H12’ C, 93.75; H, 6.25%3, i.r. spectrum (Appendix B,

No. 8) showed the CH stretching bands in the region betwecen 2840 -

3050 cm—l, the out of plane CH bending vibrations between 900 - 700
cm—1 and in plane bending band appear at 1300 cm—l; the mass spectrum
(Appendix A; No. 4) showed a parent peak at m/e 192 (M) as the base
peak, and intense fragment ions at m/e 190 (P-2) and 165 (P—C2H3); the
130 n.m.r. spectrum was consistent with the proposed structure (see
discussion).

2.6.d Synthesis of 2,3-naphthotricyclol2.2.1]hept-2,5-diene using

3-amino-2-naphthoic acid and cyclopentadiene with amylAnitrite

Freshly distilled cyclopentadiene (7.9 g, 10 ml, 11.97 moles) and
3-amino-2-naphthoic acid (15 g, 8.01 moles) were dissolved in monoglyme
(350 ml) this mixture was added to refluxing monoglyme (100 ml) in the
reaction flask at the amyl nitrite {(i0.7 g,
9.13 moles, 12.2 ml) in monoglyme (200 ml), the mixture was refluxed
for 1 hour. On completion of reaction the solvent was evaporated and
the product was purified by Column chromatography, (Kieselgel 60/cyclo-
hexane), crystallization and sublimation at 10000/0,001 mm Hg to
give a white solid material, 2,3-naphthotricyclof2.2.1lhept-2,5-diene

(6.05 g, 31.51 mmole, 39%), [Found, C, 92.24 ; H, 7.62 calculated for



79

CISHIZ’ C, 93.75; H, 6.25%3, this material was examined by i.r., Mass
13

and “C n.m.r. spectroscopy and shown to be identical with an authentic

sample (see above).

2.6.e Synthesis of 2,3-anthracenotricyclof2.2.1lhept-2,5~diene

Using the same procedure described in 2.6.a, 3-amino-2-naphthoic
acid (20 g, 10.68 moles) and 5,6-dimethylenebicyclo[2.2.1Jhept-2-ene
(15.1 g, 13.98 ml, 12.79 moles) were dissolved in dry monoglyme (500 ml).
A solution of amyl nitrite (14.26 g, 16.27 ml, 12.18 moles) in dry
monoglyme (200 ml), the two solutions were added to refluxing monoglyme
in the reaction flask at the same rate, after cooling, the solvent was
removed by evaporation and the residue purified using Column
chromatography (Kieselgel 60) with cyclohexane/ethyl acetate 1:4 as
eluent; a pale yellow compound was collected (5.4 g), [Found: C,

94.12; H, 6.20%,calculated for C19H16’ C, 93.48; H, 6.55%1,
characterization by u.v. and Mass spectroscopy {see discussion scction)
showed that this product was a mixture of compounds (28) and (39).

The objective was to prepare 2,3-anthracenotricyclol[2.2.1lhept-2,5-

diene so this mixture (4 g) and chloranil (8.094 g, 32.78 mmoles) were
refluxed in xylene (250 ml) with stirring under N, for 24 hours, and
after evaporation of the solvent, the residue purified by Column
chromatography (Kieselgel 60/cyclohexane) to give 2,3-anthracenotricyclo-
[2.2.1Jhept-2,5~diene as a white crystalline material (1.5 g, 6.2 mmoles
0.06%), m.p. 230°C, it was sublimed at 150°C/0.03 mu Hg, [Found C,

94.61; H, 5.7; C requires C, 94.21; H, §5.78%], i.r. spectrum

19H14
(Appendix B, No. 10) showed the CH stretching bands betwcen 2840 - 3040

cm_l, the mass spectrum, (Appendix A, No. 5) showed a parent peak at m/c

13

242 (M) as base peak with an intense peak at 240 (P-2); the °C n.m.r.

spectrum was consistent with the assigned structure (see discussion).



2.7.a Reaction of §5,6-dimethylenebicyclol2.2.1 hept-2-ene with hexa-

fluoro-2-butyne

A thick walled Pyrex ampoule (Carius tube) was charged with hydro-
quinone (0.03 g), it was attached to the vacuum line and evacuated,
gaseous hexafluorobut-2-yne (6.60, 40.75 mmoles) and 5,6-dimethylene-
bicyclol2.2.1lhept-2-ene (4.7 g, 4.4 ml, 39.83 mmoles) were then added
by vacuum transfer. The tube was sealed under vacuum. It was left
overnight (17 hours) at room temperature, it was cooled in liquid air,
the seal was broken by "hot spotting", the product was recovered as
white crystals using pentane as solvent, these crystals were dried
under vacuum to give 4,5—bis(trifluoromethyl)trticyclo[é,z,1,02’7]undeca—
2,4,9-triene (29) (5.7 g, 20.36 mmoles, 51%), m.p. 40 — 44°C (Found:

C, 55.54; H, 3.31; F, 40.11%, requires C, 55.72; H, 3.6; F, 40.70%).
The i.r. spectrum,(Appendix B, No. 12) showed the expected vinylic
(3050 cm—l) and aliphatic (2800 - 2950 cm_]) CH stretching vibrations
and the strong absorptions characteristic of CF bands in the 1400 -
1100cm—1 region; the mass spectrum (Appendix A, No. 6) showed a parent
peak at m/e 280 which was also the base peak and a fragmentation parent
consistent with the assigned structure.

2.7.b The dehydrogenation reaction of 4,5-bis(trifluoromethyltricyclo-

[6,2,1,02’7]undeca—2,4,9—triene

4,5—Bis(trifluoromethyl)tricyclo[é,2,1,02’7]undeca—2,4,9—triene (29)

(8.27 g, 25.542 mmoles 3.127 mmoles) and xylene
(400 ml) were placed in a one-neck round bottomed flask and refluxed
for 24 hours. The solvent was removed under reduced pressure and the
product obtained using Column chromatography (Kieselgel 60/cyclohexane
eluent), the product fraction was collected, recrystallized from

acetone and dried under reduced pressure to give 4,5-bis{(trifluoromethyl)-

tricyclo[é,z,1,02’7]undeca—2,4,6,9—tetraene (30) (6.1 g, 21.95 mmoles,



74%) m.p. 53°C [Found: C, 56.28; H, 3.08; F, 41.20%, C, ;HgF,
requires C, 56.13; H, 2.88; F, 40.99%] the i.r. spectrum (Appendix B,
No. 15) displayed the expected range of C-H stretching vibrations and
the strong bands in 1400 - 1100 cm_l range typical of CF3 groups; the
mass spectrum{Appendix A, No. 7) showed a parent ion at m/e 278 (M)

with a base peak at 209 (M—CF3)°

2.8 Polymerizations

2.8.a Reagents and methods

Analar chlorobenzene was purchased from B.D.H. Chemicals Ltd.
distilled under dry N2 from PZOS and used directly as solvent for
catalyst and monomers, tetramethyltin was purchased from Aldrich
Chemical Company Inc. and it was used without any further purification.
WCl6 was prepared and purified by Dr. J.H. Edwards of this department,
it was stored in Pyrex ampoules and manipulated in a N2 glove box. A
solution of WCl6 in dry chlorobenzene was used in polymerizations,
this solution was stored under dry nitrogen and had a maximum active
catalytic life of 3 - 4 weeks. M0015 was purchased from Alfa Products
Ltd. and was used without further purification as a solution in dry
chlorobenzene. MeAlCl3 andﬁkgAl was kindly supplied from stock by
Mr. B. Hall of this department. Monomers were purificd as described
in previous sections and stored in the dark under dry nitrogen in a
refrigerator. Precautions were taken to dry solvents, equipment and
monomers; the nitrogen gas was dried by passing it through a bubbler
of concentrated sulphuric acid, the nitrogen system connections were
predominantly glass or nylon tubes, where flexible links were
necessary short lengths of thick walled rubber or PVC tube was used.
Three way taps were used to introduce the nitrogen into the reaction

flask, one arm was connected to the nitrogen system and the other to a
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bubbler to avoid any chairce of iIntroducing air, the bore of the tube
was flushed with nitrogen prior to connecting it to the reaction vessel.
A2l the manipulations of solvents, catalyst mixtures and monomers were
carried out under an atmosphere of dry nitrogen or using air-tight
syringes. A3l the reaction flasks were dried overnight in the oven,
evacuated, flamed and purged with dry nitrogen for at least ten minutes
before use.

2.8.b General polymerization procedure

A 2-necked round bottomed flask (50 or 100 ml) containing
magnetic follower was used as recaction vessel, one of the necks was
fitted with a three way teflon tap which was connected to the nitrogen
system and a bubbler containing heavy white oil, the other neck was
closed with a stopper, the reaction flask was flamed under vacuum, it
was purged with dry nitrogen while cooling to room temperature. The
required amount of monomer was dissolved in dry chlorobenzene. A
separate flask (50 ml) was charged with the required amount of the

catalyst MoCls or WCl6 solution in 06H Cl, tetramethyltin eco-catalyst was

5
then introduced under the liquid surface of the solution using a micro
syringe. A rapid colour change to a dark red-brown for the tungsten-
based catalyst and dark chocolate brown for the molybdenum-based
catalysts was observed. After an ageing time of 1 - 15 minutes the
monomer solution was normally syringed into the polymerization flask,
occasionally the reverse process (i.e. catalyst added to monomer
solution) was followed. An increase in the viscosity of the solution
was génerally noticed for successful reactions, the time of onset and
magnitude of this viscosity increase was dependent on the details of
the particular reaction. The polymerization was stopped by addition of

a small quantity of methanol. Any precipitate was collected, dricd,

dissolved in solvent and reprecipitated by dropwise addition to a
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viscous solution of polymer to a vigorously stirred excess of non-
solvent. Polymer products were isolated by filtration and dried under
reduced pressure.

Most experiments were repeated several times, the‘results
presented in Table 2.10 represent a selection of many specific
polymerization conditions used for the monomers investigated.

2.8.c The ring-opening polymerization of benzonorbornadiene 40

using octene as a transfer agent

In view of the insolubility of polybenzonorbornadiene prepared
using MoClS/(CH3)4Sn catalyst it was decided to try to obtain lower
molecular weight material by polymerization in the presence of a
chain transfer reagent.

The procedure described above was used. A catalyst solution

MoCl5 (0.005 g, 0.018 mmole, 0.5 ml), (CH3)4Sn (0.0065 g, 5u) in

C6H501 (0.5 ml) was added to a mixture of benzonorbornadiene (0.52 g,
0.0037 mmole, 0.47 ml) and octene (0.021 g, 20.5u) in chlorobenzene
(85 ml). The solution becaﬁe viscous immediately and the yield was
virtually 100%. The polymer was dissolved in chlorobenzene and
chloroform and a viscous solution reprecipitated into methanol. The
reprecipitated material was dried for 24 hours under vacuum to

give white granules of polybenzonorbornadiene (0.4 g, 85%) which was

13

examined by i.r. (Appendix B, No. 28) and "°C n.m.r. spectroscopy

(see Chapter 4).
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CHAPTER 3

Attempted Metathesis, Cationic and Anionic Polymerizations of

5,6-Dimethylenebicyclo[2.2.1Jhept-2-ene
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3.1 Introduction

The reasons for investigating the behaviour of 5,6-dimethylenebicyclo-
(2.2.1lhept-2-ene (14) as a monomer in metathesis ring-opening, anionic
and cationic poliymerization reactions were outlined in section 10
of Chapter 1. This monomer can be regarded as a substituted 1,3-diene
or a substituted bicyclo[2.2.1]hept-2-ene. It was studied several
years ago by Rose and co-workers who described its free radical
polymerization and co—polymerization.155 They thought that the 1,3-
diene unit might be so much more reactive than the cycloalkene unit
that it might prove possible to obtain linear cis-1,4-addition polymers
with this monomer; however they invariably obtained insoluble polymers
which were not characterized in any detail. The author has found no
evidence that other polymerization techniques have been investigated
with respect to this potentially interesting monomer. As was indicated
in Chapter 1, the attempts to polymerize (14) to be reported here were
essentially unsuccessful. The story of this work is briefly recorded
here since the objectives of such syntheses remain attractive, the
monomer is relatively easily obtained in a pure state (see Chapter 2),
and a future investigation may find an alternative approach worth

attempting in which case a record of the present work may be useful.

3.2 Attempted Metathesis Ring-Opening Polymerization of 5,6-Dimethylene-

vicyclo[2.2.1]hept-2-ene

The ring-opening polymerization of compound (14) was attempted using

WClé/Et Al catalyst system at ambient temperature and molar ratio WC]G:

3

Et.,Al:(14) of 1:3:200, this reaction was repeated many times, no

3
polymer was produced in any of several attempts. This result led to an

examination of a similar type of monomer, 5-methylenenorbornene,

in order to establish the reliability of the author's experimental
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technique and to find the bg§t‘éégditions for such a polymerization.
The ring-opening polymerization of 5-methylenebicyclo[2.2.1lhept-2-ene
has been reported previously. 6There is a problem in relation to this
polymerization in that (23) is particularly susceptible to cationic
polymerization; thus, metathesis catalyst activators, for example

26 197

at —13000 and AlBr_ -~ at —780C, and even conventional metathesis

3
6 .
catalysts such as WC16/R4Sn (R = Bu, Ph)2 will all result in rapid

1
EtAlCl2

cationic polymerization of this monomer. The structure (25) of the
soluble polymer obtained by cationic polymerization was readily
assigned on the basis of 1H n.m.r. and i.r. spectroscopy since it
contains no unsaturation (see the Figure at the top of page 45,

Chapter 1), the reaction involves a transanular cyclopolymerization.

In the case of the WClé/R4Sn initiated polymerization there was a small
fraction of the product which appeared to be similar (i.r. spectroscopy)
to ring-opened polynorbornene}gSﬂﬁs result led Ivin and co-workers

to examine the reaction of a wide range of potential metathesis
catalysts with monomer (23). They found that most catalyst systems of
the metathesis type gave structure (25) rather than (24). In summary,
they showed that using either chlorobenzene, or 1,2-dichloroethane

(DCE) as solvent the catalysts WC16/R4Sn (1:1 or 2R = Ph, Bu or Mc;

not in DCE); w016/EtA1012, Wel,, MoClS, TiCl4;

all gave essentially pure cationic polymerization

TiC14/Et3A1 (1:3.8 to

6.6), EtAlCl, and, ReCl

%]

with monomer {23).
polymerization, these were WCl6/Et3Al (1:1 to 1:5) in 06H501 or DCE,
MoClS/Et3A1 (1:2) in DCE and WClé/Me4Sn in the presence of the base
spartein (1:1, 3:1) in 06!'1501° It is important to premix the catalyst
and co-catalyst before adding the monomer. If the monomer is added

before the co-catalyst a small amount of cationic polymer is almost

invariably formed. Other bases, such as pyridine, were also used to
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encourage the preference for metaﬁhegis, but complete suppression of
cationic polymerization was nofralways achieved even in the presence

of bases. It was found that the first system (WC16/Et3A1) was quite
reactive (e.,g7 30% pure metathesis polymerization in § min.) therefqre
it was decided to use this cataiyst to obtain a pure ring-opening
polymerization of 5-methylenenorbornene, and to develop the author's
technique. Many experiments were performed using different conditions,
details of the individual experiment are given in Table 3.1 (experimental).
In all the experiments the reaction was exothermic aﬁd the mixture
became viscous immediately on addition of the monomer to the activated
catalyst system in chlorobenzene. The reactions were terminated by

the addition of a small quantity of methanol and then the viscous
solution was added dropwise to a vigorously stirred five-fold excess of
methanol. The precipitated polymer samples were dried and identified
by their i.r. and 1H n.m.r. spectra. From Table 3.1 it can be seen
that the preference for metathesis polymerization increased with
decreasing catalyst ageing time and the maximum was reached when the
ageing time was about 5 minutes and when the activated catalyst was
injected into the diluted monomer solution (run 6). With longer

ageing time and more concentrated solutions the polymerization proceeded
quickly but gave a mixture of cationic and metathesis polymer, the
polymer sample collected from run 6 was fully characterized. I.r.
spectroscopy {Appendix B, No. 22) of a film cast from chloroform, ly

13

n.m.r., Table(3.2), and C n.m.r. spectroscopy (Figure 3.1) provide
clear unambiguous evidence that metathesis polymerization has occurred.
The i.r. spectrum shows the presence of unsaturation, with CSPZ-H
stretching vibrations at 3060 cm_1 and out of plane bending modes at

-1 - - . . : :
060 cm = (trans-vinylene), 830 cm ! (vinylidene) and 730 (cis-vinylene)

together with C=C stretching absorptions at ca. 16400m_|. The IH nom. .
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Table 3.2

1H N.m.r. shifts for polymer (24), measured at 90 MHz in
CDClq relative to internal T.M.S.

Fshifts* assignment of
J hydrogens at
|
5.3 033 Cz
4.7 C8
. C
2.5 C4, 1
C
2.0 Co
1. C
3 7

* broad unresolved bands centred at

. . 1 .
shows clear evidence of vinyl protons and the 3C n.m.r. spectrum is

identical with that described by Ivin (Figure 3.1) and completely

different to that of the cationic polymer (Figure 3.2). For purposes

89

of reference and comparison a sample of the cationic polymer of 5-methylene-

norbornene was prepared using CH3A1C12 in chlorobenzene, the product was
a white powdery material and had the expected infrared spectrum

3 176

(Appendix B, No. 23) and 1 C n.m.r. spectrum (Figure 3.2).
Since 13C i.u.r. spectroscopy provides the most convincing cvidence
for the structures assigned to polymers (24) and (25) the data
presented in Figures (3.1) and (3.2) is briefly discussed at this point.
The speccra for the two polwmers are each recorded in two ways, the
lower trace shows a conventional broad band proton decoupled spectrum
and the upper trace shows a Distortionless Enhancement by Polarization
Transfer (DEPT) spectrum. The DEPT technique has become available to
us only relatively recently and such spectra allow identification of

carbon signals associated with CH3, CHZ’ CH and quaternary environments,

the spectroscopist achieves this useful result by manipulation of the
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ulse sequence during the recording of the spectra. The DEPT spectra
p g 1 P

can be presented in a number of ways; the SERC service at Edinburgh,
which provided these spectra, invariably presents the DEPT spectrum
directly above the conventional broad band proton decoupled spectrum to
aid assignment of resonances. Quaternary carbons do not appear in DEPT
spectra, one DEPT pulse seguence allows only CH environments to be
recorded, and another sequence allows CH3 and CH environments to appear
as positive peaks and CH2 environments as negative peaks.

The first totally unambiguous observation in comparing the spectra
of (24) (Figure 3.1) and (25) (Figure 3.2) is that none of the
resonances in the spectrum of (24) appear in that of (25), and vice
versa; therefore they have completely different structures. The
assignment of the observed resonances has been discussed in detail by
Ivin and co-workers and is recorded on these spectra. The spectrum
obtained in this work for polymer (24) is identical with that published
by Ivin, this has been assigned as having 66% cis-vinylene units and
a roughly 50:50 distribution of Head-Head and Head-Tail units. The
spectrum obtained for polymer (25), Figure 3.2 is essentially the same
as that described earlier except that the peaks at 45 ppm and 30 ppm in
these spectra are resolved somewhat better than those in the spectra
published by the Belfast group; it is possible that this fine
structure reflects stereochemically different dyad sequences; thus the

repeat unit is chiral and reso dyads (adjacent units opposite chirality)

and racemic dyads (adjacent units of the same chirality) are possible.

CH

LS




In light of this successful metathesis polymerization of S5-methylene-
norbornene, and using exactly the same catalyst system and experimental
procedure (run 6, experimental part), the polymerization of 5,6-
dimethylenebicyclol2.2.1lhepta—2-ene was repeated. After the monomer
solution was injected to the activated dark brown catalyst solution,
there was no evidence of any polymeric material being formed over a
period of 2 days at room temperature. The solution started to gel after
more than three days exposure to the catalyst. The polymer produced
was isolated, dried and its i.r. spectrum (Appendix B, No. 24) was
recorded. A sample of cationic polymer of monomer (14) was preparcd
using CH3A1C12 and its i.r. spectrum (Appendix B, No. 25) was also
recorded. The spectra of both these polymers showed no convincing
evidence of unsaturation, the sample obtained from the WClé/Et3Al
initiated polymerization had a weak band at 3060 cm-1 which may indicate
some residual CSPZ—H units, but there was no convincing evidence for
—-CH=CH- stretching or cis and/or trans vinylene units. Both samples
were insoluble and unswollen by a variety of solvents and these attempts
to polymerize (14) by metathesis were abandoned.

This failure to produce a metathesis polymer from monomer (14)
was disappointing but the evidence presented above demonstrates that the
failure was not due to the experimental procedure or the technique of
the author. It seems unlikely that catalysts of the type examined
in this study will provide a route to this metathesis polymer; however,
in the general field of metathesis new catalysts have recently been
described. Since monomer (14) is susceptible to cationic polymerization
the best chance of success for any future investigation of this problem
seems to require a catalyst with low Lewis acid acceptor character, and
the monomeric catalyst reuently reported by Grubb564 may be o« promising

candidate (see page 24, Chapter 1).
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3.3 Attempted Anionic Polymerization of 5,6-Dimethylenebicyclof2.2.11-

hept-2-ene
It was anticipated that monomer {14) might undergo cis-1,4-addition

polvmerization under anionic initiation:

(14)

The author had no previous experience of anionic polymerization and so
as a first exercise styrene was polymerized using this technique
following the instructions in a standard text book}gg The initiator
systems prepared and used were butyllithium in hexane and sodium
naphthalide in THF; in both cases the polymerization of styrenc was
accomplished without difficulty. Thé same experimental procedures were
then applied to the attempted polymerization of monomer (14), no polymer
was obtained.

Using the sodium naphthalide initiator with styrene as monomer, it
was observed that addition of catalyst solution resulted in a rapid
colour change from dark green to red followed by a rapid polymerization
(viscosity increase) and discharge of the red colour. In the case of
monomer (14), addition of catalyst resulted in the same dark grecn to
red ¢ quence bhut no increase in viscosity, further
portions of catalyst were added until a persistent red colour was
obtained, even under these conditions there was no evidence of polymer-
ization. The reaction was terminated by addition of methanol and after
evaporation of solvent examination of the residue by infrared

spectroscopy indicated that only monomer (14) and naphthalene were

present. Very similar results were obtained using butyllithium in



hexane as the initiator system. A possible interpretation of these

observations was that the monomer was impure and the initial fading

-~
UL

the catalyst solution colour {Na Naphthalene case) was the result

of a consumption of catalyst in a reaction with this impurity. When
sufficient catalyst had been added the colour persisted but no
polymerization occurred, this observation is consistent with the
conclusion that monomer (14) is difficult to polymerize anionically.

If this is true it is not immediately obvious why it should be so. Thus,
we can consider the mechanism for styrene polymerization initiated by

199-201
sodium naphthalene to be summarized as shown below. 99

Na'Nap® + PhCH=CH, ——> Nap + Na+PhCH=CHZ

2PhCH=CH, Na* — Na,PhCH-CH CH CHPh,Na

PhCH=CH
Na®, PhCHCH,CH,CHPh, Na* _2 Naj?H—polystyrene—?H, Na®
Ph Ph
Na+, ?H—polystyrene ?H, Na* ————992929 polystyrene

Ph Ph

By analogy the steps for monomer (14) would be expected to be:

Na,Map® + —> Nap + Na',

The anion which has to be formed for this process to happen lacks

the stabilizing influence of the phenyl ring which is present in the



styrene case, also the monomer (14) has other potential disadvantages.
Stereochemically the desired polymerization may be hindered by inter-
actions of the bicycloheptadiene unit being formed. The monomer may

also be capable of undergoing other reactioms at other sites, for

example the bridging methylene may possibiy be susceptible to abstraction
of protons by the initiator species. A further hazard as far as the
anionic polymerization of (14) is concerned may be seen by considering

the structure of the anticipated propagating anion shown beclow.

This allyl anion probably lacks the expected allylic stabilization because
charge on the ring carbon may experience an unfavourable transannular

interaction with the other double bond, that is:-

-CH possible unfavourable
interaction

/
CH/ Yy N

Na+

These initially discouragirg results led the author to two further
approaches. Firstly it was decided to repurify the monomer with the
best available fractional distillation equipment and repeat the
polymerization attempt with the reputedly more reactive initiator,
butyllithium. Secondly, since there is not a large cxpericnce of
anionic polymerization in the Durham group, it was decided to seek

expert help. Dr. D.H. Richards and Dr. Malcolm Stewart at the



Ministry of Defence Research Zstablishment at Waltham Abbey kindiy
agreed to examine the polymerization of this monomer.
[2.2.1]lhept-2-ene and lithiumbutyl in hexane gave a low yield of a tacky
material which rapidly became insoluble (see experimental). The i.r.
spectrum of this product (Appendix B, No. 26) was consistent with its
being an unsaturated hydrocarbon polymer; thus the CH stretching region
showed bands at 3060 cm—l (CSPZ—H) and 2860 - 2080 cm_1 (Csp3—H), there
were broad bands in the 1600 - 1700 cm—1 region which might in part be
due to carbon-carbon double bond stretching absorptions, and bands in the
700 - 900 c:m_1 which may be due to out of plane bending modes of vinylene
C-H bands; however, this result is at best inconclusive.

The preliminary study carried out by Dr. Stewart led to very similar
conclusions, which was to some extent gratifying, since it confirmed
the difficulties experienced by the author, but was disappointing for
the project as a whole. He concluded that this monomer docs not
undergo living anionic polymerization under any of the conditions
examined and that the traces of polymeric material obtained under high
catalyst concentration were of an irregular structure.

At this stage of the investigation successful polymerizations with
other monomers were being obtained and it was decided to abandon
further attempts to obtain polymers directly from 5,6—dimethylenebicyclo—

[2.2.11lhept-2-ene.

3.4 Conclusions
The work reported in this chapter was disappointing. The failure
to polymerize 5,6-dimethylenebicyclol2.2.1Jhept-2-cne by metathesis
or anionic mechanisms so as to give a characterizable product illustrates

the difficulty which can be encountered in translating plausible "paper
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chemistry™ into practicaily useful results. If this project is re-
examined in the future the author recommends that metathesis using catalysts

i

of low Lewis acid character would seem likely to be the mest
fruitful approach. If anionic techniques are to be re-examined it would

seem sensible to examine simpler model systems such as those shown below

before reinvestigating monomer (14), studies of these systems have not

been reported previously.



Experimental




3.5 Ring-Opening Polymerization of 5-Methylenebicyclol[2.2.!lhept-2-ene

Using the general procedure of polymerization described in Chapter

poiymerized with WClé/EtzAl under the experimental conditions recorded

in Table 3.1.

3.6 Unsuccessful Attempts to Polymerize 5,6-Dimethylenebicyclo[2.2.1]

hepta-2-ene

Ring-opening polymerizations of 5,6-dimethylenebicyclo[2.2.1Jhepta-
2-ene were attempted using the general polymerization procedure
described in Chapter 2 and the catalyst system and conditions described
in Table 3.1, run 6. The monomer (0.50 g, 0.46 ml, 4.24 mmole) was
dissolved in chlorobenzene (8 ml) and the active catalyst W016 (1.7 ml,
0.008 g, 0.0214 mmole) and triethyl aluminium (7.3, 0.007 g, 0.004
mole) was added to the monomer solution. There was no evidence of a
viscosity increase. The reaction was left under these conditiens for
two days, when the viscosity started to increase; after three days the
reaction was quenched by addition of methanol and a white powdery
material was isolated from which the i.r. spectrum (Appendix B, No. 24)
was recorded. This product was not the anticipated ring-opened product,

it was insoluble. The same result was achieved in all of five attempts.

3.7 Attempted Anionic Polymerization of 5,6-Dimethylecnebicyclo[2.2.1]-

hept-2-ene
3.7.-a Reagent
Tetrahydrofuran was purified and dried by Mr. B. Hall, of this
department by distillation from potassium. Hexane was purchased from
Koch-Light Laboratories Ltd., it was dried by distillation and stored

over sodium (shining metal); it was degassed before use.



Table 3.1

Ring-opening polymerization of S5-methylene norbornene using WC16/Et3Al in chlorobenzene

Expt.|monomer|{ catalyst system molar ratio T° solvent|ageing reaction wt. of the recovered material| note
no. |amount ¢ (ml) |time duration ;
(g) WCl6 (g) Et3A1 (n) WClézEt3Al:monomer (minutes) soluble insoluble |
|
1 1.8738 | 0.028 35.5 1 4 250 RT 1 40 overnight 0.34 0.57 mixture
2 0.7271 0.0108 11.2 1 3 250 (-10 to -5) 3 20 3 minutes 0.3 0.2 mixture
3 10.727 0.016 11.2 1 2 250 RT 2 10 2 minutes 0.25 0.75 mixcure
4 1.00 0.0163 16.8 1 3 250 RT 6 5 2 minutes 0.52 - pure 1
}
5 l1.00 0.0187 12.8 i 2 200 RT 2 7 1 minute 0.27 0.4 mixture
|
6 11.00 0.0187 16.1 1 3 200 RT 12 5 2 minutes 0.55 0.02 pure
. - . 1
RT = Room Temperature; Mixture = mixture of cationic and metathesis polymer as it was examined by i.r. and "H n.m.r.

)



3.7.b Preparation of a solution of n-butyllithium in anhydrous hexane

Hexane (100 ml) and lithium (4.3 g, 61.9 mole) were placed in a
three-necked round bottomed flask (500 ml) equipped with a reflux
condenser, a mercury-sealed stirrer, a thermometer and a gas inlet tube.
The air was displaced by oxygen-free nitrogen, and a slow stream of
nitrogen was maintained throughout the experiment. N-butylbromide
(26.5 ml, 34.5 g) in anhydrous hexane (50 ml) was introduced via a
dropping funnel supported by means of a grooved cork at the top of the
reflux condenser, n-butylbromide solution (1 - 2 ml) was allowed to
run into the reaction flask which was cooled to about -10°¢C (dry ice-
acetone bath). When the reaction commenced bright spots appeared on the
lithium surfaces and the reaction mixture became slightly cloudy. The
remainder of the n-butylbromide solution was added over a period of
30 minutes whilst the internal temperature was maintained at about -10°C.
Then the reaction mixture was allowed to warm up to O - 10°C over 1
hour, with stirring in order to complete the formation of n-butyl-
lithium. A clear solution was collected by decanting the cloudy
solution through a glass wool plug. An aliquot of the filtered solution
was hydrolysed with distilled water and the hydrolysate was titrated
with standard solution of HCl (0.1 N) using phenolphthalien as indicator.
The hexéne solution had a concentration of 99.3 g/l of butyllithium -

3.7.¢ Preparation of a solution of sodium naphthalide in dry tetra-

iydrofuran
Tetrahydrofuran (50 ml), resublimed dry naphthalene (1.5 g, 11.72
mmole) and metallic sodium (1.5 g, 62.25 mmole) cut into small pieces
were placed in a twe-necked round bottomed flask equipped with magnetic
stirrer. The flask was purged with dry nitrogen and the nitrogen
pressure was maintained at about atmospheric, the reaction mixture was

stirred for two hours, dark green sodium naphthalide solution was formed.

100



3.7.d Attempted anionic polymerization of §5,6-dimethylenebicyclo{2.2.1]-

hept-2—ene

One typical example of the reaction will be described here, the
details of other syntheses being tabulated.

A clean 3-necked round bottomed flask (250 ml) containing a
magnetic follower was used as a reaction flask, the first neck was
fitted with a rubber serum stopper, the middle one was connected to
the vacuum line and the third was closed with a thermometer pocket,
the flask was connected to the vacuum system while hot from the oven
and then flamed under vacuum. The required amount of purified dried
solvent and monomer (the monomer was distilled under nitrogen from
lithium aluminium hydride, and stored over LiAlH4 under positive
pressure of nitrogen and low temperature) were degassed using the frceze
thaw procedure. They weie vacuum transferred into the reaction flask,
then the flask was purged with dry nitrogen, it was placed in an acetone/
dry ice mixture bath, after stirring for about 10 minutes the monomer-
solvent mixture was assumed to have reached the bath temperature (0 to
—IOOOC) and the required amount of the catalyst was injected. No
polymer was produced in any of several attempts, even when the monomer
solution was stirred with active catalyst (the colour does not disappear
for more than 24 hours). Repetition of this experiment under different
conditions also failed to produce a polymer. Attempts to modify the
reaction by addition of N,N,ﬁ,N:tetramethylethylene diamine with n-butyi-
lithium as catalyst system were also unsuccessful. Table 3.3 records
the attempted anionic polymerization of 5,6-dimethylenebicyclof2.2.1]-
hept-2-ene. It should be noted that the author polymerized samples of

styrene by this technique without any problems.




Tabze 3.3

EXpT. imonomer catalyst system | cat./co-cat. |solvent/ml [reaction
no. m.mole m.mole temp.

1 129.323 n—CéﬂgLi 0.146 hexane/70 |Room temp.

2 117.796 n-C Holi 0.09 hexane/ 50 ~10%

3 | 48.305 CIOH—Na+ 0.234 T.H.F./50 -70°¢

4 {31.101 ClOHéNa+ 0.154 T.H.F./32 ~70°¢C

5 | 20.00 c10H§Na+ 0.098 hexane/2§ ~90°¢

6 |42.373 n—C4H9Li/T.M.E.D. 0.42/64 hexane/100 | -70°C

7 [ 40.678 n—CAHgLi/T.M.E.D. 0.39/61 hexane /40 -50°¢

8 |17.797 n—C4H9Li/T°M°E.D. 0.17/26.98 |hexane/20 |[-10 - 0°C
3.7.e Repurification of monomer (14) and final attempt to anionically

polymerize it using lithium butyl

The monomer (14) was repurified by fractional vacuum distillation

(Fischer-Spaltrohr System 0200/01 with Vacuum Regulator) using the best

equipment available.

The fractionation uses a concentric tube

fractionating column (HSM500) with a low fluid hold up and monomer (14)

was distilled at 2900/5 mm Hg, the fraction distilling at this

temperature + 0.1°C was collected and examined by gas chromatography

where it appeared as a single sharp peak.

bicyclo[2.2.1Jhept-2-ene (0.77 g, 6.53 mmole, 0.71 ml) and hexane (15 ml)

merization procedure described above.

This purified monomer was

were treated with n-butyllithium in hexane (0.0033 g, 0.05 ﬁl) at room

temperature. The solution was initially pale yellow but darkened
slowly with time; there was no evidence of polymerization. After one
day a further injection ot catalyst was made (0.1 ml, 1.0M), the colour

of the solution darkened further and a white product separated on the

5,6-Dimethylene-
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walis of the fiask. The reaction was terminated by addition of methanol.
The reaction solvents were removed by evaporation to leave (0.204 g,

26%) of a tacky semisolid which was soluble in CHCl.. A film o
material was cast on a KBr disc and its infrared spectrum recorded
(Appendix B, No. 26). This material was stored under a positive
pressure of dry nitrogen but in 1 day it was no longer soluble in

chloroform.



CHAPTER FOUR

Polymer Characterization
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4.1 Introduction

In this chapter the characterization of the polymers prepared from
monomers 206 - 32 and 40 is described. 1In the first part of the chapnter
(4.2.a - f) “he analytical methods used are reviewed with respect to
their application to ring-opened metathesis polymers, and in sections
4.3 and 4.4 the characterization of individual polymers prepared in

this work is discussed.

4.2 Analytical Methods

4.2.a 130 N.m.r. spectroscopy

130 N.m.r. spectroscopy is perhaps the most powerful and informative
technique available for studying the molecular structure of polymers.
In this thesis we are primarily concerned with polymers produced by
ring-opening metathesis. In such polymers it is possible to obtain
the cis/trans double bond content and in favourable cases to establish
other structural features, such as tacticity and Head-Head vs. Head-Tail
monomer placements, together with the distribution of these variables.
130 N.m.r. spectra obtained for polymers made by ring-opening
polymerization were first observed by Ivin et al. These workers have

13

investigated the C n.m.r. spectra of many polymers prepared by ring-

opening of cyclic and bicyclic olefins, including poly(l—pentenylene),198

poly(1,3—cyclopentylene vinylene) and related norbornene derivatives.198’203_209
The invrstigation of the spectra of poly(i,3-cyclopentylene vinylene)
provides a good point to start a discussion of the method. The structure
of the polymer repeat unit is shown in Figure 4.1., along with the

13

numbering system adopted by Ivin. The “C n.m.r. spectra of three
samples of poly(1l,3-cyclopentene vinylene) were recorded and are shown in
Figure 4.2, sample (a) had all cis vinylene units, sample (b) 50:50

cis/trans, and sample (¢) had > 80% trans vinylencs.
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Figure 4.1

The spectra show multiple fine structure, the main splittings
corresponding to a cis {(upfield) and trans (downfield) peak for CZ(G—C),
and a reverse line order for the other three carbons Cl’ C3, C4° The

chemical shifts of Cl’ 02 and C3 carbon atoms are sensitive to the
isomerism about the nearest double bond and also to that about the next
nearest double bond, therefore in a poly(1l,3-cyclopentylene vinylene)
containing both cis and trans unsaturation four signals should be
observed for C2 and C1 i.e. 2tc, 2tt, 2cc and 2ct; 1lcc, lect, ltc and-
1tt respectively, in which the number denotes the carbon, the first
letter, the cis (c) or the trans(t) structure at the ncarcst double
bond the second letter that at the next nearest double bond. The

methylene carbon, C,, issymmetrically disposed between the two nearest

3’
double bonds so that we can expect three peaks corresponding to 3cc, 3ct=
3tc and 3tt. The relative intensities of these signals may be used to
calculate the amount of cis and trans-unsaturation in the polymer using
the formulae for determination of the fraction of cis—unsaturation,<%,

for each set of signals shown below and compared with the value obtained

from the intensities of the signals due to cis-C, and trans-C, i.c.

4 4

4
c  4c + 4t

_ lct + lcc
%% T 1tt + ltc + lct + lcc

B 2ct + 2cc
c  2tt + 2tc + 2ct + 2cc

¢ - _.3¢cc + 0.5(3ct + 3tc)
c {3tc + 3ct) + 3cc + 3tt
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Ivin nas also pointed out that a statistical analysis of the probability
of having cc, ctztc and tt double bond sequences in the chain leads to

lusicn that the intensity ratioc for 03 should be given by C3

o
[ 3>}

(cc);CB(c‘cEtc):CB(tt)EcC :ch(l—cc)i(l—oc) if the distribution is
random. Any difference between the observed intensity ratio and the
statistical prediction can be used to calculate the blockiness of the
vinylene stereochemistry.

The cyclopentane rings in poly(norbornene) must be substituted in
the form of a cis-1,3 structure, this means that such rings can be
incorporated into the growing chain in two ways, giving rise to the
possibility of ring tacticity as represented in Figure 4.3 for the
polymers with all cis-vinylene units.: At this point it is necessary
to define the terms used in describing tacticity in polymers of this
type. The terms are defined with respect to the cdhfiguration of the
chiral centres adjacent to the vinylene units. A polymer with chiral
centres of the same configuration is defined as r (racemic) and syn-
diotactic, with chiral centres adjacent to the vinylenc unit of
opposite configuration we have a meso dyad defined as an isotactic
polymer. These definitions are illustrated in Figure 4.3 for the
vinylene case and for completion the trans vinylene case is shown in
Figure 4.4. The 130 n.m.r. spectra of ring-opened polymers of
norbornené recorded by Ivin and co-workers do not show any fine structure
which ca. be attributed to a tacticity effect, it is not clear if the
effect is absent because of stereoregularity or is present and unresolved
In order to investigate the question of stereoregulation in more
detail Ivin and his co-workers have synthesized polymers by ring—opening
of a variety of substituted monomers, they prepared (+) and (4+)-cxo -5

methylbicyclo[2.2.1Jhept-2-ene, having cis double bond contents in the

range 11 to 100%. They showed that the fine structure in the 1‘)C n.m.r.
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spectra of these polymers can be interpreted in terms of tt, tc, ct, cc
effects analogous to norbornene polymers (see above) and TH, TT, HH, HT
structures. These symbols (TH, TT, HH, HT) are used to designate the
carbon atoms which constitute the head (H) or tail (T) of the polymer
repeat unit, it should be noted that Cl’ CZ’ C6 as shown in Figure 4.5
are always part of tail and 03, 04, CS and the methyl group are always

part of a head structure. They showed that the spectra of these

Numbering and lettering for repeat units in 5-methylnorbornene polymers

Figure 4.5

polymers have a group of olefinic carbon peaks (131 - 137 ppm), a group
of ring peaks (35 - 53 ppm) and methyl carbon resonances (19 ppm). The
130 n.m.r. chemical shifts are normally sensitive to substitution up to
at least the 6 position (i.ec. over four bonds a, B, v, 6) and it may

therefore be predicted on the basis of known additive shift parameters

that the structures shown in Figure 4.6 will have readily distinguishable

T H H T T H H T :

I 0 ]
| HH dyad W TT dyad || HH dyad |

RO OO Ons
T H T H T H T H

f
HT dyad “

HH, TT and HT dyads in polymer of 5-methylenenorbornene

Figure 4.6
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olefiric resomances. Thus, the vinylic carboens in the HH dyad shown

in Figure 4.6.a will experience shift effects from both methyls (y + s

imilarly the vinylic units in a HT sequence (Figure 4.6.b) will experience
a single vy shift from one methyl in one case (HT) and a 2 & shift in the
other (TH). Detailed considerations show that (a) the expected line
order for the individual olefinic carbons (downfield to upfield) is
TH (28), TT (8), HH (v + §), HT (v), (b) the chemical shift difference
for TH and TT will be very similar to that for HH and HT and equivalent

to a § shift effect, and (c¢) cis and trans double bonds will each
give a set of four lines since the substitution parameter may be

expected to be different in the two cases. Figure 4.7 shows the olefinic
region of the spectra recorded for four different polymers. Polymer (A)
is an all cis sample made from (+) 5-exo-methylnorbornene, this gives
four equally intense TH, TT, HH, HT lines resulting from a random
arrangement of methyl groups. Polymer (b) is an all cis sample made

from (+) 5-endo-methylnorbornene of estimated 73% optical purity. The
inner TT, EH'peaks are 3.3 times as intense as the outer TH, HT peaks,
and this pattern is consistent with a fully syndiotactic structure in
which the outside peaks derive entirely from the presence of 13.5% (-)-
enantiomer [Note 73% optical purity = 88.5% (+) and 13.5% (-)-enantiomer].
The spectrum of a high trans polymer made from the same (+)-monomer is
shown in Figure 4.7.c and is indistinguishable from the spectrum of a high
trans polymer made from racemic monomer; this may be interpreted on

the basis that the ring sequence is atactic even when the polymer is
made from (+)-monomer. The spectrum consists essentially of four low
intensity cis resonances (but in different positions from those in the
spectrum of A because of their sensitivity to the cis or trans structure

of the next nearest double bond) and four equal trans resonances (with
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HH split into two). Spectrum D (Figure 4.7) is of a polymer with a 74/
26 cis/trans ratio in which the polymer has mainly syndiotactic cis

204,206,209

junctions and isotactic trans jumnctions.
In summary we can say that in this case, for an optically pure
monomer, a cis-isotactic polymer must necessarily have an all HT structure
s0 thaf only the outer lines of each set of four will be observed.
Conversely a cis-syndiotactic polymer must have an all HH, TT structurec
and only the inner lines of each set of four will be observed. For a
polymer in which the ring sequence is completely random, two sets of
four equally intense lines will be observed and the result will be

the same as for the polymerization of racemic monomer. Figure 4.8

shows the tacticities of these polymers. Ivin and co-workers reported

r-dyads
cis-syndiotactic
head-head, tail-tail

m-dyads
cis~isotactic
head-tail

Polymers from one enantiomer of exo-5-methylnorbornene,
illustrating HH, TT or HT sequence required by cis-syn-
diotactic or cis-isotactic assembly

Figure 4.8



that the detailed analysis of 130 n.m.r. spectra of polymers produced
by metathesis gave information on stereochemistry and tacticity which
could be related to the mechanism of formation of the polymers, since
the polymer chain contains a record of all the steps in its formation.
These authors proposed, in agreement with the original suggestion
of Chauvin and after analysis of the 13C n.m.r. spectra of high cis
and trans poly(endo/exo-5-methylbicyclo[2.2.1lhept-2-ene), that ring-
opening polymerization using olefin metathesis catalysts proceeds by a
chain mechanism in which the propagating species is a metallo-carbene
generated by the catalyst system, sometimes with the assistance of the
substrate olefin. They showed that in the ring-opening polymerization
of cycloalkene the propagating metallo-carbene mayvbc represented as
Mt=CHg1where glis the polymer chain. 1In an octahedral complex the
carbene ligand may have one of four possible orientations with respect
to the vacancy J, as depicted in 1 - 4. Configurations 2 and 4 may
be described as the mirror-image forms I& and Pr and 1 and 3 as the
symmetrical forms (referring only to the geometry defined by C-P, C-H

and 03). 206
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The four possible modes of addition of norbornene to a chiral conform-
ationally immobile propagating species (after Ref. 210)

Figure 4.9



Now we can consider ho¥ the metailo-carbene mechanism applies to the
ring-opening polymerization of norbornene. The simplest interpretation
of the chservations on the fully tactic polymers is provided inm Figure
4.9, in this it is assumed:

(1) that the propagating species may have left or right handed
forms P& or Pr as has been described above;

(2) that, as in other reactions, norbornene presents itself to
the reaction site with the five membered unsaturated ring
towards the metal, in other words the exo face of norbornene,
which is the least hindered and is consequently favoured for
the initial coordination;

(3) that it may do this in one of two ways (MQ or Mr) according
to the relative positions (anti or syn) of the bridging
methylene (C7) of the monomer and the polymer chain, Pn, S0 as
to form cis or trans double bonds respectively on reaction
with Pz;

(4) that the configuration PQ or Pr remains intact between
successive propagating steps, i.e. there is no ligand
migration or rotation about Mt = é:, or other significant
change of geometry.

Then we can say.that the metallo-carbenes first coordinate and then add
olefin to give a transient metallocyclobutane which ruptures to yield
a new m;callo—carbene and a2 newly formed double bond.210

The configuration of enchained ring is defined as L when 03 (see
Figure 4.9) becomes attached to the carbenc carbon and as D when Cz
becomes attached to the carbene carbon. Altogether there are four
possible propagation steps 5,6,7 and 8, the stereochemical consequences,

deduced by Ivin and co-workers, for all these possibilities are listed

in Table 4.1.
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Tablie 4.1

No. Assembly modes double bond ring
form
5 P +4M — P cis L
2 2 r
6 P +M — P trans D
2 T 2
7 P +M — P cis D
r T 2
8 P +M — P trans L
r ) r

From Table 4.1 it is clear that an all cis polymer can be formed
only by alternation of 5 and 7, leading to alternate incorporation of
D and L rings i.e. to a syndiotactic polymer. This result can be
shown best using molecular models, but has been represented diagram-
atically in Figure 4.10. On the other hand an all trans polymer can be
formed by a sequence of reactions (6) concurrently with a sequence of
reactions (8), leading to an isotactic polymer. As an example of what
happens when both cis and trans double bonds are formed, consider
the sequence of reactioms 5, 7, 6, 6, 5, 8, 7. This will yield the
following chain of double bonds and rings cLcDtDtDcLtLeD. Every cis
double bond is embraced by an r dyad (LD) and every trans double bond
by an m dyad (DD or LL). This is exactly as‘observed for fully tactic
polymers.zm’211
At “he other extreme, where the polymers are completely atactic
it is clear that propagation must proceed either through a species Ps

that is not chiral about the metal centre or through chiral species that

rapidly interconvert between every propagation step, i.e. PfFfpé;?P .
4 . r

Ivin and Roumey have proposed that in the formation of high trans polymer

there may be total relaxation of the metal-carbene to a structure

which is not necessarily octahedral, probably square pyramidal or

o

~l



cis
syndiotactic

Diagram summarizing the conclusions reached by K.J. Ivin for the

case of polymerization of a substituted bicyclo[2.2.1}hepta-2,5-

diene with a conformationally immobile carbene as the chain carrying
species

Figure 4.10



119

trigonal bipyramidal with no formal vacant position, and which kas an

equal chance of adding monomer as Ml or Mr°
The foregoing discussion illustrates the very great detail which
i3

can be extracted from high resolution "~C n.m.r. studies of polymers of

the norbornene type. In section 4.3 and 4.4 the spectra obtained for
polymers prepared in this work will be analysed in the light of the

procedures established by Ivin and co-workers.

4.2.b lH N.m.r. spectroscopy

1H N.m.r. spectroscopy is a widely used technique for structure
determination in organic chemistry. The technique provides information
concerning the number of different environments for hydrogen atoms in a
molecule (chemical shifts) and the relative abundunces ot the different
hydrogens (integration) and coupling constants in high resolution
spectra can be interpreted in terms of structural and stereochemical
relationships between hydrogen atoms. For the kind of systems of
interest here information might be extracted at a variety of levels;
consider as an example the polymers which can be derived from benzo-

norbornadiene (Figure 4.11).

Figure 4.11
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7
it would be expected that in wonomer {40) the "H n.m.r. spectrum would
show vinyl, bridgehead, bridging and aromatic resonances in the

.~ Would show resonances
1y

intensity ratio 1:1:1:2 and that the polymer P
associated with aliphatic protons and aromatic protons in a 3:2 ratio
but no vinyl proton resonances, wnereas either of the polymers P1 and P2
would be expected to show aromatic, vinylic and aliphatic protons in

the ratio 2:1:2. Since the chemical shifts associated with these
broad classifications are well known and quite distinct it is possible
to distinguish between ring-opening polymers (P1 and P2) and the vinyl

addition polymer P__ on the basis of low resolution 1H n.m.r. sSpectroscopy;

10
this has in fact been demonstrated previously}OZIn addition to the
gross structural features of the polymer described above it is
theoretically possible to obtain more detailed structural information
from an analysis of coupling constants. Thus, for example, it should

be possible to distinguish between cis and trans substituted double
bonds on the basis of the vinyl H-H coupling constants; values of JHH
for cis —CH=CH- fall in the range 6 to 12 Hz whereas values of JHH

for trans -CH=CH- are typically 12 to 18 HZ}SSUnfortunately all attempts
to obtain well resolved 1H n.m.r. spectra for polymers produced in this

work were unsuccessful except for polymers derived from monomer (32).

The 1H n.m.r. data have been collected into the Table shown below.

Table 4.2

Polymer No. | ~CH, ~CH - B —CH=CH- | Aryl-H
(P3, W) 1.3, 1.6 | 3.3, 3.4 5.4 7.15
(P4, W) 2.8 4.1 5.8 7.62
(Pg> W) 1.5 2.97 5.39
(p7, W) 2.98 4, 4.5 5.85 7.65
(P7, Mo) 2.99 4 6 7.8
(Pg, Mo) 3.9 4.76 5.62
(Pg, W) 1.71 ’ 4.56 5.6, 5.14
(Py, Mo) | 1.72 4.4 5.6




As indicated in Table 4.2 the aromatic protons for polymers derived from
monomer (26, 27, 30) were observed as a single broad peak . The allylic
and methylene hydrogens for polymer (Pg, W) resolved into two peaks.
Comparison of the spectra of (P7, W) and (P7, Mo), shows that (P7, Mo)
gives one signal due to an allylic proton, whereas (P7, W) gives
in addition to this signal at 4 ppm a signal at 4.5 ppm, the signal at
4 ppm may be assigned to an allylic proton adjacent to a cis double
bond, and at 4.5 ppm an allylic proton adjacent to a trans double bond.
The band assigned to the vinylic hydrogens had the appearance of two
overlapping peaks of approximately equal intensity, whereas the vinylic
hydrogens for polymer (P7, Mo) show one broad band centred at 6 ppm.
Polymers (Pg’ W) and (P9, Mo) show well resolved bands in the
vinylic region, Polymer (Pg’ Mo) is a high cis stereoregular polymer,
therefore the signai at 5.6 ppm was assigned to the cis vinylic proton.
In the case of polymer (fg, W), the vinylic protons resolved into. two
distinct bands with the cis vinylic H at 5.6 and the trans at 5.14 ppm.
This observation is consistent with approximately equal amounts of cis
and trans-double bond units for the polymers prepared from w016/(CH3)4Sn
catalyst system,on the other hand the polymer prepared from MoClg/(CHg)ASn
is consistent with the high cis double bond units in the main chain.

13

This observation is in good agreement with that of "“C n.m.r. spoectra

which will be discussed later in this chapter.

4.2.c Infrared spectroscopy

I.r. spectroscopy is associated with the absorptions of electro-
magnetic radiation in the wavelength range 2 to 25 microns (5000 - 40 cm-l).Z]
The absorbtions are associated with quantized transitions between

vibrational or rotational states. The most useful absorbtions from

the point of view of the organic chemist occur in the narrower range of
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2.5u to 15u vhich most infrared spectrometers cover. The usual range
of an infrared spectrum is, therefore, between 4000 cm_]l at high frequency
end and 650 cm_1 at the low frequency end.

Functional groups have vibrational frequencies, characteristic
of that of functional group , within well defined regions of the range.
The fact that many functional groups can be identified by their
characteristic vibration frequencies makes the infrared spectrum the
simplest, most rapid and often most reliable means for assigning a
compound to its class. |

The normal modes of vibrations may be divided into two classes the
skeletal vibrations and the characteristic group frequency vibration.
Group frequencies are usually almost independent of the structure of
the molecule as a whole and with a few exceptions, fall in the regions
well above and well below that of the skeletal modes. The vibration of
light atoms in terminal groups [e.g. C-H stretch (2970 - 2850 cm—l),

1

-1 _ N
-OH (v 3600 - 2500 cm ~, free or H bonded), -C=N (~ 2250 cm '), _L=0

I N -1 .
(1600 - 1750 cm "), C=C__ (1650 cm "), etc.] are of high frequency;

1),;EC—Br (650 cm—l), metal-

while those of heavy atoms q;C—Cl (725 cm”
metal, etc.] are low in frequency.
In review, measurement of i.r. frequencies of a molecule can serve
three useful purposes. Firstly the complete spectrum is unique for
each molecule which serves to identify the molecule; the characteristic
¢ usad to define the organic functional groups
within the molecule; and finaily, in some cases a detailed analysis
can be used to define the geometric relationships present in the molecule,213
I,r. spectroscopy has been widely used to identify polymers, to
analyse their chemical composition quantitatively, and to specify steric

and geometric isomerism, configuration, conformation, branching, end

groups, and crystallinity. Tt is also used in the identification and
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ana.ysis of additives residual monomers, fillers and plasticizers.
For most polymers a thin self supporting film is ideal and procedures
are available for preparing such samples. For solvent casting technigues
care must be taken to remove residual solvents. For insoluble polymer
other methods must be used, the method of treatment is prescribed and

based on the initial form of the'materia1%16lf the polymers melt without
decomposition, degradation, or oxidation, heat processing or compression
moulding can be used. Powders can be dispersed in KBr and pressed into
pellets to give useful spectra, or can be mulled with liquid dispersion
materials such as paraffin oil, and hexachlorobutadiene. Many

polymeric materials such as fibres, rubbers, fabrics and paints cannot

be produced in suitable form for transmission measurements hbut can be

studied by attenuated total reflection (ATR)%17With the development

of FTIR, sampling requirements are less restrictive due to the higher

1
218,2 gThe polymers produced from unsubstituted

sensitivity of the instrument.
aromatic monomers (26, 27, 28, 40) and partially fluorinated aromatic
monomers (29, 30, 31, 32), were characterized by their i.r. spectroscopy.
The i.r. spectra were recorded on free standing films produced from
volatile solvents, or as a KBr disk.

The spectra of the unsubstituted aromatic polymers showed the
expected C-H aromatic absorptions above 3000 cm‘l, the aliphatic C-H
absorptions in the region between 2800 - 2980 cm_l, carbon-carbon
stretching in the 1585 to 1400 cm-1 region. The out-of-plane C-H
deformation modes have been used extensively to identify c¢is and trans
~CH=CH- units, the trans unit givihg rise to an absorption ca. (960 -
980 cm—l) and the cis to an absorption ca. (665 - 730 cm_l); thus, the
presence of any of these bands indicates the geometry of the vinylene
unit in the polymer chains. For example, superficial examination of the

spectra of the polymers derived from benzonorbornadiene Pl(W016/Me4Sn
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catalyst) and P2 (MoClS/Me4Sn catalyst) which are recorded in Appendix
B (No. 27 and 28) shows them to be very similar but a detailed
examination of the out-of-plane bending region indicates that P2 has a
higher proportion of cis vinylene units than Py, see Figurc 4.12. Both .
polymers show bands at 970 cm—1 (trans vinylene) and 765 cm ! (cis

PZ(MO)

PI(W)

o0
capo @ 9 af2 2 coose?

S

970 765 743 em™?

Figure 4.12

Infrared spectra for Pl(w) - P2(Mo) in the vinylene C-H out-of-plane

bending region

vinylene , unfortunately the situation is somewhat complicated by the

fact that the cis vinylene absorption occurs as a shoulder on the out-of-
plane bending mode of the aromatic C-H bonds at 743 c:m_1 and that the

absolute spectral intensities are quite different but comparison of

and Pz with

the cis vinylene CH indicates that the molybdenum -derived polymer has

the aryl CH absorption which should be constant for both P1

relatively more cis double bonds. This type of analysis is difficult to
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ouantify but, before 130 n.m.r. methods were available it was extensively
used to measure cis/trans ratios. The conclusions are as expected and in
agreerment with the 130 n.m.r. data to be discussed later. There was

a close similarity between spectra of polymers derived from monomers 29
and 30, these polymers show strong absorption bands in the region between

1350 - 1120 cm_1 assigned to the CF, groups, spectra in the region 975 - 730

3
cm = are very similar and there is no significant evidence which allows
assignment of the cis and trans configurations in this case bedause of
overlapping absorptions from other modes. Polymers derived from monomers
31 and 32 shows the aryl fluoride bands, these bands absorb in the
1250 - 1100 cm—1 region, with the same limitations as previously
discussed.

In conclusion it can be said that the infrared spectra of the
polymers produced in this work are consistent with the expected structures;
but that since the structures are fairly complicated, detailed assignments
of bands are less certain than with simpler systems such as polypentancmer

or polynorbornene, consequently the technique has reclatively little value

in this work.

4.2.d Gel permeation chromatography
Cel permeation chromatography is a powerful separation technique
which has found acceptance in the polymer field since its discovery in

1961°220,221

Its basic principle depends on the fact that the molecules
are separated on the hasis of their hvdrodynam
volume of the coiled chain of one polymer molecule. This is affected by'
the stiffness of the chain and the interactions of the polymer with
solvent.,

Chromatographic processes may be defined as those in which the

solute is transferred between two phases, one of which is stationary and

the other moving, often traversing along the tube called a column. In
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GPC both phases are essentially the same (i.e. the solvent). The GPC
column is filled with beads of a porous "gel”; usually made from a
highly crosslinked copolymer of styrene and divinylbenzene or a porous
glass. The pores in these gels are of the same size as the dimensions

of polymer molecules. The stationary phase in the column is that part

of the solvent which is inside the porous gel particies, while the mobilé
phase is outside. In GPC, the transfer of solute between the two

phases takes place, as a result of diffusion, resulting from a difference
in concentration of solute between the two liquid phases, and restricted
by the molecule's ability (depending on its size) to penetrate the pore
structure of the gel. This process is called permeation; a sample of

a dilute polymer solution is introduced into a solvent stream flowing
through the column. As the dissolved polymer molecules flow paxt the
porous beads, they can diffuse into the internal pore structure ot the
gel to an exfent depending on their size and the pore-size distribution
of the gel. Larger molecules can enter only a small fraction of the
internal portion of the gel, or are completely excluded from this
stationary phase, the larger the molecule therefore, the less time it
spends inside the gel, and the sooner it flows through the column (eluted
quickly), the smaller the molecules are, the greater is the volume
available to thém, and therefore the longer is the time before they arec

washed out of the gel column (i.e. they elute less quickly)%zzThus, the

3 3 3 g 1T b .o
by u.v. or refractive index detection will show &

final trace obtained,
curve with the largest molecules represented at the front end of the
trace; from this curve the average molecular weight of the polymer can
be calculated. When polymolecular test samples are separated by this
technique the peaks in the chromatogram may exhibit broadening which is

due to two effects, on the one hand the effect of the molecular weight

scatter in the components and on the other that of diffusion phenomena



during the flow through the column. Mathematical corrections -for the
diffusion effect can be employed but are of importance only for polymers
with a narrow molecular weight distribution. GPC has proved extremely
valuable for both analytical and preparative work with a wide variety

of systems ranging from low to very high molecular weights. The method
can be applied to a wide variety of solvents and polymers, depending on
the type of gel used. The experimental procedure used in this work
consisted of preparing an approximately (0.4 to 0.5%) solution of the
polymer in THF, the solution is filtered through a millipore filter to
remove any particulate matter and injected into.the solvent stream

which is split into two, one stream is used as reference in the detector
system and the other carries the sample through the GPC column and
detector. The output from the instrument consists of a curve plotted

on a potentiometric recorder. The area under this curve is divided into
equally spaced points, by measuring from one of these points to the
injection point. The elution volume to that point is obtained. The

peak height hi gives the relative number of molecules Ni with a molecular
weight Mi’ by the use of corresponding values of Mi from the calibration
curve which was prepared by running standards of known molecular weight and
narrow molecular weight distribution (polystyrene samples), and preparing
of a plot of log molecular weight versus retention volume. The formulae

shown below are then used to obtain Mw and Hn values for the polymer

_ IN. M, _ IN.M, “ #
My = ZNl = M, = fﬁlﬁl— polydispersity = —¥
’ i i M

where ﬁw and M are the weight average and number average molecular
n

weights and Ni is the number of molecules with molecular weight value Mi'

Mw is sensitive to the amount of high molecular weight molecules present

whilst Mn is affected by low molecular weight material in the sample.
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The polydispersity vaiuve is an-indication of the molecular weight
distribution, for well characterized polymer systems where solution
viscosity has been studied as a function of molecular weight, it is
possible to use Mark-Howink k and o values to convert the polystyrene

equivalent values of Mn and M to M

and M values for the actual
W n W

polymer. However, the constants K and a are not known for the samples
measured in this work. The GPC output curves of elution volume versus
peak height for polymer (Pé’ W), (P6, Mo), (P7, W), (P7, Mo), (P8, Mo),
(P9, W) are shown in Figure 4.13. The weight average molecular weight
ﬁw, the number average molecular weight Mn and polydispersity ﬁw/ﬁn

were calculated for each sample. A typical example of the calculation

is presented in Table 4.3.

Table 4.3

Calculation of ﬁn and ﬁw of polymer sample from GPC

data, polymer P6’ Mo

Elution | peak height| M N. =h./M | N .M N, JMiZ

volume (cm) (x 106) ? 10f5)1 e (1 105

(mls) X X )

14.6 0.9 0.8912 0.1000987 0.9 8.0208

15.1 3.2 0.63095 0.507171 3.2 20.1904

15.6 7.2 0.44668 | 1.61189 7.2 32.16006

16.1- 11.25 0.2985 3.76884 11.25 | 33.58125

16.6 13.95 0.21135 6.600 13.95 | 29.483325

17.1 14.6 0.14125 10.3362 14.6 20.6225

17.6 10.5 0.1 '10.5 10.5 10.50

18.1 4.85 0.070794 | 6.78 4.85 | 34.293865

18.6 2.1 0.053088 | 2.0557 2.1 1.11489

19.1 1.1 0.033496 3.2838 1.1 0.1368456

19.6 0.6 0.022387 2.68012 0.6 0.13434

20.1 0.1 0.05848 0.170998 0.1 0.05%4%
50.2948 70.35 {190.52926

IN, .M,
Moo= = 79.35 ~ = 139875.29 — 140 x 10°
n i 50.2048 x 10
2
N, .M, 5

= _ “7i"i  190.52926 x 10° 3

M= TN, M, = 70.35 = 270830.5 — 271 x 10

polydispersity = ﬁﬁ = %ZQ = 1.94

M 39
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THTY was the only GPC solvent availabie to the author during the
course of this wbrk, polymer (P4, W) was only partially soluble in THF,
and consegquently no molecular weight data is available
material, although, CHCl3 solution viscosity indicates that it was a
genuine high polymer. Polymer (Pg’ W) gave a clear homogeneous solution
in THF whereas polymer (P9, Mo) was insoluble in THF and only soluble
in 06H501 and CéHSCH3;

difference in chain microstructure (tacticity). For polymer (P7, W),

this difference in solubility may reflect a

(P7, Mo) and (P8, Mo) the GPC traces were run twice under the same
conditions but on different days, the analysis of these runs show
different values for ﬁn, ﬁw and polydispersity as shown in Table 4.4.

The peak maxima for the two measuremcnts of polymer (P._, W) werce the

7

same but the values of ﬁn’ Mw and polydispersity obtained on analysis

Table 4.4

Gel permeation chromatography results calculated against
polystyrene standards in THF

sample M M polydispersity
W n_s
x 1003 | x 10
P, W 400 218 1.8
P6, Mo 271 140 1.9
P7, ¥ - run 1 438 129 3.4
- run 2 256 95 2.7
P7, Mo - tunn 1 530 88 0.0
- run 2 216 74 9
Pgs Mo - run 1 1667 301 5.5
- run 2 1472 183




of the values are very different. There is, in this technique an element
of subjectivity. When different people were presented with copies of
the same trace, and carried out independent analysis as described above
the ﬁn values obtained were in good agreement whereas the ﬁw values

were in considerable less good agreement and consequently the Mw/ﬁn
values also showed some scatter, this is a consequence of the

relatively large effect of the "wing" components of the peak and the
subjectivity in the analysis arises from the definition of where the
base line for the trace should be drawn. Runs repeated on the same

day gave superimposable traces, so it seems likely that the differences
between runs carried out on successive days are significant. In all
these cases the molecular weight had dropped and this may indicate a
relatively easy oxidative degradation of these polymers during storage
in solution.

A general conclusion to be drawn from these results is that genuine
high polymers have been produced, the molecular weights obtained are
probably an over estimate since it is expected that these polymers
will be stiffer than polystyrene and consequently for the same degrec
of polymerization a rather large hydrodynamic volume may be expected
for the polymer coils. As discussed above, it seems that as a
consequence of the sensitivity of the analysis of the curves to minor
variations,‘the values obtained for ﬁw/ﬁn should be treated with some
reserve; the curves all have a very similar shape and consequently
similar distribution would be expected.

4.2.e Control of molecular weight by transfer

In chain growth polymerizations the propagation reaction is
responsible for the building up of the actual molecular backbone. This
reaction can be stopped in two ways; either by termination or by

chain transfer. Termination is the result of destruction of an active

[FS]



species whereas transfer is the result of termination of the growth of

one chain concurrent with initiation of another molecular chain and there

is therefore no reduction in the number of active centres, although

such reactions limit the overall molecular weight of the polymers

[
(U9

obtained. Examples of the process for cationic and radical polymerizations

are shown below:223_225
+ _ + _
J&ﬂﬁJCHZ—?H, X + CH2=?H B Aﬂ"CH:(ﬁH + CH3—?H, X
R R R R

«fmw*Cﬂz?Ho + XR —— 'VN”CHZ?HX + R®
R R

R + CH2=?H —_— R—CHz—?H° - —
R R

When transfer becomes excessive, however, no high molecular weight
units are formed only oligomeric products being obtained; in these
circumstances the transfer reaction becomes, in effect, a termination
reaction with respect to formation of high polymers. Compounds whose
transfer constants are the order of unity or greater are especially
useful in controlling the molecular weight of the polymer, only small
quantities are required to depress the molecular weight to almost any
desired level. The aliphatic mercaptans are widely used in radical

polymerizations involving butadiene or other diolefins as tor cxample

in the preparation of synthetic rubbers, in order to reduce the polymer

chain length to the range required for subsequent processing_226,227

In the present case, octene has been used as a chain transfer
agent to reduce the molecular weight of polymer (P9, W). Using the
general polymerization procedure described on page 82, the activated

catalyst solution WCl, (0.28 ml, 0.004 g, 0.01 mmole), (CH3)4Sn (0.02

to
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rmole) in chlorobenzene {0.3 ml) was injected to a mixture of monomer
(0.5 g, 0.002 mmole) and octene in chlorobenzene (3 ml). This reaction
was carried out four times using the same reaction procedure, the same
monomer, catalyst and cocatalyst ratio and varying the amount of octene,
the reactions were terminated by the addition of a small quantity of
methanol and the product was added dropwise to a vigorously stirred
five-fold excess of methanol. The product from experiments 2, 3 and 4
was precipitated as a fine powdery material, it was collected by
filtration and dried under reduced pressure. In each experiment a yield
of virtually 100% was obtained. The molccular weights of the polymeric
samples collected from these reactions were determined using GPC. The
GPC output curves of elution volume versus peak height for polymer (32,
1), (32, 2), (32, 3) and (32, 4) are shown in Figure 4.14. The effect
of varying the molar ratio of octene on the number and weight average

molecular weights is recorded in Table 4.5.

Table 4.5
T | cavscocar oniontene | x 183 |y a3 | IO
(32, 1) 1: 2 :200: 0 336 557 1.66
(32, 2) 1: 2 :200: 2 17 61 3.6
(32, 3) 1: 2 :200: 5§ 8.8 35.9 4.1
(32, 4) 1 : 2 :200: 10 3.6 21.0 5.9

As can be seen, the inclusion of octene has the expected effect in that
the molecular weight is progressively reduced as the proportion of
octene increases, it also appears from these results that the poly-
dispersity Mw/Mn increases as the proportion of octene in the
polymerization mixture is increased. It is established that unsaturated

polymers can be degraded to smaller fragments by cross-metathesis and
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the observed reduction in molecular weight may result from a combination
of polymer degradation as well as chain transfer. The purpose of these
simple experiments was to establish if the molecular weights of polymers
of this type could be satisfactorily regulated and this simple set of
experiments demonstrates that this is true in practice. The reservations,
expressed earlier, concerning the value to be placed on ﬂm/ﬁn obtained
by our GPC analyses and the possibility that two mechanisms of molecular
weight regulation are operating means that no attempt to attach greater
numerical significance to these results is justified. A practical
consequence of these observations is that less soluble polymers can be
produced in a low molecular weight (and hence more soluble) form in
order to increase the chances of obtaining reasonable ]30 n.m.r.
spectra.

4.2.f Elemental analyses

The results of elemental analysis for all the polymers prepared

are summarised in Table 4.6.

Table 4.6

Elemental Analysis Results

Found Calculated
Polymer no.
C% H% F% C% H% F%,

Py W 90.16 | 9.22 92.78 | 7.21
Pys W 89.75 | 6.24 93.75 | 6.25
Pgs W 55.57 | 3.58 | 39.44 | 52.72 | 3.6 | 40.70
P, W 55.96 | 3.21 | 40.54 | 56.13 | 2.88 | 40.99
Pg, Mo 62.50 | 2.7 | 30.40 | 61.69 | 2.8 35.5
Py, W 67.16 | 3.77 | 28.06

66.15 | 3.937 | 29.91
Py» Mo 67.11 | 3.53 | 29.40




The aralytical resulls are oniy really satisfactory for two of the

samples, Pg> W and P_, W; for the remaining samples there is some

7
deviation from the calculated values. The fluorinated polymers (P8, Mo),
(Pg, W) and (P9, Mo) are only marginally different from the calculated
values for C and H.but show some scatter for F; in practice these
deviations are probably within»the experimental error levels attainable
by the analytical techniques used. The hydrocarbon polymers (P3, W)

and (P4, W) are significantly low on carbon, this is attributed to

oxidation of the samples prior to analysis.

13

4.3 C Nuclear Magnetic Resonance Spectroscopic Analyses of

Hydrocarbon Polymers

4.3.a Introduction

The application of 130 n.m.r. spectroscopy to the investigation of
polymers produced by metathesis ring-opening has been very highly
developed by Ivin and co-workers (see pages 104 to 119); previous
workers in these laboratories have also used the technique for
investigations of polymers derived from fluorinated norbornenes,100’]0l
arylnorbornenes,102 polycyclic chloro- and fluordbolyeneleI and
functionalized norbornene monomers»(esters?zgarbonates169 and imides).229
Ivin's work on methyl substituted norbornenes has demonstrated the
power of the téchnique in establishing overall molecular structure and,
in favourable cases, details such as the proportion and distribution of
cis and trans vinylene units; with unsymmetrically substituted
monomers the proportion of head-tail versus head-head-tail-tail units;
and details of tacticity. The basis of Ivin's analysis has been
outlined earlier, however, prior to an analysis of the spectra of

materials produced in this work it is necessary to consider the observed

shifts for some molecules structurally related to the monomers used and

s
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polymers obtained. First consider the observed shifts for the structures

shown below. The quoted chemical shifts are in p.p.m. downfield from

26

tetramethylsilane, and it can be seen that for ali types of carbon
decreasing ring strain results in an upfield shift. A similar effect
is seen in the two structures shown below, thus all the signals for the
carbons in the five membered ring are shifted to higher field in the

unstrained analogue, 1,8-dimethylnaphthalene:

In this last example it is also interesting to note that the aromatic
carbons which are not initially part of the five membered ring experience
a downfield shift in the less strained system. The investigation of

13

‘polymers by sophisticated techniques such as “C n.m.r. spectroscopy
is very dependent on the availability and quality of instrumentation.
In recent years there have been considerable improvements in both the
attainable signal to noise and resolution, and it is clear that access
to high quality instrumentation is very desirable. The spectra
described below were obtained via thé SERC High Field N.M.R. Service

based in Edinburgh University and run by Dr. I. Sadler. Demand for this

service is heavy and the time required to obtain good polymer spectra is
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sometimes very great, for example accumuiation times in excess of 40 hrs.
Considerations of this kind limit the number of spectra which can be
obtained and certainly inhibit requests for repetition of measurements
under slightly varied conditions; as a resuit, in this work a somewvhat
variable quality of resolution has had to be accepted since the
resolution attainable is very sensitive to small variations in conditions
of recording (purity, molecular weight, concentration, and instrumental
variables).

4.3.b Polybenzonorbornadienes

El-Saafin previously investigated this polymer and the spectral
resolution obtained at that time is indicated in Figure 4.15. The

spectrum was obtained for a freshly prepared sample, made using WC16/PH45n

13

C N.m.r. spectrum of polybenzonorbornadiene, from the Ph.D. Thesis
of I.F.A.F. El-Saafin (Durham 19X1)

T2 . oo 4 - -
rigure 4.15

catalyst, and it can be seen that the signal to noise and resolution
are not very good although they were fairly typical of data obtainable
at that time. The six signals detected were assigned as shown below;
those at 43 and 48 ppm were assigned to the methine and methylene

- carbons, signals at 124 and 127 were assigned to the aromatic carbons,



the low intensity signal at 146 ppm was assigned to the aromatic carbons
which do not carry a hydrogen atom and the vinylic carbon signal at 134
appeared to be a partially resolved doublet corresponding to cis
{downfield) and trans units expected for polymers prepared using this

catalyst system. This work has been repeated using WClé/Me4Sn and

MoClS/Me4Sn catalysts to give polybenzonorbornadienes P1 and P2
respectively. These syntheses were described earlier and the different
solubilities for P and P2 noted (see pages 65 to 66); the spectra
obtained for these polymers are recorded in Figures 4.16a, 4.16b,

4.17a and 4.17b. The resolution and signal to noisec in these spectra
are much improved with respect to what was obtained previously. The
first point to emerge is that El-Saafin's assignments were generally
correct, but the DEPT spectrum (Figure 4.16a) shows that the methine
carbon occurs as two multiplet signals at ca. 43 and 47 ppm and that the
methylene signal overlapé with the methine signal at 43 ppm. The
possible assembly modes for polybenzonorbornadienes were discussed
earlier (see page 64) and “t is clear from these spectra that a lot of
information concerning the chain microstructure is contained in the
complicated multiplicities observed, unfortunately the spectrum

obtained for P, is not as good as that obtained for Pl' The assignments

2
shown on the spectra follow in a straightforward manner from those made

for norbornene by Ivin and co-workers. The cis content of thesce two

polymers can be determined from the vinylene carbon intensities given

pead
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in the computer printout, see Table 4.7. The assignment of the vinylene

carbon lines recognized by the computer is not entirely unambiguous and

Table 4.7
Shift Assignment Integral
e e B
P1 133.52 9.32 OC = 0.52
133.3 19.20
133.16 trans 12.00
133.96 . 44.07
cis
P 133.76 23.19 6 = 0.67
2 133.40 trans 20.47 c
133.20}’ 9.80

it is usual practice to calculate o, from several different signals,
in this case the overlapping methine and methylene signals make a
calculation from either impossible. However, the aromatic signal at
ca. 124 which is assigned to C-5 is split into a doublet and the computer
recorded the two lines as 124.03 (36.50) and 123.88 (39.08) if the
lower field line is assigned to environments adjacent to cis double
bonds the value of o calculated is 0.48 which is in reasonably good
agreement with the 0.52 values derived from the vinylene signals;
unfortunately, although the line narrowed spectrum shows that the
analogous signal from C-5 in the spectrum of P2 (Figure 4.17b) is split
in a similiar way, the computer did not recognize this resolution and
although it is clear that the lower field line assigned to cis C-5§
is more intense than tche trans C-S line no numerical valuc can be
derived.

Thus, it can be concluded that polybenzonorbornadiene P1 has
roughly a 50:50 distribution of cis and trans units whereas P2 has a

preponderance of cis units. The spectrum of P1 has considerable fine



structure detail in all signais, which unfortunately is not matched

in the spectrum of P, and as a consequence it is not possible to make

2
any unambiguous stereochemical assignments of microstructure, although

it is clear that the two samples are different. In Pl the fine structure
in the C-6 aryl carbon signal at 126.6 ppm and in the methine signal at
47.6 ppm (see expanded spectra, Figure 4.16b) indicate that this

polymer cannot be high stereoregular since a high degree of stereo-
regularity results in essentially unique environments and single narrow
lines. This observation is consistent with many other examples where

w016/Me Sn produces essentially atactic polymer, with roughly cqual

4

proportions of cis and trans vinylenes.

4.3.c Poly(4,S—benzotricyclo[é,z,1,02’7]undeca—2(7),4,9—triene), P3

Polymer P, was prepared using WCl6/Me45n in chlorobenzene, a

3
fairly well resolved spectrum was obtained, Figure 4.18. The assignments
for polymer P3 follow fairly straightforwardly from the background data

presented in the discussion of polybenzonorbornadiene and the analysis

of the spectra of norbornene polymers presented by Ivin and co-workers.

If we look at the spectrum of polymer P3, Figure 4.18, we see that
there are two regions in which resonances occur, namecly the aliphatic
carbon resonances from ca. 25 to 55 ppm and the olefinic and aromatic

carbon resonances from ca. 120 - 150 ppm. The DEPT spectrum, in which
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Chemical shift in the

13

Table 4.8

3
3
£CH=CH oo CH=CH}_
Peak | Chemical | Assignment Integral o
no. shift
29.88 5t 35.39
' 30.1 50 19.05 | %3¢
38.68 3tt 4.96
39.0 3tt 7.939
2 39.26 3etz3te 7.62 0.41
39.5 3cc 7.743
3 45.19 2cc 24.117
0.45
4 50.52 2tt 11.497
50.59 2tc 17.280
5 125.78 8 8.736
6 128.87 7 49.966
7 igi'gg overlap between
) 4,6, 1(c+t) | vinylic and
8 135.1 quaternary carbons

2

C n.m.r. of poly(4,5-Benzotricyclo[6,2,1,07°
undeca-2(7),4,9-triene), P

7

i-
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CHZ carbons are inverted, CH remains unchanged and quaternary signals

vanish, allows us to assign the resonances at ca. 30 and ca. 39 ppm

to the meihylenes labelled CS and C3 respectively, some fine structure
is almost resolved but the resolution is insufficient to make

unambiguous assignments. The other aliphatic carbon resonances are due
to the a-carbon, 02 and occur at 45.19 (02 (c)) and 50.52 and 50.59

(C2 (tt and tc)) giving a o, = 0.45; although it is not clear to the
naked eye,the methylene resonance at ca. 30 is assigned by the computer
to two signals at 29.88 and 30.10 ppm and if we allocate these signals

to 5t and 5c respectively, the computer integration generates a value

of o = 0.36 which is in rather poor agreement with the e derived value.

The methylene at C_, would normally be expected to appear as a three line

3
signal (3(tt):3(tc=ct):3(cc)), however, four lines are observed in

the recorded spectrum. A provisional assignment of these lines is
based on the assumption that the 3(tt) line is split, possibly as a
result of syndio and isotactic sequences; and using this assignment a
o, value of 0.41 was computed which is intermediate between the two
previous computed values. It seems reasonable to assume that this
polymer has roughly 42% cis vinylene units which would be in reasonable
accord with many other results obtained with this catalyst system.

The computer printout also splits the a-carbon adjacent to trans
vinylenes into two resonances at 50.59 and 50.52 although to the naked
eye this;iooks like a broad unresolved band, whereas . adjacent to
’cis vinylenes at 45.19 appears as a fairly narrow line, the
significance of these differences with respect to microtacticity is not
readily apparent, but it may indicate that cis dyads have only one
tacticity (presumably syndiotactic) whereas trans dyads have both

syndio and isotacticity, this might be reasonable on steric grounds.

Comparison with the spectrum of polymer P4~(See below) identifies the
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low intensity resonances in this spectrum as being due to traces of
P4. These impurity peaks are marked X, and it is entirely reasonable
from the mode of formation and the ease of dehydrogenation of polymer
P3’ that some contamination by polymer P4 should have occurred. The
aromatic, C7 and C8, carbon resonances are assigned by analogy as shown
in Table 4.8; unfortunately the quaternary carbons at C4 and Cé
overlap with the vinylene resonances as is clearly demonstrated by
comparison of the normal and DEPT spectra in which quaternary carbon
resonances vanish. In the DEPT spectrum the vinylene resonances are
split into two roughly equal signals which is consistent with the
earlier computations of o - In conclusion we can say that the polymer

P, produced by WC16/Me4Sn catalyst appears to have the expected

3
structure and approximately 50:50 distribution of cis and trans
vinylenes, but unfortunately S/N and resolution is insufficient to say
anything positive concerning the tacticity of the polymer, although

the indications are that the polymer is essentially atactic.

4.3.d Poly(2,3-naphthotricyclol2.2.13}hept-2,5-diene), P4

13

The “C n.m.r. spectrum of polymer P4 produced using WCI6/2(CH3)4Sn

is shown in Figure 4.19, the shifts and assignments are given in Table

4.9.
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C N.m.r. spectrum of P4 recorded at 90.56 MHz

Figure 4.19
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Table 4.9

1
Chemical shifts in the 30 n.m.r. of poly(2,3-naphtho-
tricyclof2.2.1lhept-2,5-diene), P

4
Peak Chemical Assignment \ Integral o
no. shift ¢
42.61 3tt 22.08
42.7485 Jtcsct 18.42
1 43.08 6.49 0.34
43.51 3ce 13.93
43.92 0e 17.022
2 47.33 19.97 0.36
47.51 2t 11,24
3 122.27 Cq 65.57
4 125.25 07 78.33 -
5 127.67 05 68.13
128.79 4t 13.66 _
6 130.74 Ac 9.48 0.41
7 145.11 Cq 30.358 -
133.15 49.03
8 133.39 1t 21.76
68 0-37
133. 10.01
9 133.86 le 31.03




Polymer P4 was difficult to dissolve, it was purified using a
dilute solution of chloroform, the viscous solution was precipitated
in methanol. The limited solubility of this polymer required a very
long accumulation time (= 66 hours), and this made it impossible to
obtain a DEPT spectrum. By comparison with the assigned 130 n.m.r.
spectrum of polymer P3, the two bridging quaternary aromatic carbons,
C4 and 06, are associated with the lower intensity signals in the low

field part of the spectrum. The signal at ca. 145 ppm is assigned to C6’

and the signals due to C, appear as a doublet with cis C4 (130.74 ppm)

4
downfield from the trans C4 (128.79 ppm). Both vinylene carbon signals
occur as two overlapping multiplets at 133.86 and 133.15 ppm possibly
due to cis/trans sequence effects or tacticity effects. In the aromatic
region we can observe three fairly sharp signals at ca. 122.27, 125.25

and 127.67 ppm due to the aromatic carbon Cg> C7, C_ respectively.

5
The methine and methylene signals at higher field allowed calculation

of the cis/trans content of the polymer (see below). The methine carbons
are both allylic and naphthylic and consequently their resonances

occur at lower field than the methylene resonances. In the spectrum

of polymer P , the methine carbons appear as an unresolved signal at

4’
43.92 assigned to the cis while the trans signal appears as a doublet
at 47.33 and 47.51 ppm. The methylene peaks at 43.51 and 43.08 ppm
are assigned to C3 (cc), while the peaks at 42.75 and 42.61 are assigned
to the 2ct=3tc and ive he justification for these
assignments is that the proportion of cis double bonds calculated

using the various sets of signals assigned as above are in quite good
agreement. Thus, from the vinylene carbons o, was computed as 0.37,
from the methine carbons a value of o = 0.36 was obtained and from

methylene carbons the o value was 0.34. Using the bridging aromatic

carbon at C4 o, = 0.41, the discrepancy between this value and those

-t
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derived from 01, 02 and C3 may we.l be dué to the fact that the
spectrum phase appears to be marginally out in the C4 region.
4.3.e Summary

The results presented above demonstrate that the aryl norbornene
derivatives 26, 27 and 40 are readily polymerized via ring-opening at
the vinylene bond in the presence of metathesis catalysts such as
WC16/(CH3)4Sn, It appears that in the case of benzonorbornadiene
WClé/(CH3)4Sn and MoClS/Me4Sn catalysts produce different polymers,
and it is likely that the polymer derived from the tungsten catalyst
is cssentially atactic whereas that derived from the mqubdenum catalyst
has an element of stereoregularity as is reflected in differences
in the solubilities and spectra of the two polymers.

The monomer (28), containing a pendent anthracyl unit also
polymerizes in the presence of the WCl6/Me4Sn catalyst, but the product

was insoluble and was not amenable to detailed investigation.

4.4 130 N.m.r. Spectra for Fluorinated Polymers (Pé’ W), (P6’ Mo),

(P7, W), (P7, Mo), (P8, W), (P8, Mo), ( W) and (P9’ Mo)

P9,

In this section we discuss the metathesis polymerization of four
new fluorinated monomers (29, 30, 31 and 32), the polymer structures

are shown below. In each case two catalyst systems have been examined;

CH=CH2 <%j§;:i:Z:=CHCH; CH=CH3
n n
v/ \ X

N\
\ / \;Ui’ R\Y74
CF CF CF CF, Foox

(P6, W) (96, Mo) Mo) (P8, W) (P8, Mo)

Mo)
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these were, {(a) the gemerally very active non-discriminating WClé/Me Sn

4

system, and (b) the relatively less active MoClS/Me Sn system.

4
Although the detailed stereochemical outcome of metathesis reactions is
determined by a combination of monomer structure, catalyst composition,
solvent, temperature and concentration it has been generally found

that WC16 derived catalysts have a tendency to produce a random 50:50
distribution of cis and trans vinylene units in an essentially atactic
backbone, whereas MoCI: derived catalysts display a tendency towards

producing polymers with a high cis content and a preference for

syndiotactic assembly.

4.4.a Poly(4,5—bis—trif1uoromethyltricyclo[6,2,1,02’7]undeca—2,4,9—triene)
13

Figures 4.20 and 4.21 show the “C n.m.r. spectra of polymers

(P6, W) and (P6’ Mo) respectively. Table 4.10 records the chemical
shifts and integrated intensities of the peaks recognized by the
computer. These two spectra were kindly recorded by Professor K.J. Ivin
(Queen's University, Belfast). The peak assignments rcecorded in
Tablev4.10 must be regarded as rather uncertain; it proved very
difficult to obtain a good set of agreeing o, values from the signals
in different regions of the spectrum and overlapping or poorly resolved
multiplets, particularly in the vinylene region, make it very difficult
to provide an unambiguous assignment of the observed resonances.

For these samples DEPT or off resonance spectra were not available
whnich also makes e€liminaiion of ambiguity difficult.

The overall features of the spectra provide evidence that the
polymer obtained has the expected structure. In order to obtain even
the poor agreement of o values for (P6, W) and (P6, Mo) shown in the
table it has been necessary to assume that the line orders of the
signals for the allylic methine carbon C2 and the methylene at 03 are

the reverse of those normally found in hydrocarbon substituted



Table 4.10

1
Chemical shifts in the 3C n.m.r. spectra of poly(4,5-bis-
triflvoromethyltricyclol6,2, ,02 Jundeca-2,4,9-triene)
A)

initiated by WC16 A ). Sn (B}

H
1) and MOCIS/(CH (B)

32,1
J{CH_} Sn (
34

3’4

chemical shifts ) assignment integral
A B A B A B.
27.23 27.25 CS 8.01 17.33
38.68 | 38.62 3cc 1.24 2.61
38.94 38.91 3ct=te 2.26 5.71 0.57 | 0.66
39.14 | - 3tt 0.66 -
44.78 44.74 2tt 1.90 4.12
44.87 44.80 2tc 1.84 2.56 0.53 | 0.63
50.00 50.00 2¢ct 2.90 9.40
50.23 50.26 2¢cc 1.30 2.08
124.78 Ce and C 1.25
130.93 7 1.48
131.51 2.06
132.75 | 132.72 4cc 0.71 2.07
132.91 | 132.87 4et=tc 1.89 7.02 0.44 | 0.56
133.01 | 133.26 4tt 1.14 0.88
133.63 | 2.43
133.77 133.76 1t 3.17 3.86
133.87 | 133.90 1.16 2.15 0.53 | 0.56
134.20 2.75
134.27 | 134.31 1ic 3,18 3.98
134.34 | 134.38 1.65 4.11
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C N.m.r. spectrum of (P6: Mo) recorded at 62.77 MHz
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norbornene polymers; while this is not impossible, and we shall
encounter more convincingly unambiguous cases later, it is not clear
why this should be so. The assignment of bands in the vinylene region
to C1 and C4 is difficult and is based largely on the best fit of o,
values for the whole spectrum, in our assignment the quaternary vinylic
carbon C4 appears to have an unusually high signal intensity; however,
it is difficult to avoid the conclusion that one of the three
multiplets in the vinylic region must be associated with 04. The
signals due to C7 (CF3) are clearly seen in the spectrum but not
recorded by the computer, the samc comment appliecs to 06; the CF3
quartet has a JCF value of ca. 274 Hz in agreement with expectation.
Unfortunately these spectra are not sufficiently good to make a
detailed analysis but it can be concluded that (P6, W) and (Pé’ Mo)
have the structure assigned, and surprisingly there is relatively
little difference in the proportion of cis vinylene units or, as
judged by the close similarity of the spectra, in the polymer micro-
structure. Although these assignments lack real certainty alternative

assignments result in much greater fluctuations in computed o values.

4.4.b PolyiéjS—bis—trifluoromethyltrigyclo[622,1,02’7]unduuu—2,4,0,9—

tetraene) (P7, W) and (P7, Mo)

The 130 n.m.r. spectrum of polymer (P7, W) prepared by using

WC16/(CH3)4Sn is shown in Figure 4.22(a), Figure 4.22(b) shows the line
narrowed spectrum; two forms of DEPT spectra are shown in Figures
4.22(c) and (d). The spectrum of the polymer (P7, Mo) prepared using
MoClS/(CH3)4Sn is shown in Figure 4.23. The chemical shifts and
assignments are collected in Table 4.11.

If we first examine Figure 4.22 (a) - (d), that is the 130 n.m.r.
spectra of polymer (P7, W), we sce that the lower intensity signals in

the low field region are clearly due to the quaternary carbons, C4
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DEPT spectra of (P7, W)
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Table 4.11

1 .
Chemical shifts in the 3C n.m.r. spectra of poly[4,5-bis-

. . 2,7 .
trifluoromethylericyclol6,2,1,07  Jundeca-2,4,6,9-

7)

tetraenel (P_, W) (P7, Mo )

chemical shift assignment integral °.
A B A B A B
41.75 41.76 3tt 3.540 2.760
42.06 42.06 3tcsct 9.113 2.405 [ 0.65 1 0.41
42.54 42.54 3ce 10.192 | 1.591
43.02 43.00 2tt 22.732 3.050
43.20 not resolved 2tc 19.371 -
47.60 47.59 2ct 13.038 5.155 | 0.41 | 0.74
47.76 47.74 2cc 16.061 3.606
123.65 qu 123.66 qu 7
JCF = 280 Hz JCF = 280 Hz
123.94 . 5t 25.474 | -
124.09 124.10 5¢ 29.242 |110.713 1 0.53
126.74 126.64 6
Joop 33 Hz Jocp 33 He
ca. 131 4tc
131.67 ' 4tt 1.061
133.24 6.069
133.40 133.41 1t 14.651 2.346
133.56 7.978 0.49 | 0.75
134.03} 6.465
134.20 134.10 ic 21.203 7.174
135.56 4ct 1.763
136.29 136.26 . 4cc 1.818 1.405
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3
1
CH=CH}
n
4
Y
— 6
CF3 CF3

(P7, W), (P7, Mo)

and C6, and the CF_ group. The carbon atom of the trifluoromethyl

3

group C., was assigned to the quartet centred at § = 123.65 ppm (JCF =

7
280 Hz). The aromatic carbon 06 couples to the fluorine atoms of

the trifluoromethyl group and hence appears as a quartet at § = 126.74
ppm (JCCF ~ 33 Hz). The other low intensity signals, recorded at
136.29, 135.56 and 131.67 ppm are assigned to the aromatic quaternary
carbon atom 04, and correspond to the 4cc, 4ct and 4tt environments
respectively. The peak corresponding to the 4tc environment is not
recognized by the computer, but can be seen at ca. 131 ppm; the
integration of these poorly resolved low intensity peaks 1is not
sufficiently reliable to calculate a o value but indicates a roughly
50:50 cis:trans distribution. These low intensity signals disappeared
in the two DEPT spectra coﬁfirming their quaternary nature. The
olefinic resonance is split into two sets of overlapping resonances
centred at 134.10 ppm (cis) and 133.4 ppm (trans). The fine structure
of these two signals showr that they are partially resolved into
triplets, although the computer again did not recognize one of these
peaks. This triplet splitting may arise from olefinic tryad (ccc

etc.) effects and/or tacticity effects, but unfortunately none of these
splittings can be unambiguously assigned, o for the vinylic carbons
was calculated as 0.49. The aromatic carbon at CS is split into two

signals at 123.94, 124.09 prm assigned as trans and cis respectively;
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the cis content calculated from these absorptions is Gc = 0.53. When

we turn to the aliphatic region the signals at 43.02, 43.20, 47.60 and
47.76 ppm corresponding to the methine carbon are assigned as 2tt, 2tc,
2ct and 2cc respectively; 1t will be seer that in this case the line
order for this carbon is reversed when compared with that observed in

the spectra of polynorbornadiene given by Ivin and co-workers and
discussed at the beginning of this chapter. This assignment is confirmed

in the spectrum of the MoCl_ derived "high cis™ polymer (see below),

5
the reversed line order possibly being a consequence of the adjacent
dromatic unit. From the intensities of the C2 absorptions the

calculated cis content is o, = 0.41. The CH2 carbon, C3, appears as a
clear triplet, the assignment being confirmed by the DEPT spectrum (d),
where the methylene carbon signals are inverted. The resonances are
observed at 41.75, 42.06 and 42.54 ppm assigned to 3tt, 3tc/3ct and 3cc
environments. The calculated cis content from these absorptions is

0.65, however, computation of o, from 02 and C1 can not be regarded as
reliable because the groups of resonances due to these two carbons overlap
making accurate integration impossible. Thus, for the WClé/Me4Sn

derived polymer we assign a structure having approximately equal

amounts of cis and trans vinylene units randomly distributed; tacticity
can not be assigned from this data.

13

The “C n.m.r. spectrum of the polymer prepared using the MoClS/

3’4

this spectrum and spectra shown in Figure 4.22 shows that most of the

{CH Sn catalyst system is shown in Figure 4.23. Comparison between
signals are greatly altered in relative intensity but the shifts are
virtually unaltered. In the low field region the peaks corresponding
to the cis-vinylene at 134.19, cis aromatic CS at 124.1 ppm and the
aromatic bridging carbon C4 (cc) at 136.26 ppm become relatively more

intense than the analogous trans signals. The calculated cis content
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from the vinylic carbons (Cl> is o = 0.75, this is confirmed by

the methine resonances at 47.74 (2cc), 47.59 (2ct) and 43.00 (2tt) which
give o = 0.74, the methylene signals at 42.54 ppm, 42.006 ppm and 41.76
ppm are assigned as 3cc, 3ccz3tc and 3tt respectively and the

calculated cis content from these absorptions is 0.41, this poor
agreement between the 9 for the methylene and the other values is due
to the relatively poor resolution in this region of the spectrum and

the limitations of the computer in recognizing relatively low intensity
signals. The carbon atom of the CF3 group appears at ca. 123.65 ppm and
the aromatic carbon carrying the CF3 group appears at ca. 126.63 ppm.
Thus, for the'M0015/Me4Sn derived polymer it is clear that cis

vinylene units predominate (ca. 75%), again no information concerning
tacticity can be unambiguously deduced, but the somewhat greater
simplicity of the spectra of (P7, Mo) is consistent with its expected
greater stereoregularity.

4.4.c Poly(5,6,7,8-tetrafluoro-1,4-dihydro-1,4-methanonaphthalene)

(P8, W), (P8, Mo)

The 13

C n.m.r. spectrum of polymer (P8, W) prepared using WClé/
(CH3)4Sn is shown in Figure 4.24(a), Figure 4.24(b) shows its DEPT
spectrum in which only the CH carbons appear, and Figure 4.24(c) shows
the DEPT spectrum in which CH2 carbons are inverted, whereas CH and
CH3 remain unchanged, the quaternary carbon atoms disappear in both

DEPT spectra. The peak shifts and their assignments are given in

Table 4.12, column (A).

F F6

(P8, W), (P8, MO)
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Table 4.12
. . . 13
Chemical shifts in the “C n.m.r. spectra of poly-
(5.6,7,8-tetrafluore-1,4-dihydro-1,4
methano naphthalene)

(Pg, W) (Pg, Mo)

chemical shifts assignment integral
A B A B A B
40.04 11.964
40.18 40.21 e 9,58 17.177
40.31 40.32 3tcz3ct 5.429 | 20.423 | 0.33
41.72 1.1 5.989
41.83 41.14 Jee 3.682 13.788
40.75 40.75 2tt 21.964 | 13.94
40.99 41.02 2tc 52.105 | 13.937 | 0.40| 0.75
43539} 45.40 2ct 28.994 | 81.468
45.57 ) 2cc 21.401
127.71 127.53 c 6.521 8.525
127.87 127.62 4 10.035 | 14.78
130.61 130.62 10.847 7.137
130.84 t 7.876
130.96 130.98 27.51 6.98
131,18 131.21 18.23 15.687 | 0.43 | 0.64
131.55? 131.56 c 22.34 42.014
131.76 131.74 20.998 | 25.696
139.86 4 139.86 d o
JoF = 250 Hz — 250 Hz 6
143.83 d 143.83 c
JCF = 250 Hz CF = 250 Hz 5

167



The resonances due to carbon 3 (methylene) and carbon 2 (methine)
overlap but it is possible to differentiate between them using DEPT
spectra which allows assignment which would otherwise be difficult.
Hence the absorptions due to carbon 3 at {40.04, 40.18), 40.31, and
(41.72, 41.8) ppm are due to 3tt, 3tcz3ct and 3cc environmments, and
the signals due to carbon 2 at 40.74, 40.99, 45.39 and 45.57 ppm

due to the 2tt, 2tc, 2ct and 2cc environments respectively; as in
earlier examples the line orders for this aryl norbornadiene polymer
are reversed as compared to norbornene. The o, values calculated

from C_, and C_, resonances, respectively 0.40 and 0.33 must be

3 2
regarded as only approximate values because of the uncertainty introduced
on integration of overlapping resomnances. Moving downfield we find that
the olefinic resonance is split into two components at 130.9 ppm (trans)
and 131.6 ppm (cis). The calculated cis content 7, is 0.43. The
peak centréd at 127.8 ppm disappears in the DEPT spectrum and is
therefore assigned to a quaternary aryl carbon C4, presumably it is
broadened by long range CCF coupling and the‘effects of adjacent cis/
trans vinylene isomerism. The aryl carbons carrying fluorine atoms
appear as doublets easily identified by the large CF coupling.

The 13

C n.m.r. spectrum of polymer (P8, Mo) produced using MoClS/
(CH3)4Sn is shown in Figure 4.25(a), Figure 4.25(b) shows its DEPT
spectrum, while Figure 4.25(c) shows the line narrowed and expanded
spectrum. The 136 n.m.r. shifts and assignment are given in Table
4.12, column (B).

It is expected that this catalyst system will give a polymer with
a high cis content and therefore the high field signal at 45.40 ppm
should be assigned to the methine carbon\C2 adjacent to cis vinylenes,

with the other signals at 40.74 and 41.02 ppm are assigned to the

methine adjacent to trans vinylenes. This line order is the reverse of
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that found from polynorbornadiene given by K.J. Ivin, inspection of

the expanded spectrum in the region between 36 - 48 ppm shows that

both methylene and methine carbon signals consist of complex multiplets
and that the methylene signal overlaps with the methine signal at

41.6 ppm. The signals in the range 40 - 42 ppm are very complicated,
but the signal between 45 and 46 ppm is relatively simple, consisting
of three lines; this resonance has been assigned to carbons C2

ad jacent to cis vinylenes and we might have expected two lines arising
from C, (cc)‘and c, (ct). The observation of three lines may indicate
tacticity effects are being resolved in this resonance and that,

for example, C2 (ct) in syndiotactic and isotactic assemblies occurs in
different environments; it is worth noting that the major part of

this signal occurs as a single sharp line as would be expected from

a stereoregular cis-syndiotactic sequence. Absorptions due to the
vinylic carbon C1 at 130.98 and 131.6 ppm have been assigned to the
trans and cis respectively as shown in Table 4.12. The signals

due to the quaternary carbon atom and the fluoroaryl carbons occur in
approximately the same position as in (P8, W) and the assignment is
recorded in Table 4.12(B). The line narrowed spectrum of (P8, Mo)
allows assignment of the fluoroaryl carbons since the higher field
signal occurs as a doublet of triplets and must therefore be C6’ the
doublet being due to C-F coupling and the triplet resulting from two
C-C-F couplings from the two ortho fluorines; in agreement with this
argument the lower field signal is split (in one 1limb) into a doublet
and this is reasonable since C5 has only one ortho fluorine. The o
values computed from the vinylic and methine carbons indicate a
significant preference for cis-vinylene formation although the agreement

between the two values is not particularly good.
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4.4.4 Poly(5,6,7,8-tetrafluoro-1,4-dihydro-9-isopropylidene-1,4-

methanonaphthalene) (P9, W) (P9, Mo)

The 130 n.m.r. spectrum of polymer (P9, W) produced using WC16/
(CH3)4Sn is shown in Figure 4.26(a), Figure 4.26(b) records its DEPT
spectrum in which only CH signals are recorded, Figure 4.26(c) shows
the DEPT spectrum in which both methyl and methine signals are recorded,
in both DEPT spectra quaternary carbon atoms do not show; Figure
13

4.26(d) shows the line narrowed spectrum. The “C n.m.r. shifts and

their assignments for this polymer are given in Table 4.13.

These spectra were recorded in D8 toluene and the sharp lines
marked T are due to solvent. The signals at about 20 ppm can be assigned
to methyl carbpns on the basis of the DEPT.spectra. There are two
distinct resonances and these are attributed to methyls adjacent to
cis (higher field) and trans vinylene units respectively; the
integrated intensities lead to a value of o, = 0.62. The methine carhon
signals are situated at 43.63 ppm when adjacent to the trans vinylene
unit and at 47.99 and 48.08 ppm when adjacent to a cis vinylene unit,
and these resonances lead to a o value of 0.67. The expanded spectrum
shows that the methine signal adjacent to cis vinylene units, is split
into at least four lines, this may reflect vinylene sequence effects

or tacticity but it is difficult to assign unambiguously. The olefinic
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Chemical shifts in the 1

“Table 4.13

(5. A 7 8 tetraflucro-1

VI3V i g VT L

VLT Ly

3
C n.m.r. spectra of poly-
4-dihydro-9-

isopropylidene-1,4-methano naphthalene

T

chemical shifts assignment integral o
A B A B A B

19.63 50.138

19.83 19.71 le 15.673 | 51.45 | 0.63
20.04 not recorded 5.389

20.85 by computer it 32.786 -

43.63 43.58 4t 50.302 3.519 6 p
47.99 52,033 0.67 | 0.9
48.08 48.12 4c 50.286 | 78:59

126.24 126.14 C 32.490 | 18.89

126.35 126.39 24.516 | 10.85

129.24 5t 34.84
129.44 129.54 5¢ 75.61
133.0 133.08 7.101
133.75 133.71 C. and C. 3.316
136 133.95 “ 3 1.88
139.51 d 139.51 d c
Jop = 250 Hz | I = 250 Hz 8
143.16 d 143.16 d o
JCF = 250 Hz JCF = 250 Hz 7

75
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resonances (CS) and the aryl resonances at Cé appear as broad unresolved
bands in the low field region of the spectrum, no o, values could be
sensibly computed although the computer did resolve separate lines for
Céa The weak triplet and doublet at ca. 133 and ca. 136 ppm are assigned
t0 the quaternary carbons C3 and C2 respectively. The aryl carbons
carrying a fluorine atom appear as doublets with the expected large jCF
coupling.

The spectrum of the sample prepared using MoClS/(CH3)4Sn catalyst
is shown in Figure 4.27(a), Figure 4.27(b) and (c) show its DEPT
spectra which allows identification of the tertiary, methyl and methine
carbons; 13C n.m.r. shifts and assignments are given in Table 4.13,
column B. Comparison of this spectrum with the spectrum of the polymer
sémple prepared using WClé/(CH3)4Sn as a catalyst, shows that most of
the signals assigned to the trans unit are very greatly reduced.
Only the high field signals are really clearly resolved and the computer
failed to recognize the signal from the methyl carbon adjacent to trans
vinylene C1 at ca. 20.8 ppm, consequently only the signals due to the
methine carbons 04 can be used to calculate 9 and these generate a
very high value of 0.96. The absorptions in the low field part of the
spectrum parallel those observed for (P9, W) and the assignments shown
in Table 4.13 are based on the same argumeﬁts° In the line narrowed
and expanded spectrum 4.27(d) the assignment of the aryl CF carbons

1

is confirmed by thc clear doublet of triplets (J

oF = 250 Hz, Jop
250 Hz) associated with 08. The significance of the multiplicity
observed for the vinylene carbon at ca. 129 ppm in the line narrowed
and expanded spectrum is.not immediately clear, but since this polymer

has a very high cis content, it may be a reflection of tacticity

effects.
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4.5 Conclusions

At the start of this work it was known that aryl substituted
polycyclic alkenes could undergo metathesis ring-opening polymerization
with catalysts derived from WCI6/Ph4Sn or WClé/(CH3)4Sn°102 The
objectives of this work were to extend the range of monomers which
could be polymerized by this technique and to see if stereoregulation
could be established with different catalysts. Seven monomers have
been examined (26, 27, 28, 29, 30, 31 and 32) and two catalyst systems,
i.e. WClé/Me4Sn and MoClS/Me4Sn.

The first conclusion to be drawn is that all these monomers undergo
the expected ring-opening polymerization. Gel permeation chromatography
results demonstrated that the products are genuine high polymers
and spectroscopic analysis, especially 130 n.m.r. spectroscopy,
establishes that the product polymers have the expected structures.

It has also been demonstrated that for these polymerizations the
molecular weight of the polymer can be regulated by carrying out the
poiymerization in the presence of oct-4-ene.

. The second main conclusion is that stereoregulation is possible in
polymers of this type. Although this work has not resulted in the
preparation of completely stereoregular polymers the detailed analysis
of 130 n.m.r. spectroscopic data for pairs of polymers derived from
the same monomer using either tungsten or molybdenum based catalysts
sheows clear differences in microstructure with a tendency for a greater
degree of stereoregulation with molybdenum based catalysts. The
details of stereoregulation are clearly very complicated and Ivin's
work has demonstrated that monomer structure, catalyst composition
and reaction conditions, all influence the way the polymerization goes.
In this work some broad trends can be seéen, for example the average

values for-oC are collected together in Table 4.14, and in general the
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Table 4.14

Polymer Average o values
i . C
repeat unit |
! WC1,/Me Sn MoCl /Me Sn
! 6/ 4 5/ 4
|
\
0.5 0.7
Pl’ PZ
0.4 0.7
8
0.6 0.6
P
6
0.5 0.8
P
7
0.7 0.9
P
9
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MoCls/Me Sn derived polymers have a higher cis content than the

4
analogous polymers derived from w016/Me4Sn. The only exception to

this generalization is P6 where the two catalysts appear to give
essentially the same polymer; this observation is in such clear
disagreement with the general trend seen with these monomers and several
other systems investigated in Durham and elsewhere that it would seem
desirable to repeat this part of the work. The detailed examination

13

of the °C n.m.r. spectra (see above) also leads to the conclusion

that the MoClS/Me Sn derived polymers have a greater degree of

4

stereoregularity than the w016/Me4Sn derived materials. Stereoregular
polymers and their atactic analogues are expected to have markedly
different physical properties, this work has been concerned with
monomer synthesis, polymerization and structure elucidation and the
author has not studied bulk propertieé of{the product polymers.
However, some observations do appear to agree with the conclusion

that a significant degree of stereoregulation is caused by the moly-
bdenum catalyst; thus, thé solubility of the polymers which are
believed to have significant stereoregularity is found to be much lower

than that of their atactic anmalogues and this solubility difference

appears to be independent of molecular weight.

4.6 Suggestions for Further Work

It is clear that there are many aspects ¢f thc work described in
this thesis which could be expanded in future studies. In the first
instance it seems desirable to investigate the possibility of making
totally stereoregular polymers by choice of appropriate catalysts,
rather than the partially stereoregular materials prepared so far.

A paper by Ivin and co-workers, which appeared during the preparation

of this thesis, describes the polymerization of 1-methylnorbornene by



a very wide range of catalysts which allowed the preparation of materials

),
230

of various microstructures (for example 100% trans-isotactic (OsCl

3

100% trans-atactic (RuCl "3HZQ) and 100% cis-syndiotactic (ReClS)};

3
it would be interesting to find out if the monomers described in

~this work can be polymerized in the same manner by these newer catalysts
which appear to offer complete stereoregulation. The work carried out
in this study establishes that the 130 n.m.r. analytical method will
work best with monomers 30 and 32 since for these systems the problem
of overlap between methine and methylene carbon resonances in the
product polymer spectra is avoided. If this is possible a number of
further studies would follow based on investigations of how physical
properties vary with microstructure. One particular disadvantage of
polymers described in this work is their oxidative instability, this

might be decreased if the vinylene units were hydrogenated and this also

seems worth the attention of future workers in the field.
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MASS SPECTRA
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APPENDIX B

I.R. SPECTRA
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Spect
No.

(1)

(2)

(3)

(4)
(5)
(6)

(7)

(8)
(9)
(10)

(11)

o~
[
V]

R

(13)

(14)

(15)

(16)

All spectra were recorded using KBr plates, pressed discs or
films and were run under condition designation by:-

A: KBr disc

B: Thin Liquid film {KBr plates)

C: Thin polymer film

D: Thin polymer film (cast on KBr plate).

Infrared spectra are tabulated below.

rum Name of Compound Sample
No.
endo, exo-5,6-dicarboxychloridebicyclo(2.2.1]- (33)
hept-2-ene
bicyclo[2.2.1]hept-2-ene-5,6-dicarboxydimethyl- (34)
amide
5,6-bis(dimethylaminomethyl)bicyclof2.2.1lhept- (35)
2-ene
5,6-dichloromethylbicyclo[2.2.1]hept-2-ene (37)
5,6-dimethylenebicyclol2.2.1]hept-2-ene (14)
4,5-benzotricyclol6,2,1,0 ’7]undeca,2(7),4,9— (26)
triene
poly(4,5—benzotricyclo[6,2,1,02’7]undeca,2(7), (P.)
4,9-triene) 3
2,3-naphthotricyclo[2.2.1]hept-2, 5-diene (27)
poly(2,3-naphthotricyclo[2.2.1Jhept-2, 5-dienc) (P4)
2,3-anthraceno[2.2.1]hept-2, 5-diene (28)
poly(2,3-anthraceno[2.2.1]hept-2,5-diene) (PS)
4,5 bis{triflucromethyl)tricycl [6,2,1,02’7] (29)
undeca-2,4,9-triene
5
poly(4,5- bls(trlfluoromethyl)trlcyclo[é 2,1,0“’7] (P6, W
undeca-2,4,9-triene) from WCl6/(CH3 45n
poly(4,5—bis(trifluoromethyltricyclo[6,2,1,02’7] (Pé, Mo )
undeca-2,4,9-triene) from MoCl /(CH ) Sn
4,5-bis(trifluoromethyl)tricyclol6,2,1,07 ’7] (30)
undeca-2,4,6,9-tetracne
poly(4,5-bis(trifluoromethyl)tricyclot6,2,1 02’7] (P7, W)

undeca-2,4,6,9-tetracne) from W(,J(/((,H3 4Sn

100



Spectrum
No.

(17)

(i8)

(19)

(20)

(21)

(22)
(23)
(24)
(25)

(26)
(27)
(28)

Name of Compound

poly(d,S—bis(trifluoromethyl)tricyclo[é,2,1,02’/_
undeca-2,4,6,9-tetraene from MoCl /(CH )4Sn

poly(5,6,7,8-tetrafluoro-1 4—d;kydro—*,4 -methano
raphthalene from WClé/(CH3 4

poly(5,6,7,8-tetrafluoro-1,4-dihydro-1,4-
methano naphthalene) from MoClS/(CH3)4Sn

poly(5,6,7,8-tetrafluoro-1,4-dihydro-9- 1sopropyl—
idene~1 4—methano naphthalene) from WClé/(CH3 4

poly(5,6,7,8-tetrafluoro-1,4-dihydro-9-isopropyl-
idene- 1,4-methano naphthalene) from MoCl /(CH3 4S

n
poly(4-methylene-1, 3-cyclopentylenevinylene)
poly(tricyclol3,2,1,0 ’3]oct 1,4-ylene methylene)
poly(5,6-dimethylenebicyclo[2.2.1lhept-2~ene

poly(6—methy1enetricyclo[3,2,1,02’3]oct—1,4—y1ene
methylene

poly[8,9-(5,6-dimethylenebicyclo[2.2.1]hepta-2-ene
poly(benzonorbornadiene) from WClé/(CH3)4Sn

poly(benzonorbornadiene) from MoClS/(CH3)4Sn

Sample
No.

(P, Mo)
(P8, W)
(Pg, Mo)
(P, W)

(P., Mo)

9)

(24)
(25)
(16)
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(15)
(P.)
(P,)
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