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ComltroMedl Mokcmlar ArcMttectaires via Ming Opeimiinig Metattoesis 
PolyinniernsaltSiiDini 

This thesis describes studies into the ring opening metathesis polymerisation 
(ROMP) of some monocyclic alkenes, the living polymerisation of cyclopentene and 
the preparation of novel block copolymers and novel polyethylene architectures using 
living poly(l-pentenylene) as the precursor polymer. 

Chapter 1 reviews general aspects of ring opening metathesis polymerisation of 
relevance to the themes of this thesis. 

Chapter 2 describes the ROMP of cis,cw-cycloocta-l,5-diene, cyclopentene, 
cycloheptene, cyclooctene, cyclodecene and cyclododecene using a series of well-
defined initiators of general formula M(N-2,6-i-Pr2-C6H3)(CHR)(OR')2 where M=Mo 
or W, the characterisation of the resulting polymers using ^H-, 13c_NMR and IR 
spectroscopy, differential scanning calorimetry and gel permeation chromatography 
and an analysis of their l^C-NMR spectroscopic data in terms of the y-gauche effect. 

Chapter 3 reports on a ^H-NMR study of the synthesis of 
poly(bis(trifluoromethyl)norbornadiene)-fe/oc/c-poly(l-octenylene) and the synthesis 
and characterisation of poly(l-pentenylene)-fc/oc&-polyacetylene-b/0cfc-poly(l-
pentenylene). 

Chapter 4 describes the synthesis of narrow molecular weight distribution 
linear and three-branched star polyethylenes via ROMP of cyclopentene initiated by a 
well-defined tungsten based initiator at low temperature and subsequent capping with 
mono-, di- and Afunctional aldehydes. 

Chapter 5 presents an investigation on routes to a well-defined difunctional 
ROMP initiator which could potentially be used for the synthesis of polyethylene 
networks. 

Finally, Chapter 6 summarises the conclusions and outlines some suggestions 
for future work. 
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CHAPTER 1: General Introduction and Background 

1.1. Deffiimitiom amid historical background off ring opening metathesis 

polymerisation (ROMP) 

The Olefin Metathesis reaction is a catalytically induced bond reorganisation 

reaction involving the breaking and making of carbon-carbon double bonds. The total 

number and the type of chemical bonds is unchanged during the process. 

In the presence of heterogeneous catalysts prepared from tungsten and 

molybdenum hexacarbonyls, the reaction, for acyclic olefins, leads to the exchange of 

alkylidene units. This was first reported in 1964 by Banks and Bailey*, and was 

termed "olefin disproportionation". 

R i C H = C H R i _ CHR, CHR, 
~ II + II 

— CHR 2 CHR 2 

R 2 C H = C H R 2 

For cyclic olefins the metathesis reaction leads to ring scission and the 

formation of linear polymers: 

m 

r - C H = C H - | 

( C H 2 ) —J 1 n 

^ = £ = C H — e c H 2 - t - c H H = 
<ri \ ^ n l 

In 1967, Calderon et a l 2 were the first to use the term 'olefin metathesis' for 

the overall result of these reactions, realising that both the ring opening of cyclic 

alkenes to yield unsaturated polymers and the olefin disproportionation reaction were 

governed by the same mechanism. Probably the first example of an olefin metathesis 

reaction catalysed by a transition metal was reported by Anderson and Merckling^ in 

1955. They successfully polymerised bicyclo[2.2.1]hept-2-ene using a mixture of 

titanium tetrachloride and either ethylmagnesium bromide or lithium 



tetrabutylaluminium. It appears that there was some confusion concerning the 

structure of the polymeric product but Truett and co-workers4'5 showed that the 

catalyst system used by Anderson and Merkling worked by ring opening. Shortly 

after these solution phase polymerisations had been reported, Eleuterio6 described a 

catalyst prepared from molybdenum oxide on alumina, activated by hydrogen 

reduction and further reacted with aluminium hydride, which was able to polymerise 

a variety of monocyclic, bicyclic and tricyclic olefins by ring opening. In the case of 

cyclopentene trans-polypi-pentenylene) was formed, but only in low yield. In 1963, 

Dall'Asta and NattaJ demonstrated the possibility of producing stereoregular 

polymers from cycloalkenes. They showed that cyclobutene was polymerised to 

predominantly or exclusively cis- or frans-poly(l-butenylene) by using different 

catalyst systems at various temperatures; for example TiCl4 / Et3Al (1/3) in 

n-heptane at -50°C gave high cw-poly(l-butenylene), TiCl4 / Et3Al (1/2) in toluene 

at -20°C gave 65% fra/ts-poly(l-butenylene) and R.UCI3 in EtOH at 20°C gave all 

frans-poly(l-butenylene). Subsequently the same authors,̂  investigated tungsten and 

molybdenum halides in combination with organoaluminium compounds as catalysts 

for the ring-opening polymerisation of cyclopentene under mild conditions. They 

were able to obtain high fr<my-poly(l -pentenylene) by using WClg / Et3Al at -30°C. 

As mentioned earlier, a significant contribution to the evolution of the olefin 

metathesis concept was made in 1967 by Calderon et al,9>10>H who converted 

2-pentene into a mixture of 2-butene and 3-hexene, using a catalyst derived from 

tungsten hexachloride (or the product of the reaction of equimolar amounts of 

tungsten hexachloride and an alcohol), and an organoaluminium compound. This was 

important because it demonstrated that ring-opening reactions and olefin 

disproportionation belong to the same class of reaction and are affected by similar 

transition metal-based catalyst systems. 

The olefin metathesis reaction has been extensively reviewed and is the 

subject of recent books.1 2"1 6 The following sections briefly review the main features 

of olefin metathesis which are relevant to the work described in this thesis. 
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1.2. Imitjatiimg systems 

The initiating systems used for ROMP are based on the transition metals of 

groups IVA to VTA of the periodic table. The compounds of Ti, Zr, V, Ta, Cr, Mo, 

W, Re, Ru and Os are frequently cited and effective initiators can be classified as 

shown below. 

I^Stiating systems) 

Heterogeneous 
Homogeneous 

Multi component 

• Single component 
I I Metal halides 

Well definec metal-carbene 
complexes 

For a given monomer the effectiveness of the initiator depends on the 

structure of that monomer and the reaction conditions. Highly strained rings such as 

those found in norbornene or cyclobutene will polymerise when the reaction is 

initiated with Ti, V, Ru, Os and Ir derived systems, while less strained monocyclic 

alkenes, such as cyclopentene, demand more active initiating systems such as those 

derived from W or Mo compounds. 17 

1.2.1. Heterogeneous systems 

These are generally transition metal oxides, sulfides or carbonyls which are 

absorbed on to a high surface area support, such as alumina or silica. These systems 

are used to catalyse the metathesis reactions of acyclic olefins but only rarely used for 

the initiation of ROMP. 

1.2.2. Homogeneous systems 

These are used in the liquid phase, either in solution or in neat monomer. The 

most effective systems are generally based on W, Mo and Re compounds.12 
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1.2.2.a. Multi-component 

These initiator systems are usually generated from the reaction of a transition 

metal halide such as WClg or M0CI5 with an alkyl or aryl substituted metal such as 

C2H5AICI2, (CH3)4Sn or (C(;H5)4Sn. They are usually refered to as "classical 

initiators". In some systems a third component such as an alcohol or another oxygen 

containing compound is added to enhance the activity. The metal carbene which is 

believed to be the initiating species in such systems (see later), is postulated to be 

formed in a reaction between these two components.18 The rate at which active 

species are formed varies in different systems; thus, for example the WCl5/(CH3)4Sn 

(1:1) system takes several minutes until it reaches maximum activity, while the 

WCI6/C2H5AIQ2/C2H5OH (1:4:1) system generates active species much faster, and 

the addition of monomer to the reaction mixture is recommended before the addition 

of C2H 5A1C1 2. 1 9 

1.2.2.b. Single component 

The Casey21>22 m& Fischer2^ carbenes were the first stable and active metal-

carbene species that were shown to be capable of inducing olefin metathesis. 

C 6 H 5 ^ C 6 H 5 ^ 
C = W ( C O ) 5 C = W ( C O ) 5 

C H 3 0 / C 6 H 5 ^ 

Fischer carbeme Casey carfoeme 

Kress and Osborn2^ described well-defined metal-carbenes which, although 

inactive themselves, gave highly active initiating systems in the presence of AlBr3 or 

GaBr3. The interaction between the Lewis acid and the well-defined transition metal 

carbene can occur in two ways (see below) both of which result in the formation of 

active initiators. 
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B u l C H , 0 c 

X 

-W 
H 

R 

X 3 A 1 

B u l C H , O 

X 

I 
X ADC -

ButCH,0, I 

ButCH.O 

X 

H 

R 

Kress aired Osborn initiator A K . 

R.H.Grubbs and L.R.Gilliom reported-^ the preparation of titanium based 

initiators which were able to ROM polymerise norbornene and give living 

polynorbornene with narrow molecular weight distribution. These initiators, 

illustrated below, are unique among metathesis systems in that the metallacyclobutane 

appears to be the most stable form of the chain-carrying species rather than the metal 

carbene. 

cpvn and Cp2Ti 

Grubbs titanacyclobutanes - well defined ROMP initiators 

Schrock and coworkers introduced a particularly valuable group of initiators 

based on four co-ordinated metal-carbene complexes containing bulky ligands. For 

W and Mo centered complexes a suitable combination is two tertiary butoxides and a 

2,6-diisopropylphenyl imido ligand (see figure below) in addition to the active 

alkylidene. Substitution of the methyl groups on the alkoxides with the more 

electronegative trifluoromethyl groups lead to more active initiating systems.24>25 

This increased reactivity is believed to be due to the trifluoromethyl groups drawing 
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electron density away from the metal centre, making it more electrophilic and a better 

acceptor for the incoming 7t-donor olefin. This effect is illustrated for the tungsten 

initiator by the observation that when OR is OCMe(CF3)2 the initiator will readily 

metathesise acyclic olefins but when OR is O-tfiu it does not react readily with 

acyclic olefins. 

MoCNArXCHtBuXOtBu^ Mo(NAr)(CH t Bu)(OC(CH 3 ) 2 CF 3 )2 Mo(NAr)(CH t Bu)(OCCH 3 (CF 3 ) 2 )2 

The representation of the bonding situation in Schrock and Fischer type metal 

carbene complexes of the general type LnM=CR2 presents some potential for 

complexity and possible confusion, particularly in relation to the bonding of the :CR2 

group to the metal2 6 (see Figure 1.2.a). Carbenes, LnM=CR2, have "Fischer 

character" for low oxidation state, late transition metals, having rc-acceptor ligands L, 

and K-donor substituents R, such as -OMe or -NMe2, on the carbene carbon. Such a 

carbene behaves as if it carries a 8+ charge on the carbon, that is to say it is 

electrophilic. "Schrock character" is shown by carbenes bound to higher-oxidation 

>9Y 
Fa Tl II 1 

— — 0«»— Mo — 

L I 1 
— I — 0»"~- Mo J J— o»"~ M o = 1— 

I C F 3 i C F 3 

O + + + C F 3 

C F 3 C F 3 

Mo-based Schrock type initiators 

y9r >9r 
C F 3 

I II I 

I i ^ ^ 
0"'— W I — 

I it I 

C F 3 1 o + o + CF3 

WO^ArXCH'BuXO 1] C Bu) 2 

C F 3 

W(NAr)(CH t Bu)(OCCH 3 (CF 3 )2)2 

W-based Schrock initiators 
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state, early transition metals, having non-7t-acceptor ligands, and non-jr-donor R 

groups. In this case, the carbene carbon behaves as a nucleophile, having a 8" charge 

on the carbon. 

Cartneime MettaD-carbeme 

Schrock alkyHdene ^> d z 

High oxidation state M < 3 2(°>c High oxidation state 
0 0 

Triplet state 
5-

M = C ^ 

Fischer carbene ^ 
Low oxidation state MCD 0 

CH>C Singlet state 
0 

s+ 
M=C < 

Figure 1.2.a Metal-carbene bonding in Schrock and Fischer type complexes 

The process of defining and expanding the range of well defined metal 

carbenes which are active in metathesis reactions have been very fruitful during the 

last decade and the process appears likely to continue. For example Grubbs^ recently 

reported the preparation of a stable ruthenium metal carbene initiating species which 

is able to initiate the 'living' ROMP of strained cyclic olefins, even in the presence of 

protic solvents such as ethanol or water. 

P P h 3 

P h -< 
c i ^ l P h 

P P h o 

Grubbs Ru metal carbene 
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1.2.2.c. Transition metal halides 

Compounds with neither a preformed metal carbene nor an alkyl or aryl 

containing species, such as WC1 6, ReCl5 and OsCl3 can initiate ROMP and they are 

also refered to as 'classical initiators'. In such systems it is believed that the metal 

carbene is generated by the reaction of the monomer with the transition metal. 

Activators such as oxygen, water or ethanol are sometimes required in order for this 

reaction to occur.28 The ruthenium, osmium and iridium trichloride trihydrates 

(MC13-3H20) can initiate ROMP of strained monomers, such as norbornenes and 

oxanorbornenes, in protic media (water or ethanol) unlike most other initiating 

systems which cannot tolerate even traces of these solvents. 

1.3 A comparison of classical and welB defined initiators. 

The classical, ill-defined initiators have certain disadvantages in comparison 

with the well-defined systems including: 

-limited tolerance to functional groups on the monomer, 

-lack of molecular weight and molecular weight distribution control due to 

intra- or intermolecular reactions with the double bonds in the chain itself and 

-an element of irreproducibility 

There is a degree of control in the reactivity of the well-defined initiators, for 

example by choosing the suitable ligands, in contrast to classical systems whose 

reactivity cannot be systematically controlled with any precision. 

Classical systems only rarely produce stereoregular polymers^ while the use of well 

defined initiators has allowed the synthesis of some highly stereoregular, virtually 

monodisperse polymers and well defined block copolymers. Thus, for example, 'fine 

tuning' of the reactivity of the Schrock initiators by altering the electronegativity of 

the ligands can lead to polymer structures with controlled stereoregularities.30 

Overall it seems that the key to well defined living ROMP is the careful design of 

isolable, well characterised initiating systems. 
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1 A Mecearaisiini off ring openninig Bnetotmesns polymerisaftSom 

Initially a pairwise mechanism was proposed. According to that suggestion, 

two olefin units are associated with the metal atom in such a way that the double 

bonds may change position (see below). In the case of cyclic olefins the size of the 

ring is doubled by this step-growth process and repetition leads to macrocyclic 

compounds. The main objections to this mechanism are associated with the severe 

steric hinderance involved at the metal centre^ 1^ 2 and the observation of the 

formation of high molecular weight polymer in the presence of monomer even at low 

conversions which is characteristic of chain growth polymerisations. This pairwise 

mechanism was discarded in favour of the metal carbene chain mechanism, a non-

pairwise mechanism proposed initially by Herrison and Chauvin,33 involving a metal 

carbene as the chain carrier. 

I K M t J - l 

c c 
[Mt] ^ 

- i M 
- 9 — 9 -

|[Mt]j 

I I 
[ M t ] - C -

/C=j=C< 

>=c< 
[Mt]=C< 

Pairwise mechanism 

Metal carbene chain mechanism 

The metal carbene mechanism involves the formation of an intermediate 

metallacyclobutane which then cleaves to produce a new metal carbene and an alkene 

and it is the currently accepted mechanism for the olefin metathesis reaction. 

Polymerisation of cyclic olefins via ROMP, like other chain processes, proceeds via 

initiation, propagation and termination. 

1.4.1. Initiation 

There is good evidence for the involvement of a metal carbene in the initiation 

step. The fact that preformed metal carbenes like the Fischer carbene or the Schrock 
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alkylidenes initiate the chain reaction suggests, but does not prove, that these species 

are involved. 

For the classical initiators, the reaction between the metal halide and the 

alkylating agent is believed to produce the initiating alkylidene. The metathesis 

reaction 1 8 of CH3CH=CH(CH2)4CH=CHCH3 catalysed by WCl6/(CD3)4Sn to give 

cyclohexene and 2-butene, 

J\- -i • O 
gives, as an initial product, CH3CH=CD2 which is consistent with the hypothesis 

that the initiating species involved is [W]=CD2, formed according to the scheme 

shown below. 
WCl^ + (CEty^n D> (CEtyWClg + ( C C ^ S n C l 

-DC1 
V 

CD2=WCl4 

A study of this initiator system by Thorn Csyani34"36 using LTV spectroscopy gave 

support to this hypothesis, although these authors proposed a detailed and somewhat 

different scheme for the formation of the metal carbene; see below. 

W C 1 4 C H 3 -3—— WC1 4 

+ SnMe 4 

• SnMe 3CI 

V 
W C 1 3 ( C H 3 ) 2 

C1 4W = C H 2 

For the well defined initiators the initiating step is the one that involves the first 

insertion of monomer. When a strained double bond binds to a metal centre there is a 

relief of strain as a result of the lengthening of the double bond and a relaxation of the 

W C L 
+ SnMe, SnMe. 

4=S=> W C L C H 3 

• SnMe CI S nMe3CI 

- C H . C I 
SnMe.C 

W C L C H , ) 
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angle at the vinylic carbons from 120° (suitable for sp 2 hybridisation) to closer to 

109° (suitable for sp 3 hybridisation)2 6. This is followed by the formation of a 

metallacyclobutane which then cleaves, either productively to give the first insertion 

product and the first propagating alkylidene or non-productively (degeneratively) to 

give the initiating alkylidene and the initial olefin, see Figure 1.4.a. 

LvMt 

D 

U M t 
T LvMt 

X or 

® l 

F igure 1.4.a Ring opening metathesis polymerisation! in i t ia t ion 

1.4.2. Propagation 

For well defined initiators the propagation step is similar to the initiation step 

but the substituents at the metal carbene carbon are different. Again a 

metallacyclobutane forms as an intermediate which cleaves as shown in Figure 1.4.b 

reproducing the metal carbene at the end of the chain. 
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M t L LvMt 

A - O 
© n D n A 

7 

L v . M f c = ^ X 
LvMt T U M t 

A etc. or 
n 

n+1 
n 

Figure 1.4.1b Ring opening nietatnesis polymerisation propagation 

There is plentiful evidence to support the formation of a 

metallacyclobutane as an intermediate in ROMP. Green et afil observed that the 

reaction of a stable metallacyclobutane by thermolysis or photolysis gave a metal 

carbene and an olefin as products. Further evidence comes from the work of Grubbs 

and Gillion38 who have shown that well defined titanacyclobutanes can initiate the 

ROMP of norbornene, as shown in Figure 1.4.c below, creating a 'living' chain end. 

In this case it is the intermediate metal carbene complex that cannot be detected by 

NMR, but the structure of the resulting polymer and the product of the capping 

reaction with benzophenone verifies its presence. 
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Finally the isolation and characterisation using x-ray crystallography of relatively 

stable metallacyclobutanes like the tungstacycle made from W(CH tBu)(NAr)(O tBu)2 

and 2,3-bis(trifluoromethyl)norbornadiene39 is an unambiguous piece of evidence 

supporting the intermediate raetallacyclobutane theory. Tungstacycles show in 

general greater stability than molybdacycles. 

1.4.3. 'Living' polymerisation 

The basic criterion for a polymerisation to be considered 'living' is the absence 

of a termination step. As a result polymerisation proceeds until all the monomer is 

consumed and if more monomer is introduced, the active end continues the 

polymerisation. Another requirement for a living' polymerisation is that the number 

average molecular weight of the resultant polymer is a linear function of conversion; as 

a result the molecular weight of the polymer can be controlled by the stoichiometry of 

the reaction. 
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These properties of 'living' systems are advantageous in the design and 

synthesis of structures with well defined molecular architectures. The addition of a 

second monomer after the first is consumed, yields polymers that contain blocks of 

each homopolymer connected to one another via covalent links, this is the classical 

approach to the synthesis of well-defined block copolymers. This can be extendend by 

the introduction of functional groups at the end of the chain during the controlled 

termination step (discussed later in this chapter), which can be used to introduce 

specific polymer blocks into well controlled macromolecular architectures such as 

combs, stars and networks. Some previous experimental work based on these 

properties of a living polymerisation is outlined here, by way of illustration. 

Schrock et al obtained a series of norbornene-Woc/c-substituted norbornene A-B 

block copolymers such as polynorbornene-&/oc£-5,6-dicarbomethoxy-2-

norbornene 3 9 ' 4 0 using the Mo(CH tBu)(NAr)(O tBu)2 initiator. 

Grubbs 4 1 and Stelzer4 2 prepared A-B-A type triblock copolymers using the 

titanium based initiating system Cp2Ti=CH2 (see chapter 3). 

End capping of the living polymer with functional aldehydes produces a polymer 

with this functionality at the end of the chain. 4 3 

1.4.4. Terminat ion 

An irreversible reaction that destroys the propagating metal carbene may 

occur during the course of polymerisation. These reactions result in the termination of 

the chain growth and some examples which have been identified are discussed here. 

Proton transfer from compounds such as alcohol or water is an extremely common 

method by which the active species may be destroyed, as is reaction with dioxygen. 

Many classical and well defined initiating species are extremely sensitive to 

atmospheric moisture and air and require very careful handling as a consequence. 

However, some initiators such as RUCI33H2O, not only can tolerate protic solvents 

but their activity may even be enhanced by them. Formation of a cyclopropane is 
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another possible reaction between the metal carbene and an olefin, see below, which 

is chain terminating. 
CHR! 

® ^ H C = ( M ] + R ! H C = C H R 2 *> ® ^ H C N | + [M] 
CHR 2 

pVHydrogen abstraction is another possible, but as yet unidentified process which 

would terminate propagation. 

[ M ] = C H [M]—CH 
I I II 

H—C—R > H C—R 

d> <£> 
Most metal carbenes react readily with aldehydes and/or certain ketones in a Wittig-

like capping reaction to yield the metal oxide and the end-capped polymer. This 

reaction may lead to unwanted chain growth termination where such carbonyl 

compounds are impurities, but can be used constructively to add functional groups at 

the chain end, by changing the nature of the R group on the aldehyde.4^ 

O" [M] + O—[M] 0 = [ M ] 
I i ^ - 1 - 4 -

H—C—0*<E) > H—C—C*KE) > + 
R H R H RHC=CH-<E) 

[ M ] = C H 

RHC=0 

A reaction which is related to termination, namely reversible binding of Lewis bases 

to the active species, has been used to advantage by Grubbs^ in the synthesis of 

narrow PDI poly(l-butenylene). Trimethylphosphine, binds reversibly to the 

initiating and propagating active species making them less available for the 

polymerisation reaction. Because trimethylphosphine tends to bind stronger to the 

propagating rather than the initiating alkylidene, for steric reasons, it has been used to 

improve the kinetic rates of initiation and propagation in the polymerisation of 

cyclobutene. Complete initiation before propagation has been achieved, resulting in 

well-controlled molecular weights and PDI's of 1.05-1.1. 
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1.4.5. Claain (hramsfer 

Chain transfer reactions are not terminating reactions because they do not 

destroy the propagating species. They can be subdivided into the two classes shown 

below. 

1.4.5.a. Intra- and intermolecular metathesis reactions. 

The propagating metal carbene can react intramolecularly with one of the 

double bonds in the same polymer chain, to produce a cyclic oligomer and transfer 

the active species as shown below. This process is also known as backbiting. 

IMtJ 
// 

[ M t ] = C 1 

1 
The chain end carbene can also react intermolecularly with the double bond in a 

different polymer chain to produce a linear polymer chain and transfer of the active 

species as shown below. 

M [Mt] 
[Mt] 

The operation of these chain transfer reactions leads to broad molecular weight 

distributions and lack of molecular weight control. Also this non-productive 

metathesis reaction decreases the availability of the active chain end for propagation. 

1.4.5.b. Acyclic olefins - controlled chain transfer. 

The cross metathesis between acyclic olefins and an active chain end results in 

the formation of a linear polymer and transfer of the active species as shown below. 
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\ RHC r HR 

[ M t ] = C H 

HC=CHR' 

R H C = [ M t ] 

This reaction can be used to control the molecular weight of the polymer produced 

from a cyclic monomer (M). The acyclic olefin is termed a chain transfer agent 

(CTA) and in general an increase in the ratio [CTA]/[M] results in a reduction of 

molecular weight of the polymer. However the effectiveness of acyclic olefins in 

reducing the molecular weight depends on their structure, the catalyst system and also 

upon the bias towards cis vinylidene formation in the polymerisation, the process 

being more effective in reactions which give high trans polymers 4 5 < 4 6 Terminal 

olefins have been reported to be more effective as CTAs, although internal olefins 

and styrene 4 3 a have also been used in the polymerisations of cyclopentene and 

norbornene monomers. 

1.5. Copolymers via ROMP 

Copolymers resulting from the ring opening metathesis polymerisation of 

cyclic olefins can either have a statistical (random) or blocky distribution. In general 

the polymerisation of a mixture of monomers yields a random copolymer with a 

composition that is dependent on the reactivity ratios of the monomers and the 

catalyst system used. Many copolymers, such as cyclopentene-co-norbornene, 

cyclopentene-co-5-substituted norbornene and norbornene-co-norbomene derivative 

copolymers have been prepared using W, Ru and Re based classical in i t ia tors . 4 ^ ' 4 8 ' 4 9 

Living ROMP can be used for the preparation of block copolymers by the successive 

addition of monomers as discussed earlier. 
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1.6. ROMP theomodymainniics 

For any addition polymerisation reaction to occur the change in the Gibbs free energy 

AG must be < 0. This change is expressed as a function of the enthalpy change AH, 

the entropy change AS and the temperature T in °K. 

AG=AH=TA§ 

The change in entropy AS for the ring opening polymerisation of monocyclic olefins 

is negative. That makes -TAS positive and for a favourable reaction, the change in 

enthalpy AH has to be larger than or at least equal to the TAS component. The 

temperature where AG=0 is called the ceiling temperature, and above that 

temperature the polymerisation reaction does not occur. The enthalpy change AH, is 

dependent on the ring strain. For highly strained small monocyclic and bicyclic rings, 

polymerisation is allowed because of the high (negative) value of the change in 

enthalpy during the reaction, although the change in entropy is negative and makes a 

positive contribution to AG. For monomers possessing low ring-strain energy, that is 

5, 6 and 7 membered rings the reaction entropy is the major determining factor, since 

the reaction enthalpy is low. For larger cycloolefins (8-12 membered rings) strain 

factors again are involved. It is theoretically expected and experimentally observed 

that polymerisation of monocyclic olefins with 3,4 and 8 or more carbon atoms on 

their ring, as well as strained bicyclic norbornene-like monomers, proceeds readily 

under a wide variety of conditions, while the polymerisation of cyclic olefins with 5,6 

and 7 carbons in the ring is more sensitive to experimental conditions such as 

temperature and concentration. In general the most favourable thermodynamic 

conditions for the ROMP of cycloalkenes are high monomer concentration, low 

temperature and high pressure. These are similar for any chain growth addition 

polymerisation. Ring substitution has an adverse effect on the free energy of 

polymerisation, i.e. it makes it less negative. Substituents in C4, Cg and larger rings 

are usually tolerated, but in medium sized rings, small changes in the substitution 

pattern can have a marked effect on polymerizability. 
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1.7. IVKcrostractare off polymer cmaiiis 

1.7.1. Monocyclic monomers 

The way that the monomer unit is incorporated into the polymer chain 

determines the microstructure of the resulting tl tt ctt lc/ct tec 

polymer; in this section the possible 

microstructures are described. For 

unsubstituted monocyclic olefins the polymer 

chain microstructure is determined only by the 

cis I trans ratio and the sequence of the double 

bonds in the chain. The easiest and most 

accurate way to study the microstructure of v 

these polymers is by high resolution and l^C-NMR spectroscopy. The 

configuration of the nearest and next nearest double bond affects the chemical shifts 

of all the carbons in the repeat unit. The methylene carbons are sensitive to double 

bond dyads, while the olefinic carbons are sensitive to double bond triads. The chain 
It II tl ttc to tc ct tct 

carbons can be located between two 

(or three) double bonds and they are 

labelled as cc, ct, tc or tt. The first 

letter refers to the nearest while the 

second letter refers to the next 

nearest double bond. The ct and tc 

carbons are equivalent, when the 

observed carbon is in the middle of 

the repeat unit. In the case of triad effects on olefinic carbons three letter labelling is 

used such as ttt, tec, cct etc. The middle letter refers to the double bond to which the 

carbon under observation belongs, while the letters on the left and the right refer to 

the nearest and next nearest double bond respectively. 

Substituted rings exhibit head / tail as well as tacticity effects. When the 

substituent R is on the double bond a strong head-tail (HT) bias is usually 

a 

P a oct a 
ttc tc ct 

cc p cc 
cc 

cct ct 
tc tec a 

etc tc/ct 
te etc 

P 
ct tc/ct a 

P P a a 
tct ct a tc tt tt ctt tt ct p 

ct 
tc p tc a 

ctt c 
ttt 

ttc P P tt ttt 
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observed.50-51 Similarly when the substituent is on the a carbon a HT bias is likely, 

depending on the initiating system. When the substituent is further away from the 

double bond the head / tail effect is random^2. 

R R R R 
I I I I 

: H—C H,—C—CH=C H — C — C H, - C H = C H — C — C H> - C H = C H — C H , - C — C H = 

H H H H 

HH 1 TH I TT J 

Tacticity effects may arise from the possibility of meso and racemic dyads as shown 

below for a polymer with all cis vinylenes. 

R R H H H H 

I I I I I I 
= C H — C — C — C H = C H — C — C — C H = C H — C — C — C H ^ = I I I I I I 

H H R R R R 
r m 

1.7.2. Bicyclic monomers 

In these systems the double bonds formed during the ROMP of the cyclic 

olefin can be either cis or trans, and the labelling system is similar to that already 

described for monocyclic monomers. 

j v i n 12,53 has proposed a model for the formation of cis/trans double bonds 

based on the different ways that a norbornene ring may present itself to the reaction 

site, when that site is an octahedrally substituted metal carbene with one vacant 

coordination site. 
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Unsymmetrically substituted monomers result in polymers with head-head, 

head-tail or tail-tail structures: 
! ! i i j 

R 

R 

TT HH TH HT 

Tacticity effects may also arise from meso and racemic dyads as shown below. 

R S S 
cis - isotactic 4= 

R R S 
cis - syndiotactic 

s 
trans - isotactic 

s R 

S R 

trans - syndiotactic 
R S 

The carbon atoms a to the double bonds are chiral and they may have the same or 

opposite chiralities, which result in meso and recemic dyads respectively. Sequences 

of racemic dyads result in syndiotactic polymer, while sequences of meso dyads result 

in isotactic polymer. A statistical distribution of dyads result an atactic polymer. 

From the foregoing discussion it is clear that ROMP allows, in principal, the 

synthesis of many polymers of different tacticities from one monomer. 
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This thesis describes some investigations of the synthesis and characterisation 

of well defined polymeric structures using living ROMP methodologies. Chapter 2 

describes the synthesis and characterisation of some monocyclic alkenes, including a 

detailed analysis of data obtained by ^C-NMR spectroscopy. Chapter 3 describes the 

synthesis and characterisation of poly(l-pentenylene)-£/oc&-polyacetylene-fc/ocA:-

poly(l-pentenylene). Chapter 4 describes a route to well-defined linear and star 

polyethylenes via ROMP of cyclopentene. Chapter 5 describes the attempted 

synthesis of a difunctional ROMP initiator, which is required for the synthesis of 

well-defined networks via ROMP. Finally Chapter 6 outlines the conclusions and 

proposals for any future continuation of this work. 
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CHAPTER 2: Ring Opening Metathesis Polymerisation of some 

monocyclic alkenes using well-defined, Schrock-type 

initiators. 

2.1. Introduction 

In the presence of well-defined transition metal initiators, monocyclic alkenes, 

undergo ring opening metathesis polymerisation to give linear polymers containing 

unsaturated carbon-carbon double bond linkages. The resulting polymers are usually 

called polyalkenamers. The process is summarised in Figure 2.1.a. 

R 
LxMt R 

D> LxMt 

LxMt 
R 

n-l 

R 

6 3 LxMt 
n 

Mt = transition metal 
Lx = Ligands 

Figure.l.l .a The ROM polymerisation of monocyclic alkenes 

These double bonds show cis/trans isomerism, which affects the chemical shifts of 

the methylene carbons in the chain. The ring strain of monocyclic alkenes with five 

or more carbon atoms in the ring is less than that found in bicyclic monomers, such as 

norbornene, where the real C-C-C angles are constrained to be considerably smaller 

than the ideal ones. As a result these monocyclic monomers are less susceptible to 

binding onto a metal centre in order to relieve their ring strain^6 i n the manner 

described earlier (see Introduction 1.4.1 and 1.6). In addition the polymer chains 

derived from monocyclic monomers are more flexible than those derived from 

bicyclic monomers, which makes access of the active chain end to double bonds in 
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the chain easier and intramolecular secondary metathesis more probable. It is for 

these reasons that the ring opening polymerisation of monocyclic alkenes exhibits 

certain characteristics which distinguish it from the polymerisation of the bicyclic 

monomers. Monocyclic alkenes have been polymerised in the past using various 

initiating systems. The cis : trans content of the resulting polymer depends upon the 

system used and the reaction conditions. Some of these earlier results are recorded in 

Table 2.1., where the designations cis or trans indicates that predominantly, rather 

than exclusively, one vinylic geometry was formed. 

Monomer Initiating systemn/tereiip. Resulting polymer 

Cyclopentene Al(C2H5)3-MoCl5/-30oC 

Al(C2H5)3-WCl6/-30oC 

cis-poly (1 -pentenylene)61 

trans-poly (1 -pentenylene)^1 

Cycloheptene (C6H5)2C=W(CO)5/40°C 

Al(C2H5)3-MoCl5/20°C 

cis-poly (1 -heptenylene)6 3 > 6 4 

trans-poly (1 -heptenylene)62 

Cyclooctene (C6H5)2C=W(CO)5/40oC 

A1(C 2H 5) 3-WC1 6 

ci's-poly (1 -octenylene)63,64 

Ira/w-poly(l-octenylene)62 

Cyclodecene A1(C2H5)2C1-WC16/10°C trans-poly (1 -decenylene)6^ 

Cyclododecene Al(i-C 4H 9) 2Cl-WCl 6 frans(70%)-poly(l-dodecenylene)66 

Table.2.1. Polymerisation of some monocyclic alkenes using classical initiators^ 

In the work described in this chapter W(=CHtBu)(OtBu)2(NAr), 

Mo(=CH tBu)(OC(CH3)3)2(NAr), Mo(=CHtBu)(OC(CH3)2CF3)2(NAr) and 

Mo(=CHtBu)(OC(CH3)(CF3)2)2(NAr) have been employed as the initiators for the 

polymerisation processes illustrated in Figure 2.l.b. 
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Figure 2.1.b Monocyclic monomers and resulting polymers via ROMP 

Detailed analysis of their spectra provides a rich source of information 

concerning the microstructure of the polymer chains. Until very recently a full 

assignment of the ^C-NMR spectra of polyalkenamers was restricted by the 

resolution attainable with available NMR equipment. The Varian VXR400 high field 

NMR spectrometer used throughout this work, allows the resolution and subsequent 

assignment of peaks for most of the carbons in the polymer chains. 

In all l^C-NMR spectra, recorded in the broad band decoupled mode, peaks for 

the vinylic carbons occurred between 129.4 and 130.6 ppm and for the methylene 

carbons between 27 and 33 ppm. The assignments are based on previous literature 

analyses, 12,17,54,55 m e relative intensities of the signals for equivalent carbon atoms, 

the chemical shift differences associated with the cis and trans double bond effects 

and the requirement for internal consistency. Thus cis : trans ratios can be computed 

in all cases from the relative intensities of Cv t : Cv c and Cat : ^-ac signals, where t 

and c represent a signal associated with a trans or cis double bond or double bond 

effect. 

In the analyses presented subsequently the symbol Cv indicates the vinylic carbon, 
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while a Greek letter indicates a methylene carbon's relation to the vinylic unit: 

CH=CH—CH 2-CH 2-CH 2-CH 2-CH 2 

C v C a Cp Cy C 8 C e 

The peak assignments, so derived, are summarised in Figure 2.9, page 56. 

2.2 Experimentall 

General procedures, equipment and instrumentation are described in Appendix 1. 

The initiators used throughout this work were prepared in the transition metal 

chemistry research group of Prof.V.C.Gibson and in our laboratories by 

Dr.E.Khosravi and used as supplied in solid form in inert atmosphere. The initiator 

solutions were prepared in the Glove Box prior to use. Two polymerisation 

procedures were adopted, depending on the monomer ring size. 

Polymerisation of monomers with C7 to C42 rings. 

The monomers were dried over CaH2 and vacuum-transferred into a pre-dried 

ampoule containing molecular sieves and sealed with a Young-valve. Chloroform 

was stirred overnight over P2O5. vacuum-transferred into an ampoule over molecular 

sieves and passed through a short column (ca.4 cm) of oven dried neutral alumina 

before use. All preparations were performed in the glove box at room temperature. 

The ratio of monomer to initiator was 300:1 and the solvent used was chloroform in 

all cases. The following procedure is illustrative. In the glove box the initiator was 

dissolved in half the chloroform. The monomer was dissolved in the other half of the 

chloroform, added to the initiator solution and the mixture stirred. After the 

completion of the reaction excess benzaldehyde was added to 'quench' the living 

polymer in a Wittig-like capping reaction. The polymer was purified by repeated 

precipitation from chloroform into methanol and then dried under vacuum. 

Polymerisation of cyclopentene 

A typical polymerisation of cyclopentene was performed using the reaction vessel 

26 CliapterTwo 



illustrated in Figure 2.2. The dry vessel was placed in the Glove Box and the initiator 

solution in chloroform was introduced into compartment B and the monomer solution 

in compartment A. The overall monomer concentration was 3.8M. The vessel was 

then taken out of the Glove Box and immersed in a cooling bath at -45°C while the 

greaseless joint was connected to the 

Vacuum/N2 line. After 15 min the isolating 

Young valve between A and B was opened and 

the solutions allowed to mix while stirring. 

After reaction the living polymer was 

quenched by the addition of benzaldehyde 

which was injected into the solution at -45°C 

after one of the Young valves had been 

replaced with a Suba seal against a strong counter current of dry N2, followed by 

stirring for 45 min. The polymerisation reaction times were varied as described in 

section 2.4. 

2.3. Polymerisation off cyclooctadieme to give polyCl-butenyleme) 

Poly(l-butenylene) can be produced by the ROM polymerisation of either 

cyclobutene or cw,cw-cycloocta-l,5-diene. The cyclobutene ring is highly strained 

and during its polymerisation the rate of propagation is much greater than the rate of 

initiation resulting in polymers with broad molecular weight distributions. In such 

processes the polydispersity index is generally larger than two, i.e. PDI>2. The 

polymerisation can be slowed by the presence of weak Lewis bases such as THF or 

pyridine (PDI's^l.5)^6 and Grubbs and coworkers have established excellent control 

using PMe3, PDI's« 1.02-1.1.^° In this study d.y,c«-cycloocta-l,5-diene has been 

used as the monomer for the preparation of poly(l-butenylene) in reactions conducted 

at room temperature. 

m 

Figure 2.2 
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NMR data analysis 

Poly(l -butenyleme) 

The spectrum is reproduced in Appendix 2.1 for completeness; it has been assigned 

previously.12 The peak for the olefinic proton on the cis double bond appears at 5.38 

ppm while that on a trans double bond 

appears at 5.42 ppm. The signals for the a 

protons next to a cis and next to trans 

double bond appeared at 2.03 and 2.08 ppm 

respectively. The integration of the signals 

for Ha and Hv gave a 2:1 ratio and the integration of cis:trans signals agreed with the 

assignment based on the ^C-NMR within the limits of the resolution of the peaks. 

Proton Shift 
Hv (cis) 5.38 

Hv (trans) 5.42 
Ha (cis) 2.03 

Ha (trans) 2.08 

1 3C~NMR 

Poly(l-butenylene) 

The spectrum is recorded in Appendix 2.2. The a carbons show signals for the tt and 

tc environments, with the signals for Catt 

separated from that for Catc by 

-0.053ppm (5.33Hz), while the signal for 

the cis configuration at 27.37 ppm occurs 

as an unresolved singlet. The signal for 

the olefinic carbons shows four peaks 

assigned as shown on the table, these 

peaks are further split possibly due to triad and even pentad effects. Since the poly(l-

butenylene) was made from ci'.?,ri.s-cycloocta-l,5-diene every other double bond has 

to be cis in the as formed polymer, hence the presence of the tt peak is evidence of 

secondary metathesis or some other form of catalysed isomerisation taking place. The 

13c -NMR spectrum of this and the spectra of all the other polyalkenamers discussed 

Carbon Shift (ppm) 
C v tc 130.06 
C v tt 129.94 
C v cc 129.54 
Cy ct 129.38 
C „ tt 32.71 
Cn tc 32.66 
Cn. c 27.38 
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in this chapter are reproduced in comparative form in Figure 2.9, page 56. 

GPC data 

The Gel Permeation Chromatography results for polymers prepared using different 

initiators are shown in Appendix 2.3 and are presented below. 

Initiator Monomer : 
initiator ratio 

Reaction 
time 

Mn P M 

W(CHtBu)(OtBu)2(NAr) 300:1 20hrs 47500 2.9 
Mo(CHtBu)(OC(CH3)3)2(NAr) 300:1 20hrs 19490 1.7 

Mo(CHtBu)(OC(CH^)2CF3)2(NAr) 300:1 20hrs 45000 1.6 
Mo(CHtBu)(OC(CH^)(CF^)2)2(NAr) 300:1 20hrs 92000 1.7 

It is clear that well-defined living polymerisation has not occurred since the expected 

molecular weight would be 16,000 if each initiator molecule resulted in one polymer 

chain. Since the molecular weights are all greater than theoretical and the dispersities 

are >1.6 it is clear that propagation is significantly faster than initiation. It is also 

clear that in the series of molybdenum centred initiators fluorination of the alkoxide 

ligands increases the reactivity of the propagating chain end. The very broad 

distribution obtained using the tungsten centred initiator suggests a higher level of 

cross metathesis with in-chain vinylenes in this system. While the detail reported here 

with respect to these observations and those to be reported subsequently in this 

chapter are new, they are entirely consistent with expectation and previously reported 

work. 57 

Therniogravimetric analysis 

All the polymers discussed in this chapter showed a similar weight loss profile which 

consisted of a slow loss up to about 400°C, ±50°C, followed by a catastrophic loss 

over the next 100 to 150°C with little or no residue. A typical example is shown in 

Appendix 4.8. In this experimental section the temperatures for 2% weight loss and 

the maximum weight loss are noted. In this case 2% weight loss occurred at 350°C 
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while the maximum weight loss was 97% at 530°C. 

Differential! Scamuniing CaDorimetry data 

The DSC traces are shown in Appendix 2.4 and show clearly that the melting 

temperature for these polymers increases with the trans content. 

cis : trans Tim Tm Heat of 
Initiator ratio * °c °c fusion 

(onset) (max) J/g 
W(CHtBu)(OtBu)2(NAr) 80:20 No peak from -50 to 100°C 

Mo(CHtBu)(OC(CH^)^)2(NAr) 30:70 -13.6 -0.3 20.9 
Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 15 : 85 31.2 34.9 16.2 

Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 15 : 85 29.4 34.4 14.0 

1 Derived from analysis of the NMR data 

Infrared data 

The IR spectrum is recorded in Appendix 2.5.a and show peaks at 3005 cm~l 

assigned to =C-H stretch, at 2940 and 2845 cm"l to the CH 2 antisymmetric and 

symmetric stretching modes, at 1655 cm"l to the C=C stretch, at 1450 cm~l to the 

CH 2 bend, at 966 cm"* to the trans =C-H out of plane bend and at 734 cm~l to the 

CH 2 rock and/or the cis =C-H out of plane bend; the assignments in the finger print 

region below 1500 cm~l are somewhat tentative but the peaks quoted are well 

established for the structural features to which they are assigned. 

2.4. Polymerisation of cyclopentene to give poly(l-pentenyiene) 

The polymerisation of cyclopentene differs from that of other monocyclic alkenes as 

discussed in section 1.6 and 2.2. The practical consequence is that it will polymerise 

only under certain well-defined conditions of temperature and concentration. 

Cyclopentene polymerises in a well defined living manner5** at temperatures below 

-40°C in solution, when the polymerisation reaction is initiated with 

W(=CH tBu)(O tBu)2(NAr). The iH-NMR singlet resonance at 8.05 ppm 

30 Chapter Two 



corresponding to the alkylidene proton on the initiator is gradually replaced by a 

triplet at 8.45 ppm (JHH=7Hz) which corresponds to the propagating alkylidene 

proton. Above this temperature the conversion is not complete and at +40°C there is 

no conversion at all, i.e. initiation does not occur. The polymerisation is fully 

reversible. 

NMR data 

^H-NMR data 

SIS. 

Poly (1-pentenylene) 

Proton Shift (ppm) 
Hv 5.38 

Ha (cis) 2.03 
Ha (trans) 1.98 

HB 1.39 

The spectra from which these data are 

derived are reproduced in Appendices 

2.6. and 2.7. The signal for the B protons 

appears as a quintet at 1.39 ppm ( J H H = 

7.4Hz). The peaks for the a protons 

were assigned with the aid of a HETCOR spectrum. The peak for the a protons next 

to a cis double bond appear at 2.03 ppm and although it is partly overlapped by the 

a(trans) signal a fine splitting of =7.4 Hz can still be observed. In contrast the peak 

for the a protons next to a trans double bond appears rather broad and unresolved at 

1.98 ppm. 

1 3 C-NMR data 

Poly(l-pentenylene) a a -"n 

Carbon Shift (ppm) 
Cv t 130.30 
Cv c 129.81 
Ca tc 32.19 
Ca tt 32.05 
Ca cc 26.88 
Ca ct 26.73 
CB cc 29.82 

C3 ctltc 29.68 
CBtt 29.53 

The spectra on which this analysis is based 

are shown in Appendix 2.8. The spectrum 

of poly (1-pentenylene) shows at least three 

resolved signals for both the cis and the 

trans olefinic carbons. This must be as a 

result of the effect of the configuration of 
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the nearest double bonds on either side of the double bond in question and will be 

discussed later in this chapter. The a carbons also show splitting as a result of the 

effect of the nearest and next nearest double bonds, the line order from low to high 

field being tc, tt, cc, ct and Ca cis being 5.3 ppm upfield from Ca trans. The distance 

between the P carbon and the double bonds on either side is the same and as a result 

the CP ct and CP tc peaks coincide and only three peaks are resolved. 

GPC data 

The reaction conversion, average molecular weight and polydispersity varies with the 

time of the reaction in ROMP of cycloalkenes. To study the relationship between 

these parameters in this case we investigated the reaction at -45°C using the apparatus 

shown in Figure 2.4. and a thermostated cooling bath. 

outlet 1 

N 2 

inlet 1 

N 2 A 

B l 

-45°C 

Figure 2.4 Apparatus for study of polymerisation of cyclopemtene. s=Suba seal 

The solvent used, chloroform, was dried and distilled prior to use and was stored in 

the glove box. The monomer solution (300 equivalents) was kept in the part of 

compartment A below the coolant level and did not mix with the initiator solution in 

compartment B until both solutions were cooled to -45°C (monomer concentration 
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3.8M). Aliquots were taken out via the two Suba seals of outlet 1 using a glass 

barrelled syringe and were quickly injected into a preweighed sample bottle 

containing benzaldehyde (also stored at -45°C) through the Suba seal of inlet 1. The 

sample bottles were weighed again after the end of the experiment and for the third 

time after the removal of the volatiles in order to calculate the yield. 

Solution injected (g) Polymer recovered (g) 
Sample 1 0.732 0.03 
Sample 2 0.652 0.033 
Sample 3 0.555 0.037 
Sample 4 0.545 0.048 

The yield was calculated using the following formula: 

Polymer recovered (g) x 100 
Solution injected (g) x Monomer concentration (w / w) 

Time (hrs) Cumulative 
yield (%) 

trans 1 cis2 Mm3 FBI 

1.5 29 50/50 16700 1.1 
3 35 40/60 24000 1.2 
5 46 40/60 26500 1.6 
8 61 40/60 31500 1.7 

241 94 - 48000 1.6 
1 Result from 24 hour experiment, same conditions. 
Calculated from 13C-NMR spectra 
^Relative to polystyrene standards 
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GPC traces 

/ 
/ / 8hrs 

5hrs 

3hrs 

1.5 hrs 

The Mn values obtained by GPC are subject to a correction factor in order to obtain 

the actual molecular weights. If we assume linear increase of molecular weight with 

percent monomer conversion in this well characterised riving polymerisation, this 

correction factor can be calculated using the following equations, where M n(th) is the 

theoretical molecular weight calculated from the monomer: initiator ratio. 

M (th) = A x M n(GPC) 

i.e. 

M n ( t h ) = Initial No of monomer equivalents x Conversion x repeat unit MW 

The correction factor A is readily calculated and the results of these calculations are 

tabulated below. 

Yield % Mn 1 DP (Mn)1 Corr. factor (Mn) 
29 16700 245 0.35 
35 24000 353 0.3 
46 26500 390 0.45 
61 31500 463 0.4 
94 48000 705 0.4 

Relative to polystyrene standards 
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The variation observed in the calculated values is presumably related to increase in 

PDI with reaction conversion. A correction factor of 0.5 has been reported for poly(l-

butenylene).4 4 0*5 0'5 4 In essence both our correction factor of 0.4 for poly(l-

pentenylene) and Grubbs value of 0.5 for poly(l-butenylene) indicate that GPC 

calibrated relative to polystyrene standards overestimates M n for these polymers. 

We observed that 
Yield of poly(l-pentenylene) vs time in living polymerisation 

at -45oC using the tungsten centered initiator 

100 
90 
80 
70 
60 + 

Yield % 50 
40 -
30 •• 
20 •• 
10 -• 
0 

X 
#1.1 

Hl.2 
A 1.6 

Xl .7 
Xl .7 

—! ! !— 
10 15 20 

Time (hrs) 
25 

—1 
30 

yield increases in a 

regular manner with 

time. The PDI also 

increases with time, 

which is probably a 

consequence of 

intramolecular or 

intermolecular 

secondary metathesis 

taking place. The Mn values which were obtained from other polymerisation 

reactions of cyclopentene carried out under the same conditions compared well with 

these results within an error band of ±10%. This error could occur because of the 

high sensitivity of the system to contamination and small temperature variations 

during sampling. The PDI values also showed some variation with a tendency to be 

lower in the products of reactions which were not interrupted for sampling or other 

reasons. For example, in our best results, a PDI value of 1.04 was obtained for a 

sample produced in 3 hrs, whereas a value of 1.45 was obtained for a similar reaction 

which ran for 20 hrs. 

The 13C_NMR spectra of the polymers recovered from these aliquots showed no 

significant change in the ciy.trans ratio, a value of 50:50 was seen for the sample 

from the initial aliquot and 60:40 in the second and subsequent samples. 

When the polymerisation was initiated using molybdenum centred well-defined 

initiators under the same conditions of temperature, concentration and monomer to 
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initiator ratio, the recovered polymers showed the following GPC parameters. 

J Initiator Monomer: 
initiator ratio 

Reaction 
time 

Mn FUJI 

Mo(CHtBu)(OC(CH^)3)2(NAr) 300: 1 45min 371000 1.35 
Mo(CHtBu)(QC(CH3)2CF3)2(NAr) 300: 1 20min 217000 1.5 

These data, when compared to the results obtained using tungsten centred initiators 

discussed above, indicates that the use of molybdenum centred initiators gives faster 

propagation than initiation and that they are unsuitable for use in well defined living 

polymerisation of cyclopentene. The GPC traces are recorded in Appendix 2.9. 

IR data 

The infrared spectrum is recorded in Appendix 2.5.b and showed peaks at 3004 cm~l 

assigned to =CH stretch, at 2922 cm"1 and 2852 cm~l to antisymmetric and 

symmetric CH 2 stretching modes, at 1654 cm~l to C=C stretch, at 1455 and 1437 

cm"l to CH 2 bend, at 966 cm~l =C-H trans out of plane bend and at 721 cm"* to 

CH 2 rocking and/or to cis =C-H out of plane bend. 

DSC data 

Polypentenamer has been the subject of extensive thermal analysis. High trans 

poly(l-pentenylene) (85-94%) has been reported59,60 to have Tm and Tg values of 

23°C and -90°C respectively, while high cis poly(l-pentenylene) has values of -41°C 

and -114°C and crystallises only after prolonged annealing at -75°C. A single scan of 

the material produced in this work showed two weak broad transitions at about -75 

and -50°C which we tentatively assign to glass transition processes. Since the 13c-

NMR data indicates a blocky tendency in this polymer, this observation is not 

unreasonable but a detailed study has not been conducted. The DSC trace is 

reproduced in Appendix 2.10. 
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2.S. Polymerisation off cyclohepttene to give poly(14ieptenyleme) 

The polymerisation of cycloheptene when initiated with molybdenum based well 

defined initiators at room temperature and 3.1M concentration in chloroform 

produces a high molecular weight polymer while the tungsten based initiator used 

with monomer concentration of 2.6M or 5.1M in the same solvent gave no polymer; 

there is no obvious reason for this failure to produce a polymer in this case. 

NMR analysis 

The spectra on which these analyses are based are reproduced in Appendix 2.11 (^H) 

and Appendix 2.12 ( 1 3 C) 

ie-NMR data 

Poly (1-heptenylene)' 

The signal for the olefinic protons on a cis double bond appeared at 5.38 ppm while 

the signal for those on a trans double bond 

appeared at 5.35. The assignment is based 

on the integration for the two peaks and 

correlation with the unambiguous 

assignment based on the ^c.jsjjyjR 

spectrum. The a protons also show 

splitting due to cis or trans nearest double bonds. The peaks for the B and y protons 

appear as one broad band centred at 1.32 ppra and integrates for six protons. 

Proton Shift 
Hv (cis) 5.38 

Hv (trans) 5.35 
Ha (cis) 2.02 

Ha (trans) 1.96 
HB and Hy 1.32 
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1 3C=NMR data 

Poly(l-heptenylene) 

The olefinic carbons show triplet splitting 

for both cis and trans signals emanating 

from triad effects which will be discussed 

later in this chapter. The signal for the a 

carbons is influenced only by the 

configuration of the nearest double bond, 

showing two peaks with C a c 5.4 ppm 

upfield from C a t . The (3 carbons show 

splitting due to the nearest and next nearest 

double bonds and give rise to a four line 

pattern which can be readily assigned on the 

basis of signal intensities to a sequence cc, ct, tc, tt from low to high field. The Cpcc 

to Cptc and Cpct to Cptt splitting is 0.106 ppm. The y carbon being equidistant from 

the double bonds, display a three line splitting pattern, assigned to cc, ct^tc, tt 

sequence of environments on an analogous basis; the splitting between the three lines 

is the same at 0.133 ppm. 

Caribou Shift (ppm) 
Cv t 130.31 
Cv c 129.84 
Ca t 32.58 
Ca c 27.19 
Cp cc 29.67 
CP ct 29.64 
Cp tc 29.56 
Cp tt 29.53 
Cycc 28.98 

Cy ct/tc 28.84 
Cytt 28.71 

GPC data 

The Gel Permeation Chromatography results for polymers prepared using different 

initiators are shown in Appendix 2.13 and are tabulated below. 

Initiator Monomer: 
initiator ratio 

Reaction 
time 

M i l 1 PDI 

Mo(CHtBu)(OC(CH^)3)2(NAr) 1 :300 20hrs 29000 1.5 
Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 1 :300 20hrs 37400 1.5 

Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 1 :300 20hrs 20000 1.9 

Relative to polystyrene standards calibration 
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It is clear that well defined living polymerisation is not attained under these 

conditions, molecular weights and/or PDIs are too large possibly indicating that 

propagation rates exceed initiation rates and cross metathesis occurs. 

DSC data 

The DSC traces are shown in Appendix 2.14 and the results are presented below. 

Initiator cis : trans 
ratio* °c 

(onset) 

Tim 
°c 

(max.) 

Heat off fusion 
J/g 

Mo(CHtBu)(OC(CH3h)2(NAr) 45:55 -2.6 10.6 26.0 
Mo(CHtBu)(QC(CH3)2CF3)2(NAr) 23:11 40.9 47.5 54.6 

Mo(CHtBu)(QC(CH3)(CF3)2)2(NAr) 20: 80 43.3 47.5 68.9 

1 Derived from analysis of the NMR data 

It can be seen that the higher the trans vinylene content in the polymer, the higher the 

melting temperature and heat of fusion. This is in line with the expectation that the 

trans geometry allows crystallisation more easily than the cis. 

Thermogravfmetric analysis 

2% weight loss was observed at 435°C, while the maximum weight loss was observed 

at 580°C. 

IRdata 

The infrared spectrum is recorded in Appendix 2.5.c and showed peaks at 3003 cm"l 

assigned to =CH stretch, at 2920 cm" 1 and 2849 cm"1 to antisymmetric and symmetric 

CH 2 stretching bands, at 1464 and 1435 cm"1 to CH 2 bend, at 964 cm"1 to =C-H 

trans out of plane bend and at 725 cm" 1 to CH2 rocking and/or to cis =C-H out of 

plane bend. The C=C stretch shows only a very weak absorption at approx. 1660 

cm"l. The assignments below 1500 cm~l are somewhat tentative. 
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2.(6. Polymerisaltfloini off cydoocteme to give poly(1-octemySeme) 

Cyclooctene when polymerised, at room temperature in C H C I 3 in 5 M solution, using 

the tungsten based initiator gave a high cis polymer, while polymerisation using the 

molybdenum based initiators gave high trans polymers. 

NMR date analysis 

The spectra on which these analyses are based are reproduced in Appendix 2.15 (^H) 

and Appendix 2.16 ( 1 3 C ) 

% - N M R data 

Poly (1-octenylen e)' 

The peaks have been assigned as cis or trans according to their relative intensities and 

with the aid of a HETCOR spectrum 

(Appendix 2.17). The peaks for (} and y 

protons overlap but the HETCOR spectrum 

allows unambiguous identification since 

the spectrum can be fully assigned. 

The protons on the cis double bond appear 

as a slightly broadened but distinctive 

triplet at 5.35 while the peak for the protons on the trans double bond are less well 

resolved. 

Proton Shift 

Hv (cis) 5.35 
Hv (trans) 5.38 
Ha (cis) 2.02 

Ha (trans) 1.96 
Hy 1.29 

HP 1.33 
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1 3 C - N M R data 

Poly(l-octenylene) 

Adjacent double bonds in the polymer chain 

are still close enough to affect each other and 

triad splitting of the cis and trans olefinic 

signals is observed. The a and p carbons are 

only subjected to the effect of the nearest 

double bond giving one peak for both cis and 

trans with C a c upfield from C a t by 5.4 ppm 

and Cpt upfield from Cpc by 0.11 ppm. The y 

carbons show a four line splitting pattern in 

the cc, ct, tc, tt sequence of environments, with 

Cycc to Cytc and CyCt to Cytt splitting of 0.137 ppm. The relative intensity of these 

peaks gives a cis:trans ratio of 90:10 when the polymerisation is initiated with a 

tungsten initiator, while the use of molybdenum based initiators gives high trans 

polymers under comparable reaction conditions. 

GPC data 

The Gel Permeation Chromatography results for polymers prepared using different 

initiators are shown in Appendix 2.18 and are presented below. 

Initiator Monomer 
: initiator 

ratio 

Reaction 
time 

M n PDI 

W(CH tBu)(O tBu) 2(NAr) 300: 1 20hrs 135000 1.4 
Mo(CH tBu)(OC(CH3)3) 2(NAr) 300: 1 lhr 162000 1.5 

Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 300: 1 20hrs 320000 1.8 
Mo(CH tBu)(OC(CH3)(CF3)2)2(NAr) 300: 1 20hrs 114600 2.6 

Overall the molecular weights are higher and the molecular weight distributions 

broader than required for well defined living polymerisations, suggesting that 

propagation is faster than initiation in these systems under these conditions. 

Carbon SIhinlft (ppm) 

Cv t 130.33 
Cv c 129.86 
Ca t 32.62 

Ca c 27.22 

C3 c 29.75 
cp t 29.64 
Cy cc 29.23 
Cy ct 29.19 
Cy tc 29.09 
Cy tt 29.05 
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DSC data 

The DSC traces are shown in Appendix 2.19 and show clearly that the melting 

temperature for these polymers increases with the trans content. 

Initiator ess: trans 
ratio * 

T m 
°c 

(onset) 

Tmm 
°c 

(max.) 

Heat off fusion 
J/g 

W(CH tBu)(O tBu) 2(NAr) 90: 10 6.0 15.5 45.7 
Mo(CHtBu)(QC(CH3)3)2(NAr) 30:70 31.0 40.1 43.5 

Mo(CH tBu)(OC(CH3) 2CF3) 2(NAr) 20: 80 44.2 54.1 40.2 
Mo(CHtBu)(OC(CH3)(CF3) 2) 2(NAr) 15 : 85 51.8 58.1 44.6 

derived from 1 3 C-NMR data 

In this case, however, in contrast to the poly(l-heptenylene) case the heats of fusion 

of 90% cis and 85% trans polymers are very similar; it could be that the relative 

magnitudes of the heat of fusions in these polymers are determined by the relative 

importance of the vinylene and methylene sequences in determining the crystal 

packing. The effects appear to be rather subtle and the data set is too small to justify 

elaborate analysis. 

Thermogravimetric analysis 

2% weight loss was observed at 430°C, while the maximum weight loss was observed 

at 560°C. 

IR data 

The infrared spectrum is recorded in Appendix 2.5.d and showed peaks at 3003 cm" 1 

assigned to =CH stretch, at 2923 and 2852 cm"l to antisymmetric and symmetric 

C H 2 stretching modes, at 1652 c m - 1 to C=C stretch , at 1436 and 1465 cm" 1 to C H 2 

bend, at 966 cm"l to trans =C-H out of plane bend and at 720 cm"l to C H 2 rock and 

/or to cis =C-H out of plane bend. 

42 Chapter Two 



2.7. PolymerisaHioini off cyciodecene to give poly(l=decenyleme) 

The polymerisation of cyclodecene at room temperature and 3 M in C H C I 3 when 

initiated with either tungsten or molybdenum based initiators gave high trans (up to 

95%) polymer after reaction of 20 hours duration. When the polymerisation was run 

under the same conditions with a fluorinated Mo initiator and quenched after 15 min 

the resulting polymer had a trans:cis ratio of 80:20. This observation, while not 

representing a spectacular change, is in agreement with previous reports 12,68 0 f 

polymerisations using classical initiators where prolonged reaction times result in 

increased trans content as a result of secondary metathesis. 

NMR date analysis 

The spectra on which these analyses are based are reproduced in Appendix 2.20 (*H) 

and Appendix 2.21 ( 1 3 C ) 

Poly(l-decenylene)' 

The assignments of the shifts due to cis-trans configurations are based on the relative 

intensities of the signals and on the shifts 
Proton Shift (ppin) 

Hv (cis) 5.34 

Hv (trans) 5.38 
Ha (cis) 2.01 

Ha (trans) 1.96 

Hp, Hy 1.32 

H8 1.26 

of the a and f} protons of the 

polyalkenamers discussed earlier in this 

chapter. The signal at 1.26 ppm is not 

present in any of the ^H-NMR of the 

polyalkenamers studied so far and so it 

must be associated with the 8 protons 

because it is the first time they are being introduced to the repeat unit. 
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1 3 C = N M R date 

Poly(l-decenyleme)' 

Carbon Shift (ppim) 

Cv t 130.34 
Cv c 129.88 
Ca t 32.63 
Ca c 27.22 
CP c 29.79 
cp t 29.68 
Cy c 29.33 
Cy t 29.20 
C8 c 29.56 
C8 t 29.52 

The olefinic carbons show no splitting due to 

triad effects and appear as slightly broaden 

singlets with C vc 0.463 ppm upfield from C v t . 

A l l the methylene carbons also give one signal 

for each configuration with respect to the nearest 

double bond C^t being 5.4 ppm upfield from 

C a c , Cpc being 0.11 ppm upfield from Cpt, CyC 

being 0.136 ppm upfield from Cyt and C5C being 

0.035 ppm upfield from C§t. 

GPC data 

The Gel Permeation Chromatography results for polymers prepared using different 

initiators are shown in Appendix 2.22 and are presented below. 

Initiator Monomer 
: initiator 

ratio 

Reaction 
time 

M n P M 

W(CH tBu)(O tBu) 2(NAr) 300: 1 20hrs 38000 1.5 
Mo(CH lBu)(OC(CH3)3)2(NAr) 300 : 1 20hrs 91000 1.4 

Mo(CH tBu)(OC(CH3) 2CF 3)2(NAr) 300: 1 15min 112000 1.5 
300: 1 20hrs insoluble 

Mo(CH tBu)(OC(CH3)(CF3)2)2(NAr) 300: 1 20hrs insoluble 

Overall the molecular weights are higher and the molecular weight distributions 

broader than required for well defined living polymerisations, suggesting that 

propagation is faster than initiation in these systems under these conditions. 

DSC data 

The DSC traces are shown in Appendix 2.23 and show similar melting temperatures 

for polymers with similar cis:trans ratio, the higher the trans ratio the higher the 
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melting temperature. 

Mttnator cis : trans 
ratio 1 

Tm 
°c 

(onset) 

Tm 
°c 

(max.) 

Heat of ffiuision 
J/g 

W(CHtBu)(O tBu) 2(NAr) 20: 80 59.9 64.0 53.6 
Mo(CHtBu)(OC(CH^)3)2(NAr) 17 : 83 64.1 69.4 83.3 

Mo(CH tBu)(OC(CH3)2CF3)2(NAr) 20: 80 
5 :95 

60.4 
71.2 

65.6 
75.2 

53.2 
67.8 

Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 5 :95 70.7 74.1 54.6 

1 Derived from 1 3 C NMR data 

Thermogravimetric analysis 

2% weight loss was observed at 425°C while the maximum weight loss was observed 

at 520°C. 

M d a t a 

The infrared spectrum is recorded in Appendix 2.5.e and showed peaks at 3003 cm~l 

assigned to =CH stretch, at 2918 and 2848 cm' l to antisymmetric and symmetric 

C H 2 stretching modes, at 1436 and 1465 cm~l to C H 2 bend, at 963 cm~l to trans 

=C-H out of plane bend and at 720 cm~l to C H 2 rock and/or to cis =C-H out of plane 

bend. The peak for C=C stretching appeared very weak in the spectrum. 

2.8. Polymerisation of cyclododecene to give poly(l-dodecenylene) 

The polymerisation of cyclododecene at room temperature and 3M in C H C I 3 when 

initiated with either tungsten or molybdenum based initiators gave high trans (up to 

95%) polymer after reaction of 20 hours duration. When the polymerisation was run 

under the same conditions with a fluorinated Mo initiator and quenched after 15 min 

the resulting polymer had a transicis ratio of 80:20. 
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NMR data analysis 

The spectra on which these analyses are based are reproduced in Appendix 2.24 (^H) 

and Appendix 2.25 ( 1 3 C ) 

! H = N M R data 

Poly(l-dodecenylene) 
P 

P a n 

The peaks for the cis and trans configurations of the vinylic protons are found at 5.35 

and 5.38 ppm respectively. The a - C H 2 -

protons appear at 1.96 ppm for the trans and 

2.02 ppm for the cis. The assignments are based 

on the relative intensities of the signals and 

correlation with the unambiguous assignments 

based on the NMR spectrum. The peaks at 

1.31 ppm are assigned to the p and y protons, while the peaks at 1.26 ppm are 

assigned to the 8 and e protons in analogy with ^H-NMR spectra of polyalkenamers 

discussed previously in this chapter. 

1 3 C - N M R data 

Poly (1-dodecenylene) 
P e 

6 P a n 

The signals due to the olefinic carbons for both 

the cis and trans geometries of the double 

bonds appear as slightly broadened singlets 

with C vc upfield 0.462 ppm from C vc. The 

methylene carbons also give one peak for each 

configuration of the double bond with C a c 

upfield 5.4 ppm from C a t , Cpt upfield 0.11 

ppm from Cpc, Cyt upfield 0.137 ppm from 

CyC, Cftl upfield 0.035 ppm from Cgc. The e 

carbon gives one peak at 29.771 ppm but no 

other peak can be seen either because the 

Proton Shift (ppm) 

Hv (cis) 5.35 

Hv (trans) 5.38 

Ha (trans) 1.96 

Ha (cis) 2.02 
Hp-7 1.31 
HS-E 1.26 

Carbon Shift (ppm) 

Cv t 130.44 

Cv c 129.98 

Ca t 32.73 

Ca c 27.32 

CP c 29.90 

cp t 29.79 

Cy c 29.44 

Cy t 29.31 

C8 c 29.69 

C8 t 29.66 

Ce 29.77 
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resolution is insufficient or the peaks overlap with other resonances. 

GPC data 

The Gel Permeation Chromatography results for polymers prepared using different 

initiators are shown in Appendix 2.26 and are tabulated below. 

Initiator Momomnier : 
initiator ratio 

Reactio 
n time 

Mm PDI 

W(CH tBu)(O tBu) 2(NAr) 300 1 3hrs 82800 1.8 
Mo(CH tBu)(OC(CH^)3) 2(NAr) 300 1 3hrs 160000 1.7 

Mo(CHtBu)(OC(CH 3) 2CF 3) 2(NAr) 300 1 15min 132000 1.7 Mo(CHtBu)(OC(CH 3) 2CF 3) 2(NAr) 
300 1 20hrs insolu )le 

Mo(CHtBu)(OC(CH 3)(CF3) 2) 2(NAr) 300 1 20hrs insoluble 

It is clear that the molecular weights and their distributions are higher than required 

for well defined living polymerisation in all cases, suggesting that propagation is 

faster than initiation. 

DSC data 

The DSC traces are shown in Appendix 2.27 and show similar melting temperatures 

for polymers with similar cisitrans ratio. 

Initiator cis : tram Tm Tm. Meat of fusion 
rat io 1 °c °C J/g 

(onset) (max.) 
W(CHtBu)(O tBu) 2(NAr) 20: 80 63.0 67.2 52.5 

Mo(CHtBu)(OC(CH3)3)2(NAr) 15 : 85 64.9 69.2 56.1 
Mo(CHtBu)(OC(CH3) 2CF3) 2(NAr) 20: 80 62.7 68.8 57.6 

5 :95 67.6 72.0 60.4 
Mo(CHtBu)(OC(CH3)(CF3) 2) 2(NAr) 15 : 85 63.9 71.4 58.2 

iDerivedfrom 1 3 C-NMR data 

Thermogravimetric analysis 

2% weight loss was observed at 420°C while the maximum weight loss was observed 
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at 520°C. 

HR data 

The infrared spectrum is recorded in Appendix 2.5.f and showed peaks at 3005 cm"* 

assigned to =CH stretch, at 2919 cm"land 2849 cm' l to antisymmetric and 

symmetric C H 2 stretching modes, at 1462 and 1439 cm" 1 to C H 2 bend, at 963 cm' l 

=C-H trans to out of plane bend and at 719 and 729 cm"l to C H 2 rocking and the cis 

=C-H out of plane bend. 

2.9. Discussion 

2.9.1. General remarks. In the l^C-NMR spectra, shown in Figure 2.9, p.56, the 

peaks associated with cis double bonds appear upfield from the analogous trans peaks 

for both Cv and Ca, and downfield for Cp, Cy and C8. The magnitudes of the shift 

differences are illustrated in the table below. 

Carbon Cv Ca cp cy C8 

cis to trans 
splitting (ppm) 

0.46 - 0.5 5.4 0.11 0.136 0.035 

The methylene carbon shifts experience a nearest and next nearest vinylene neighbour 

effect until there are eight methylene units between vinylenes. This gives rise to a set 

of four lines defined by the environments cc,ct,tc and tt, with tt being nearest to TMS. 

When a methylene carbon is symmetrically placed with respect to the double bonds 

the ct and tc peaks coincide and the splitting pattern changes to cc, ctltc and tt, again 

with tt nearest to TMS. 
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2.9.2. QSefnnic triads effect. The splitting of the olefinic signals due to triads (ccc, ttt 

etc.) decreases as the length of the repeat unit increases. 

1 
Polymer 

tttsctt or ttc ccc-stcc or cct 1 
Polymer 

(ppm) (ppm) 

Poly(pentenylene) 0.04 0.08 1 
Poly(heptenylene) 0.03 0.03 

Poly(octenylene) 0.02 0.02 | 

The assignment of these peaks is based on the observation that the splitting pattern 

for this effect generally appears to consist of one intense peak and two smaller peaks 

of the same intensities on either side, for both the cis and the trans signals. Since the 

polymers examined were highly blocky we assign the more intense peak as ttt (or 

ccc). The ttc (or cct) and ctt (or tec) peaks should by definition have the same 

intensities since the presence of a ttc carbon requires the presence of a ctt one. The etc 

and tct peaks are expected to be of relatively low intensity and to be overlapped by 

the ttt and ccc peaks respectively, because the nearest and next nearest double bond 

effect is symmetrical. 

2.9.3. Polyalkenamers and the y-gauche effect 

Large chemical shift effects due to the geometry of the nearest double bond can be 

observed in the peaks associated with the carbon a to the double bond in all the 

polymers studied. This is as expected; indeed it is probably the most reliable 

parameter for assigning cisltrans vinylene content in these kind of materials. A shift 

of about 5.5 ppm to lower frequency (higher field) is observed on changing from 

trans to cis, see Figure 2.9. However there are two very clear anomalies in the set of 

1 3 C-NMR spectra collected in Figure 2.9; thus, the chemical shifts of the cis and 

trans vinylic and cc-carbons are very similar throughout the set with the exception of 

the vinylic carbons in poly(l-butenylene) and the a-carbons in poly(l-pentenylene). 

In both cases the relevant signals display significant upfield shifts. In the case of 
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poly(l-pentenylene) the peaks for the a-carbons are shifted upfield by about -0.4 

ppm with respect to the oc-carbon shifts in all the other polyalkenamer spectra and 

split due to the effect of the next nearest double bond by +0.133 ppm for the tt to tc 

signals and +0.151 ppm for the ct to cc signals. This is a large effect in comparison to 

the tt to tc splitting of -0.05 ppm for the a-carbons in poly(l-butenylene), where the 

next nearest double bond is only two bonds away. These observations can be 

accounted for in terms of a phenomenon which has been extensively documented by 

Tonelli and is known as the "y-gauche effect". 6 7 

This predicts that the chemical shift of a specific carbon, namely the observed carbon 

C°, see Figure 2.9.3a and b, 
c a 0 

a 

CP 

c ° c° 

will be influenced by the 

probability that the carbon 

atom three bonds away, that 

is gamma with respect to 

C°, occurs in a gauche 
trans gauche 

Newman projection conformation with respect 

to the "observed carbon". In 
Fig 2.9.3.a The observed carbon is a to the double bond c®=Cu 

the case of poly(l-

pentenylene) the y-carbon (C^), that is the carbon three bonds away from the allylic 

carbon ( C a ) , is the sp2 carbon at the near end of the next nearest double bond and it 

is reasonable to assume that the relative population of the trans and gauche isomeric 

states wil l be significantly different in this case from that where the y-carbon is a 

methylene. The relevant carbon-carbon bond rotation barrier wi l l be lower and the 

energy difference between gauche and trans smaller, giving a relatively higher 

gauche content. The foregoing discussion allows for a rationalisation of the gross 

upfield shift; the splitting of C a t and C a c signals into tcltt and cclct pairs is a 

consequence of the difference in shift effect from y-gauche carbons in trans and cis 

double bonds. 
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Newman projection 

In the case of poly(l-butenylene), a different rotational isomeric state (RIS) 

model must apply since the carbon three bonds away from the a carbon is now at the 

far end of the next nearest double bond. This means that the carbon two bonds away 

from the a carbon, see Fig. 2.9.3.a, is now also sp^ hybridised, and the configuration 

of the double bond has a negligible effect on the probability of the carbon three bonds 

away being gauche, indeed the terms trans and gauche are not strictly applicable in 

this case. This interpretation is supported by the fact that upfield shift (-0.2 to -0.3 

ppm) and large effects due to 

the next nearest double bond 

are also seen for the vinylic 

carbons Cv of poly(l-

butenylene) (Fig 2.9.3.b) as 

well as for the Cy carbon of 

poly( 1 -heptenylene) 

U ° y (although this shift is rather 

small), where the carbon 

three bonds away is again 

the near end of the next 

nearest double bond. We 

observe that when the next nearest double bond is trans in these cases the y-gauche 

effect is enhanced (i.e. these peaks are shifted towards lower frequencies) as a result 

of the higher probability of the 7 carbon being in the gauche conformation. 

This analysis in terms of the y-gauche effect allows us to explain minor shifts and 
) 

multiplicities in the l^C-NMR spectra of polyalkenamers which have not previously 

received comment. This matter may be susceptible to further investigation through 

molecular modelling i f this technique proves capable of predicting the relative 

abundances of trans and gauche conformations in different polyalkenamers. A study 

of this kind requires a large effort and has not been possible to date, but is 

recommended by the author for future work. 

trans gauche 

Fie.2.9.3.b. The observed carbon is the vinylic carbon C ^ = C , 
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2.9.4. Secondary wietatlhiesis. 

The existence of a peak in the l^C-NMR spectrum of poly(l-butenylene) made 

from the ROMP of l,5-cw,cw-cyclooctadiene as well as the results of the two 

experiments with cyclodecene and cyclododecene which are tabulated here, give 

evidence of either intra- or intermolecular secondary metathesis taking place, biased 

towards the formation of trans double bonds. 

Polymer Reaction 
tinnie 

cisitrans 
double bonds 

Poly(l-decenylene) 15min 20:80 

20 hrs 5 :95 
Poly(l-dodecenylene) 15min 20: 80 

1 20 hrs 5 :95 

These results, while not representing spectacular changes, are in agreement with 

previously reported 12,68 ROM polymerisations of monocyclic alkenes using classical 

initiators, where prolonged reaction times result in increased trans content as a result 

of secondary metathesis. 

2.9.5. DSC data analysis. 

The observed T m s for these polymers are dependent on the cisitrans ratio. The higher 

the trans content the higher the melting temperature, and the higher the double bond 

content in the polymer chain the more acute is this effect. So, for example, in the case 

of poly(l-butenylene) the melting point changes dramatically with small changes in 

the cis and trans ratio while, at the other end of this scale, in poly(l-dodecenylene) 

the melting point changes are smaller as shown on Figure 2.9.5 overleaf. The data 

shown in this chart are only indicative of the effect and the lines drawn are intended 

only as a "guide to the eye", there are far too few data points for an analysis and no 

lineai- dependence of the melting temperature on the cis content is implied. 
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Figure 2.9.5. Melting temperature vs. cis content data in some polyalkenamers 
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2.9.<6 Seminary off results: Some of the most important characteristics of the 

polyalkenamers prepared during this study and discussed earlier in this chapter are 

tabulated below. 

•"-v. Initiator 

M o n o m e r \ 
[W] [Mo] [Mo]jr3 [ M o ] F { j 

80 : 20* 30: 70* 15 : 85* 15 : 85* cis: trans ratio 
Cyclooctadiene 2.9 1.7 1.6 1.7 PDI 

440 190 416 840 DP 
— -0.3 34.9 34.4 Tm° C 

55 :45 55 :45 45:55 cis: trans ratio 
Cyclopentene 1.06 1.35 1.5 PDI 

320 5400 3180 DP 
45 :55* 25 :75* 20: 80* cis: trans ratio 

Cyclolhieptemie No polymer 1.5 1.5 1.87 PDI 
recovered 300 390 210 DP 

10.6 47.5 47.5 T ° C 
90: 10* 30:70 20:'80* 15 : 85* cis: trans ratio 

Cyclooctene 1.39 1.5 1.8 2.6 PDI 
1220 1460 2900 1040 DP 
15.5 40.1 54.1 58.1 T 0 C 

20: 80* 17 : 83* 5 :95* 5:95* cis: trans ratio 
Cyclodecene 1.55 1.4 - - PDI 

273 660 - - DP 
64.0 69.4 75.2 74.1 T 0 C 

Cyclododecene 
20: 80 

1.78 
500 
67.2 

15 : 85 
1.73 
950 
69.2 

5 :95* 

72.0 

15 : 85* 

71.3 

cis: trans ratio 
PDI 
DP 

T 0 C 
*Polymerisation quenched after 20hrs 

Table 2.9.6. Summary of polymerisation data 

A l l the reactions were performed in chloroform at room temperature, except for the 

polymerisation of cyclopentene at -45°C, with monomeninitiator ratio 300:1; the 

GPC results are relative to polystyrene standards and the cis:trans ratio were derived 

from analysis of 1 3 C-NMR spectra recorded at 100.577 MHz in C D C I 3 . 

It is difficult to deduce any really secure generalisations concerning the 

polymerisation of cycloalkenes from the set of data collected in Table 2.9.6. Since the 

54 Chapter Two 



poly(l-pentenylene) was made at low temperature it can not sensibly be compared 

with the other results which were produced from room temperature polymerisations. 

It is noteworthy that with the tungsten centred initiator both cycloocta-2,5-diene and 

cyclooctene give predominantly cis vinylenes, whereas both the ten and twelve 

membered rings give predominantly trans double bonds under apparently similar 

conditions. The reason for this is not clear but may reside in subtleties involving the 

conformation preferences and energetics of the monomers and derived 

metallacyclobutanes. Another discernible trend in the molybdenum based initiators is 

that fluorination in the alkoxy ligand favours trans double bonds in the polymer, 

whether this arises in the primary polymerisation or as a result of secondary 

metathesis is unclear in this case but the same trend is observed in polymerisations of 

norbornenes where secondary metathesis is unlikely for steric reasons. 

For the work described in other parts of the thesis we wanted to make use of 

well defined living polyalkenamers for the synthesis of novel hydrocarbon polymer 

topologies. Part of the reason for the investigation described in this chapter was to see 

i f a more convenient living system than poly(l-pentenylene) at -45°C was available 

via the use of a range of well defined initiators and a range of cycloalkenes. In the 

event it became clear that there were no such systems accessible with the available 

reagents investigated. 
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Figure 2.9 ^ C - N M R spectra of the polyalkenaimers discussed in this chapter 
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CHAPTER 3; Novel block copolymers vim ROMP 

3.1.. 

In a living polymerisation process after the first monomer (A) has been 

consumed the chain end is still active and the polymer can then either be quenched by 

the addition of a suitable reagent or a second monomer (B) may be added to yield, in 

favourable cases, an A-B block copolymer (A-block-B or A-b-B). This procedure can 

be repeated to produce polymers with well-defined blocks of homopolymers as 

illustrated below. 

Init* + n A e > [AAM<WWWWWW| * 

A n 

j i w v w M f t i w w w w j * + m B d> [wjvwiMwvvwj j * gtc. 
An A n B m 

An alternative method for the preparation of block copolymers is reaction between 

functional groups at the ends of two different polymers, as shown below. 

jwiAA /WI /WI /WWlj X + Y \~ - j - g > j l V W W W W W W W v | | 

An Bm A n B m 

ROMP initiated with well defined transition metal complexes has been used for the 

preparation of several block copolymers (see chapter 1). Polyacetylene-fc/odfc-

polynorbornene-fr/ocfc-polyacetylene has been prepared 4 2 using a titanium based 

difunctional initiator and the "Durham precursor route" 69,70 to polyacetylene. Also 

polynorbornene-fr/oc£-polyacetylene copolymers have been prepared using 

Mo(CH t Bu)(NAr)(O t Bu) 2 as the initiator. 7 1 

In this work an attempt to prepare an A-B-A block copolymer, where the A 

blocks are long aliphatic chains and the B block is a sequence of approximately 20 

conjugated double bonds, that is poly(l-pentenylene)-£/0c&-polyacetylene-fo/oc&-
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poly(l-pentenylene), is described. This study was undertaken since such a block 

copolymer was desirable for investigations of the forces experienced by individual 

polymer chains being stretched in solution. The study of this process is a research 

interest in the group of Professor D.N.Batchelder of the Physics department at Leeds 

University and the target molecule fits within the theme of the author's research into 

the application of living ROMP in the synthesis of polymers with novel well defined 

architectures. The high molecular weight linear polymer with a short conjugated 

sequence exactly at its centre would be an ideal probe for this work since shifts in the 

Raman spectrum of the polyene sequence can be correlated with the distortion of the 

sequence and consequently with the force experienced by it and by the polymer chain 

of which it is a part. The aliphatic blocks in the desired A - B - A block copolymer does 

not have to be poly(l-pentenylene) and some work investigating the synthesis of 

poly(bistrifluoromethylnorbomadiene)-6/ocifc-poly(l-octenylene) as a preliminary 

model for the use of poly(l-octenylene) as the A-block polymer is also discussed 

here. 

3.2. Preparation off poly(bisitriffliuioromethyliiiorboraadiene) - block - poly(l-

octenylene) 

The reaction sequence for this synthesis is shown schematically overleaf. 
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Bis(trifluoromethyl)norbornadiene (monomer A) polymerises in a living manner 

when initiated with Mo(NAr)(C(CH3)2Ph)(0-t-Bu)2 in THF-dg at room 

temperature.^^ When all monomer A was consumed, as shown by ^H-NMR, 

cyclooctene (monomer B) was added to the living polymer solution and allowed to 

react until it was all converted to polymer. 

i H - N M K data 

The polymerisation was performed in a plastic topped sample bottle with a micro 

magnetic stirrer follower, in the Glove Box at room temperature. In order to record 

the I f i -NMR spectra the reaction solution was periodically transferred into an NMR 

tube sealed with Parafilm. The results of this study are outlined here and the sequential 

spectra are shown in Appendices 3.1 a, b, c, d and e. 

One hour after the addition of 10 equivalents of (bistrifluoromethyl)norbornadiene to 

a Mo(NAr)(C(CH 3)2Ph)(0-t-Bu)2 solution in THF-dg the singlet peak at 11.29 

ppm, due to the initial alkylidene proton, was completely replaced by a doublet at 

11.45 ppm ( J H H = ^ Hz) due to the proton of the propagating alkylidene. At the same 

time peaks for the polymer had appeared. The doublet at 5.8 ( J H H = 16 Hz) and the 
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doublet of doublets at 5 . 4 4 ppra ( J H H = 8 Hz and 16 Hz) are the signals from the 

olefinic protons on the first double bond of the chain, which has trans configuration. 

Integration for these peaks in comparison to the broad singlet from the vinylic protons 

in the remainder of the chain at 5 .6 ppm indicates a degree of polymerisation of 10 

and suggest that a well-controlled living polymerisation process is taking place. At 

this stage all monomer A was consumed and ten equivalents of cyclooctene 

(monomer B) were added. The intensity of the doublet from the propagating 

alkylidene started to diminish but the expected triplet in the alkylidene region was not 

observed as a well resolved signal although there was a new unresolved peak of low 

intensity at 11 .28 ppm which may be associated with the proton of the propagating 

alkylidene on the poly(l-octenylene) block. The intensity of the peaks for poly(l-

octenylene) increased and there was a corresponding decrease in the intensity of the 

peaks associated with cyclooctene. The reaction was monitored until no signals were 

observed in the alkylidene region and until all monomer B was converted to polymer. 

At this stage a small amount of benzaldehyde was added to terminate the 

polymerisation. The shifts for the characteristic protons of the living A-block, the B -

block and the cyclooctene monomer are tabulated overleaf. 
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BSs(1triifflTOF©me4ihiyll) 

morlboniiiadlieinie liviinig 

polymer (A block) 

Shift (ppim) MmMplkntty Iimtegrafl 

[Mo]=HC-

propagating 

alkylidene 

11.45 doublet 1 

-CH(CH3)2 living 

end of chain 
3.82 septet -

PhC(CH3) 2 CM:CH-

inactive end of chain 
5.8 doublet 1 

PhC(CH3) 2 CH:CH-

inactive end of chain 
5.44 doublet of 

doublets 

1 

Holefinic 5.62 broad 20 

HaUvlic 3.65 broad 20 

C H 2 (syn and anti) 

2.6 

1.6 

m 

doublet 

10 

10 

Peaks of very low intensity for some unreacted monomer A are present at 7.02 

(Holefinic)' 3.97 (Hallylic) 2.1 and 2.33 ppm (CH2 syn and anti) in the first 

spectrum (Appendix 3.1.a), but were not visible in any subsequent spectra. 

Polyoctenylene 

03 block) 

Shift (ppm) Multiplicity Integral 

Hv 5.36 cis-trans m 1 

H a 2.02 cis-trans m 2 

1.37 m 4 

Cyclooctene Shift (ppm) Multiplicity Integral 

C H V 5.6 m 1 

C H „ 2 2.18 m 2 

C H 9 1.56 m 4 
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GIPC data 

The resulting polymer was recovered by evaporation of the solvent; it was then 

redissolved in T H F and its gel permeation chromatogram recorded, using a dual 

refractometer/viscometer detector system and calibration with polystyrene standards. 

The molecular weights for the homopolymers are overestimated by a factor of ca.2 

using this analytical procedure and there is some uncertainty concerning the G P C 

behaviour of block copolymers, nevertheless the measured M n values appear to be at 

least a factor of two higher than would be expected for perfect well behaved living 

polymerisation. 

P D I 1.31 

Mm 13900 

18200 

The above results indicate that the addition of cyclooctene (monomer B) to the well 

defined living A block (bistrifluoromethyl)norbornadiene proceeds in a less than ideal 

manner since a higher than expected molecular weight and a broader molecular 

weight distribution is observed. The G P C trace is recorded in Appendix 3.2. 

D S C data 

rrans(bistrifluoromethyl)norbornadiene homopolymer displays a Tg at 93°C and Tm 

at 200°C,72 while the T m of poly(l-octenylene) varies considerably depending on 

the configuration of the double bonds and is reported to be in the region of 5-50°C, 

see Chapter 2. The D S C trace of the block copolymer, Appendix 3.3 shows three 

broad endothermic transitions with peaks at about 196, 174 and 25°C. The transitions 

at 196 and 25°C can be provisionally assigned to melting of the 

poly(bis(trifluoromethyl)norbornadiene) and poly(l-octenylene) crystalline domains, 

but the peak at 174°C is difficult to rationalise. There is also a marked change in the 

base line slope at about 93°C which corresponds to Tg for the 
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poly(bis(trifluoromethyl)norbornadiene) although the actual trace in not very 

convincing. We concluded from this brief study and the studies reported in Chapter 2 

that using cyclooctene to generate the A blocks in the target A - B - A block copolymer 

was not a practical proposition. 

or 

3.3. Preparation off polly(l=p£init®nyleinie)-6/oc^-polyacetyEeinie-fo/oc^=polly(l=peiniteiniyflene) 

The aim of this study was to prepare an A - B - A block copolymer which 

consists of a long poly(l-pentenylene) block (A), followed by a short polyacetylene 

sequence (B), followed by a long poly(l-pentenylene) block (A). We have seen in 

chapter 2 that W(CH tBu)(O tBu>2(NAr) in chloroform at -45°C initiates the living, 

well-defined polymerisation 

of cyclopentene (monomer 

® A). The same system is also 

capable of initiating the ring 

opening polymerisation of 

7,8-bis(trifluoromethyl)tricyclo[4.2.2.02>5]deca-3,7,9-triene (I) (monomer B) , to 

produce a precursor polymer which on heating under vacuum at 70°C for 1/2 hour 

eliminates l,2-(bistrifluoromethyl)benzene as a result of a retro-Diels-Alder reaction 

to yield polyacetylene. As both polymerisation processes are living, subsequent 

addition of monomer B, after monomer A has been consumed, should result in the 

formation of an living A-B block copolymer. Further addition of monomer A after 

monomer B has been consumed should result in the formation of an A - B - A block 

copolymer. In order to achieve complete conversion of cyclopentene, reaction times 

>24 hours are necessary. It was realised that there might be practical problems in 

realising the above copolymerisation as there is a tendency for cyclopentene to 

undergo intermolecular side reactions during the polymerisation, resulting in broader 

molecular weight distributions (see chapter 2) or the formation of crosslinked 

material (see chapter 4), when the polymerisation times are longer than 8 hrs. In 

order to avoid these unfavourable side reactions, the whole reaction vessel was 
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evacuated at -45°C after 4 hours reaction which removed solvent and unreacted 

cyclopentene. Pure solvent was returned to the reaction vessel giving well defined 

living poly(l-pentenylene). As concluded in chapter 2, the polymerisation of 

cyclopentene at a fixed concentration (3.8M) in CHCI3 at -45°C gave a polymer 

which had a molecular weight dependent on the monomer to initiator ratio and the 

reaction time and so the molecular weight of the living poly(l-pentenylene) obtained 

by the procedure described above could be predicted to ±10%. 

In a typical experiment a solution of 400 equivalents of cyclopentene was 

mixed with 1 equivalent of initiator under the above conditions and allowed to react 

for 4 hours. Then the reaction vessel was placed under vacuum and any unreacted 

cyclopentene was removed from the reaction mixture together with chloroform. The 

dry living polymer was redissolved in chloroform at -45°C and then 10 equivalents of 

monomer B in CHCI3 were added via cannula transfer under N2. The mixture was 

allowed to react for at least 1 hour to ensure complete conversion of monomer B to 

polymer. The last batch of 400 equivalents monomer A, dissolved in chloroform at a 

concentration of 3.8M, was added and allowed to react for 4 hours. Finally, excess 

benzaldehyde was added to terminate the polymerisation in a Wittig-like capping 

reaction. The final product was put under vacuum in order to remove the solvent, any 

unreacted cyclopentene and excess benzaldehyde. The resulting polymer was heated 

under vacuum at 70°C for 1/2 hour in order to eliminate 1,2-

(bistrifluoromethyl)benzene from the repeat units of the B-block, resulting in the 

formation of polyacetylene. The deep-red polymer was soluble in chloroform, toluene 

and heptane. The reaction path is shown schematically overleaf. 
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NM1R data 

The and ^H-NMR spectra of the final A-B-A block copolymer were essentially 

identical to those obtained for poly(l-pentenylene) (see Chapter 2). The *H signals due 

to the protons on the polyacetylene block should constitute between 1 and 2% of the 

total signal and would be expected to coincide with the signals from the vinylic protons 

of the poly(l-pentenylene) protons. This also applies to the carbons of the 

polyacetylene block which are not visible in the l^C-NMR spectrum. The spectra are 

illustrated in Appendices 3.4 and 3.5. 

UV=Vis spectroscopy 

Conjugation of double bonds lowers the energy required for the 7e-»7i* 

transition and the absorption related to this electronic transition moves to longer 

wavelengths with increasing conjugation lengths. 

The UV-Vis spectra of a solution of the poly(l-pentenylene)-fc/ocfc-polyacetylene-

6/oc£-poly(l-pentenylene) copolymer, in spectroscopic grade toluene and heptane, 

reproduced in Appendices 3.6.a and b, showed a distribution of absorption peaks 

from 260nm in the 'near' U V region to 600nm in the visible region. The wavelength 

of maximum absorption ( A ^ ^ ) was at 450nm while the absorption edge was at 

600nm in both solutions. The absorption peaks observed are tabulated overleaf. 
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Munition on Solution in 
toluene heptane 

absorption (nm) absorption (nm) 
294 261 
333 319 
348 334 
366 350 
392 381 
416 403 
450 436 
473 470 

Schrock and Krouse 7^ investigated the behaviour of polynorbornene-6/ocfc-

polyacetylene and polynorbornene-fc/ocfc-polyacetylene-fr/ocfc-polynorbornene 

polymers, using UV/Vis spectroscopy. They observed that the A-B block copolymers 

showed broad unresolved peaks corresponding to generally smaller conjugation 

lengths than the number of double bonds in the polyene sequence and in the case of 

A - B - A block copolymers (only) they also observed well resolved peaks characteristic 

of triene (240-300 nm), pentaene (310-380 nm), heptaene (380-410 nm) and nonaene 

(410-450). They proposed that polyenes that are generated in the triblocks are 

restricted in the extent to which their double bonds can be brought into conjugation 

by twisting of the polyene chains , whereas in the diblocks the polyene chains are 

relatively mobile and can be brought into conjugation more easily. The spectrum of 

the poly( 1 -pentenylene)-fc/oc&-polyacetylene-6/0c£-poly(1 -pentenylene) copolymer, 

shows well resolved peaks corresponding to conjugation lengths of three, five, seven, 

nine and eleven and the absorption edge at about 600 nm, suggesting that polyene 

sequences of up to 20 double bonds may be present in this block copolymer. The 

spectrum shows similar features to the spectrum for the 50-10-50 polynorbornene-

fc/ocfc-polyacetylene-Mocfc-polynorbornene (21ene) in the work of Schrock and 

Krouse. The number 50-10-50 refers to the degree of polymerisation of the A-B-A 

blocks of the copolymer. We also observe a shift of the absorption peaks as an effect 

of the different solvents used. 
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IRammaim spectroscopy 

In a conjugated trans polyene the carbon-carbon single and double bond 

stretches are Raman active. The conjugation length dependence of Raman scattering 

in a series of linear polyenes and the implications for polyacetylene have been studied 

by Schaffer and coworkers.74 In that work it was observed that a linear decrease of 

the Raman shift occurs with the increase of the conjugation length. For linear 

polyenes the equation that describes this relationship is to =(A+B/N) cm' i , where N 

is the number of double bonds and to is the wavelength of the Raman peak. For the 

carbon-carbon single bond stretch (R\), they showed that A=1082 and B=476 while 

for the carbon-carbon double bond Q3.2), A=1438 and B=830. Calculation based on 

these equations gives for N=20 a theoretical shift of 1106 cm~l and 1480 cm'l for R j 

and R 2 respectively. 

The Raman spectrum of the A - B - A block copolymer prepared in this work, 

reproduced in Appendix 3.7, showed two peaks at 1106 cm'i for the carbon-carbon 

single bond stretch (R\) and at 1488 cm"* for the carbon-carbon double bond stretch 

( R 2 ) , which agrees with the calculated values and suggests an average conjugation 

length of 20 double bonds in the central block of the polymer has been achieved . 

Infrared spectroscopy 

The infrared spectrum of the A-B-A block copolymer was identical with that of pure 

poly(l-pentenylene) except for the introduction of two low intensity peaks at 1597 

and 1556 cm~l in the -CH=CH- stretching region which is consistent with the 

expected structure. The overlaid IR spectra of poly(l-pentenylene) and poly(l-

pentenylene)-fr/ocA:-polyacetylene-6/oc&-poly(l-pentenylene) are shown in Appendix 

3.8. 

Gel Permeation Chromatograpliy 

A typical polymerisation of cyclopentene initiated with 1/400 equivalents 

W(NAr)(CHC(CH3)3)(O t Bu) 2 in CHCI3 (concentration 3.8M based on monomer) at 
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-45°C for 4 hours gives Mn » 21000 (relative to polystyrene standards calibration) 

(see Chapter 2) and a polydispersity index (Mw/Mn) of 1.1. 

The gel permeation chromatogram for the A-B-A block copolymer shows a Mn of 

36400 and a PDI of 1.2. and is illustrated in Appendix 3.9. Since the addition of 10 

units of monomer B is not expected to alter significantly the Mn value, this result 

suggests that after the consumption of monomer B , which has been detected and 

confirmed by means of U V and Raman studies, the subsequent addition of 400 

equivalents of monomer A to the reaction mixture yielded an A-B-A block 

copolymer. The addition of the last block of monomer A is not expected to follow the 

same kinetic pattern as the first block of monomer A since the "initiating" system is 

different. The tungsten vinylalkylidenes that may be present in the reaction system, as 

a result of the retro-Diels Alder reaction, are reported^ to be less stable than their Mo 

analogues and therefore may effect the polymerisation of monomer A. However since 

the reaction was carried out at -45°C the retro-Diels Alder reaction was inhibited and 

therefore the tungsten vinylalkylidenes will be present in very low concentrations. 

However, it is clear that the living polymerisation of cyclopentene in the 

conditions described above was followed by the polymerisation of 10 equivalents of 

7,8-bis(trifluoromethyl)tricyclo[4.2.2.02-5]deca-3,7,9-triene as the B block (which 

after the retro-Diels Alder reaction gave rise to a polyene sequence of up to 20 double 

bonds) and although the addition of the last block of cyclopentene does not appear to 

be as well defined as that of the first block, it can be confirmed by G P C analysis and 

comparison with the results already discussed in Chapter 2. 

Conclusions 

The foregoing discussion shows that the required A - B - A block copolymer was 

produced, although, because of the uncertainties associated with the introduction of 

the second A block, the overall symmetry of the structure could not be guaranteed 

with confidence. The block copolymer was soluble in chloroform, toluene and 

heptane as initially produced, sadly during transport from the authors laboratory to 
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the Leeds Physics laboratory a solid film of the polymer became insoluble and so the 

intended investigation by our physicist colleagues was not carried out. The synthesis 

was difficult and the results described above were achieved after several unsuccessful 

attempts. On reflection there may be better approaches to the synthesis of the required 

A - B - A block copolymer and these are discussed in Chapter 6 which deals with 

suggestions for further work. 
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CHAPTER 4: A route to tow polydispersity linear and star 
pjpjyetkylenes via ring opening metathesis polymerisation 

4.1 . lMrodaicitk»ini 

Living R O M is a controlled polymerisation reaction and in favourable 

circumstances can allow the construction of well defined macromolecular structures 

with a high level of precision. Linear homopolymers and block copolymers with 

narrow molecular weight distributions, star polymers and comb copolymers7^ have 

been prepared via ROMP. 

In principle, linear, low polydispersity poly(l-pentenylene) can be used as the 

precursor to linear narrow molecular weight distribution polyethylene. At present 

polyethylene of low polydispersity is usually produced by the hydrogenation of 1,4-

polybutadiene prepared by the anionic polymerisation of 1,3-butadiene. This 

approach inevitably results in polyethylene containing C 2 branches as a consequence 

of the small amount of 1,2 polymerisation which always occurs even in the best 

regulated 1,4-polymerisations of butadiene. Linear low polydispersity polyethylene is 

of interest for detailed studies of the physical behaviour of the material and 

consequently has always been an important synthetic goal. In this study we have 

investigated the possibility of using poly(l-pentenylene) as the precursor polymer to 

achieve this target. 

Star structures, because of their finite size, are expected to resemble linear 

polymers rather more than networks; thus, for example, they are usually soluble in the 

same solvents as their linear analogues. However, their architectures have profound 

effects on their solid state physical and mechanical properties, and on their solution 

and melt properties.^ 

Highly branched polymeric structures have been synthesised7^ via ROMP by 

the addition of a few equivalents of the norbornadiene dimer (exo-trans-exo-

pentacyclo[8.2.1.14'7.02'9.03'8]tetradeca-5,ll-diene) to living polynorbornene. The 

living polymer was then cleaved from the metal in a Wittig-like reaction with 
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benzaldehyde. The scheme below illustrates some of the possible reactions in that 

system, which lead to a multibranched polynorbornene which has been described as a 

"star polymer". 

M 
2 

/ 
M 

M 

M 

Q 
M M 

M 

M 

0 © is polynorbornene 

In this method of synthesis the number of branches is neither fixed nor predictable 

and it is dependent on various parameters, including reactant ratios, concentrations, 

temperature and probably on stirring and diffusion rates. In this chapter we describe 

an attempt to establish a well controlled method for the synthesis of star polymers via 

riving ROMP. 

4.2. Star poly(l-pentenylenes) amdl poflyethykmes via Having ROMP 

Our route to star polyethylene via living ROMP is outlined schematically 

below, and it is advantageous compared to the method described in the previous 

section because both the number and length of the branches is defined. The first step 

is the preparation of living poly(l-pentenylene) as described in chapter 2. 
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Living poly(l-pentenylene) 

The ring opening metathesis polymerisation of cyclopentene at -45°C can give 

living polymers of narrow molecular weight distribution. The Wittig-like capping 

reaction of the living polymer chain-end with a monofunctional aldehyde, such as 

benzaldehyde, produces linear poly(l-pentenylene) (I), as illustrated below. The 

product can be obtained in high structural purity and with a narrow molecular weight 

distribution. 

o 

N 

i w (I) I f " 
CHO n n 

O 

The introduction of difunctional or trifunctional aldehydes for the termination step, 

results in polymers which have, respectively, two and three times the molecular weight 

of the linear polymer produced when the reaction is terminated with benzaldehyde. 

This is a result of the capping reaction between the active chain-end species of the 

living polymer with each of the functional groups of these aldehydes. The structures 

arising from these reactions, are in the case of difunctional aldehydes a linear polymer 

with M n =2xM L

n (II), while in the case of trifunctional aldehydes a structure with a 

localised core (benzene ring) from which three polymer chains or arms emanate, and 

M n =3xM L

n (IE), where M L

n is the M n of the living polymer just before the addition 

of the aldehyde, as shown in Figure 4.2. a. 
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Figure 4.2.a Capping reaction between living poly(l-pentenylene) and 

multifunctional aromatic aldehydes 

The resulting precursor polymers were soluble and were characterised by 

convensional GPC analysis of solutions in chloroform. The stationary phase was a 

polystyrene / divinylbenzene gel; a refractive index detector was used and the system 

calibrated with polystyrene standards. A correction factor of ~ 0.4 was calculated (see 

chapter 2) for this system; this correction factor is in the same range as a previously 

reported correction factor for a similar polymer (poly(l-butenylene)).4^b>50>54 The 
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poly(l-pentenylene) linear and star precursor polymers were hydrogenated using 

excess p-toluenesulfonyl hydrazide to produce linear and star polyethylenes as shown 

in Figure 4.2.b, and described in detail below. 

SOoNHNHo 

3 I I I CH 

CH 

( I I I ) 

V 

R ^ C H 2 ^ | ^ ( C H 2 ^ R 

R 

Figure 4.2.1b Hydrogemation of the precursor poly(l=peinitemyleiies) to produce 

polyethylenes 

4.3. Preparation and purification of difunctional and trifunctional aldehydes 

Since the Wittig-like capping reaction is used to build these novel macromolecular 

structures, the structure and functionality of the capping reagent determines the 

architectures of the resulting polymeric structures. In this study we used 

benzaldehyde, isophthalaldehyde, glutaraldehyde and 1,3,5-

benzenetricarboxaldehyde, to produce linear, "double" linear and "3-branched" star 

structures. The preparations of these materials for the capping reaction are described 

below, together with details of their purification and characterisation. 
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4.3.1. IPuarification of isopMhalk diafldemyde amid gletaraldelhyde 

Isophthalic dialdehyde (1,3-benzenedicarboxaldehyde) was purchased from Lancaster 

Synthesis and purified by recrystallisation from methanol. It was then sublimed and 

stored under dry, oxygen free nitrogen. The product was pure as judged by high 

resolution ^H-NMR which displayed signals at 10.13 (2H, -CHO), 8.39 (1H, t J f f l l = 

1.6 Hz), 8.16 (2H, dd J m i = 1.6 and 7.6 Hz) and 7.74 (1H, t, J I f f l = 7.6 Hz) with a 

good S/N and no trace of other peaks except for those due to solvent. 

Glutaric dialdehyde (50% solution in water, electron microscopy grade) was kindly 

provided by the University of Durham Biology department. It was extracted from the 

aqueous solution with diethyl ether and dried over MgS04. Diethyl ether was 

removed in a rotary evaporator and the residue was fractionally distilled to give pure 

glutaric dialdehyde.The ifl-NMR spectrum showed signals at 9.72 (1H, -CHO), 2.49 

(2H, -CH 2-, t JHH= 7.0 Hz) and 1.89 ppm (1H, quintet JHH= 7.0 Hz) with a good S/N 

and no trace of impurities. The product was then stored under dry, oxygen free 

nitrogen at -40°C. 

4.3.2. Preparation of 1,3,5-Benzenetricarbosaldehyde 

The synthesis of 1,3,5-benzenetricarboxaldehyde was based on previously reported 

work,77~79 and the path followed is shown schematically below. Previous workers 

reported m.p., ^H NMR and IR spectra for this compound. In this work we have 

characterised the sample using *H and l^C NMR with high S/N in order to estimate 

the purity attained. 

CHO 
CCO 

0 
diglyme 

+ 3 LiAKtBuQhH 8s> CHC CHO 
aoc con 78 <t 
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The reduction of 1,3,5-benzenetricarbonyl chloride using lithium aluminium tri-tert-

butoxyhydride, in diglyme at -78°C, produced 1,3,5-benzenetricarboxaldehyde in 

56% yield, see experimental later in this section. 

Characterisation 

The samples were dissolved in CDCI3 and NMR spectra were recorded at 199.975 

MHz for iH-NMR and 50.3 MHz for 1 3C-NMR. The major signal shifts, intensities 

and assignements are recorded in the tables below and are consistent with the 

expected structure. 

CILO 

O H C ^ Y ^ C H O 
H 

\ 

iH-NMR of 1,3,5-benzenetricarboxaldehyde in CDCI3 

Proton Shift (ppm) Multiplicity Integral 
a 8.65 singlet 1 

> 10.21 singlet 1 

However in is clear from the spectra 

recorded in Appendices 4.1. and 4.2 

that there are minor peaks present at 

10.20 (Aryl CHO), 8.85 (d, Aryl H) 

and 8.74 ppm (d, aryl H) which, 

although reduced in intensity by 

repeated recrystallisation and 

sublimation, could not be entirely eliminated. These signals are consistent with the 

presence of a partially reduced material in which there are two aldehyde units and one 

residual carbonyl chloride and in support of this hypothesis a shoulder can be seen at 

the high frequency side of the carbonyl absorption in the IR spectrum (Appendix 4.3). 

Although these data are not good enough to make an unambiguous assignment of the 

r CTHO 

!3c-NMR in CDCI3 

Carbon Shift (ppm) 
a 134.8 

3 137.8 

Y 189.8 
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impurity's structure, it is reasonable to propose as a working hypothesis that there is a 

difunctional aromatic aldehyde present in this material. Careful expansion and 

analysis of the *H NMR spectrum indicates that if this hypothesis is true, the 

difunctional aromatic aldehyde is present to the extend of ca. 15 mole %. Although it 

was disappointing not to get a higher level of purity it was decided to use this material 

in subsequent capping experiments. 

Imfraredl data 

The major peak in the infrared spectrum obtained on KBr disc (Appendix 4.3) were 

assigned as follows: 3369 cm~l C=0 overtone, 3061 cm"* C-H aromatic, 2871 cm"l 

0=C-H, 1695 cm"1 C=0, 1594 cm"1 C=C aromatic,1454 and 1377 cm' 1 skeletal 

vibrations which are consistent with the proposed structure. 

Mass Spectroscopy 

The Electron Impact (EI+) mass spectrum (Appendix 4.4) showed the molecular ion 

at m/e 162 (99.78 %) with the expected base peak at m/e M-l mass units. Other peaks 

of high intensity occured at 133 [C6H3(CHO)2]+, 105 [C6H4(CHO)]+. There was no 

indication of chlorine bearing species in the mass spectrum and consequently no 

support for our hypothesis concerning the nature of the impuriy. The small peak at 

m/e 177 (i.e.M+15) may possibly be indicative of a trace of oxidised product. 

Experimental 

LiAl(tBuO)3H (8.6g, 0.034 moles) was dissolved in diglyme (100 ml) in an ampoule. 

1,3,5-Benzenetricarbonyl chloride (3g, 0.0113 moles) was also dissolved in diglyme 

(100 ml) in an ampoule and then cooled down to -78°C (acetone-dry ice bath). The 

LiAl(tBuO)3H solution was added dropwise to the 1,3,5-benzenetricarbonyl chloride 

solution with stirring in order to avoid any major temperature rise. The solution 

colour turned from white to orange-red. After the completion of the addition the 

cooling bath was removed and the mixture allowed to warm to room temperature. 
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The mixture was poured onto crushed ice and the white solid which precipitated was 

extracted with hot ethanol, the solvent was removed using a rotary evaporator and the 

crude product was purified by several recrystalizations from acetone, followed by 

sublimation to give 1,3,5-benzenetricarboxaldehyde (m.p. 155°C, yield 56 %). The 

product was stored under dry, oxygen free nitrogen. 

4.4. Preparation off living polypemtemainnier 

The polymerisation of cyclopentene (described also in Chapter 2), initiated by 

W(CH-t-Bu)(NAr)(0-t-Bu)2 at -45°C, exhibits characteristics of an ideal living 

polymerisation; i.e. well defined kinetics, linear increase of molecular weight with 

percent monomer conversion, irreversible propagation steps, the absence of chain 

termination and transfer steps and the rate constant of initiation is greater than that of 

propagation. 

The same apparatus, techniques and conditions were used for the first step of the 

preparation of linear and star polyethylenes. The general experimental procedure 

for the preparation of poly(l-pentenylenes) 

is outlined below and is also discussed in 

Chapter 2. In the Glove Box the reaction 

vessel, shown left, was loaded with the 

initiator solution (0.029g, 0.049 mmoles in 

2 ml CHCI3) and a stirrer bar in 

compartment B and the monomer solution 

(lg, 0.0147 moles in 2 ml CHCI3) in 

compartment A. It was then sealed, taken 

out of the box, connected to the vacuum/N2 

line and put into a cooling bath at -45°C. The solutions were allowed to cool for 1/2 

hour and then the Young's valve that separates the two compartments was opened and 

the two solutions allowed to mix. After the required polymerisation time had elapsed, 

one of the Young's valves was removed under a strong positive flow of N2 and 

TO 
xfBT. 

53 

A 

B 
C Q 3 

79 Chapter Four 



replaced with a suba seal. The quenching agent solution was added via cannula 

transfer under N2, and the reaction mixture was stirred for a further 2hrs at -45°C. 

The use of this apparatus reduced the possibility of contamination and also any major 

temperature rises during the transfer of the monomer and aldehyde solutions. 

4.5. Eimdl capping reactions 

The following experiment was designed to study the effect of different 

aldehydes as the capping agent. In the Glove Box three identical reaction vessels (see 

above) were loaded with the same amounts of monomer and initiator solutions. The 

monomer concentration was 3.8M in CHCI3. The solutions were allowed to react at 

-45°C and after 3 hours benzaldehyde added to the first ampoule, isophthalaldehyde 

to the second and 1,3,5-benzenetricarboxaldehyde to the third; the solutions were left 

to react for an additional 45min. After recovery by precipitation from chloroform into 

a ten fold excess of methanol and drying the yield of (I) after 3 hours reaction time was 

found to be 44% while (II) and (HI) under the same conditions gave 56 and 55% 

yields respectively (see Figure 4.2.a and text in section 4.2 for definition of (I), (II) and 

(in). 

GPC data 

These polymers were soluble and were characterised by GPC, using PLg ej columns 

and an RI detector; the results are shown in Table 4.5. 

Poly(l -penteny lene) 
capped with: M n M w PDI DP 

Benzaldehyde (I) 23360 26800 1.15 340 
Isophtalaldehyde (II) 40220 62167 1.55 590 
1,3,5-Benzene 
tricarboxaldehyde (HI) 67900 109209 1.61 998 

Table 4.5 Raw uncorrected data for polymers (I),(H) and (HI), 

relative to polystyrene standards calibration. 
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These materials were all obtained by capping living polypentenamer with aromatic 

/ \ aldehydes after 3 hours reaction. Earlier 
OH) / \ 

' N studies have established that at this stage we 

have a narrow polydispersity but incomplete 

^ v _ consumption of monomer. If the reaction is 

A allowed to proceed to completion (ca. 24 

hours at -45°C, see Chapter 2) there is 

inevitably some broadening of the molecular 

weight distribution, so quenching at 3 hours 

was selected as the optimum time. The values 

quoted in the table are uncorrected, but since 

we are only concerned with the relative molecular weight and polydispersities of 

materials obtained by quenching with capping agents of different functionalities this is 

not important. The GPC traces reproduced here (full details are shown in Appendix 

4.5) show a narrow peak for the mono-capped linear poly(l-pentenylene) (I) while the 

peak for the di-capped (II) is clearly bimodal, apparently corresponding to partially and 

completely reacted dialdehyde and the peak for the star poly(l-pentenylene) (HI) 

appears to be broad but symmetrical. It is clear that capping the living poly(l-

pentenylene) with excess benzaldehyde gives the well defined narrow polydispersity 

polymer (I) as expected. To make the doubled and tripled molecular weight polymers 

(II) and (IH) requires exact stoichiometric balance between the aldehyde and the living 

chain ends and it is clear that for bimodal polymer (II) this was not fully realised. It is 

clear from the trace reproduced here that the low molecular weight peak corresponds 

to singly capped polymer and the second peak is the anticipated dimer. There are 

several possible reasons for this outcome; these experiments were conducted on a 

small scale and weighing with precision in a Glove Box is difficult, which may have 

lead to inaccurate stoichiometric balance; the capping reagent may not have been 

completely soluble at the temperature of reaction and it is also possible that the 
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duration and mixing efficiency at the capping stage was inadequate for the purposes of 

these experiments. 

The three branched polymer showed a symmetric but broad GPC peak and it is 

clear that in this case there is essentially no monocapped polymer present. In theory 

the complete linking of arms into stars with constant functionality (f) leads to 

narrowing of the molecular weight distribution according to the equation below.8^ 

( M w / M n ) s t a r =1 + [ ( M w / M n ) a r m - 1] / / 

Thus if ideal behaviour had been attained we should have a PDI value of 1.05; 

however as disscused above we know that the capping agent was impure and probably 

contaminated with a difunctional aldehyde to the extent of ca.15 mole %. It is 

therefore reasonable to assume that the broadening of the molecular weight 

distribution in this case is partly due to the presence of this impurity, as well as due to 

the reasons already discussed for the case of the difunctional aromatic aldehyde. 

Nevertheless if we consider simply the Mn's for (I), (HQ and (HI) in Table 4.5, 

it is clear that, although imperfectly accomplished, the process outlined in Figure 4.2.a 

has been realised. Optimisation to produce perfect well defined stars would require 

both more materials and more time than was available to the author. 

NMR data 

The iH-NMR and 1 3 C -NMR spectra of linear and star poly(l-pentenylene) were 

identical. The spectra for the star polymer are reproduced in Appendices 4.6 and 4.7 

and the peak assignements are tabulated overleaf. 
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Cartoon i 
Shift (ppim) 

Cv t 130.35 
Cv c 129.85 
Ca tc 32.23 
Ca tt 32.09 
Ca cc 26.91 
Ca ct 26.77 
CB cc 29.87 

CB ct/tc 29.72 
r a t t 29.57 

1 3C=NMR data 

1 
Proton Shift (ppm) 

Ho 5.38 
Ha (cis) 2.03 

Ha (trans) 1.98 
HB 1.39 

%~NMR data 

The chain-end groups are not expected to be detected in the NMR spectra since the 

chains we examine here are too long to permit such an observation. 

Thermogravimetric analysis 

Samples of linear and star poly(l-pentenylene) showed the same TGA pattern, with a 

2% weight loss at 360°C and maximum weight loss at 480°C as shown in Appendix 

4.8. 

4.6. Other poiy(l=pentenyflenes) prepared using similar techniques 

Other experiments that yielded precursor poly(l-pentenylene) of various molecular 

weights and architectures are described in this section. The molecular weight 

distribution of poly(l-pentenylene) was controlled by changing the initiator : 

monomer ratio and the reaction times. 

The experimental techniques and apparatus used were the same as disscussed in the 

previous section; the experimental conditions and the resulting polymers are presented 

briefly below. 
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4.6.1. Linear poly(l=]pentemyEenes) 

The polymerisation of cyclopentene, as discussed earlier in this chapter, was followed 

by the addition of the appropriate aldehyde to give linear structures with the 

following characteristics: 

Polymer 
Ratio 

mroonomien 
initiator 

Polymerisation 
reaction 

time 

Aldehyde Mn Mw P M 

(IV) 1000: 1 24 hrs benzaldehyde 124000 140100 1.13 

(V) 600: 1 5 hrs glutaraldehyde 61500 94500 1.5 

The GPC trace of polymer (IV), as recovered after precipitation from chloroform into 

excess methanol and drying, is illustrated below (trace (IV) 1), and shows a narrow 

main peak corresponding to the expected linear polymer and a broader peak 

corresponding to polymer of 

(TV)3 / \ about 10-14 times this 

molecular weight. This higher 

molecular weight material may 

be the product of some kind of 

cross linking between the 

polymer chains and it can be 

(TV)i / / A ^ " ~ ~ ^ v w _ ^ / N \ _ _ _ _ easily separated from the lower 

molecular weight material by 

fractionation. The GPC traces obtained after fractionation of polymer (IV) are also 

illustrated here, where trace (IV)2 shows the high molecular weight, broad 

polydispersity fraction and trace (IV)3 shows the low molecular weight, narrow 

polydispersity fraction (see also Appendix 4.9). Fractionation was achieved by 

dissolving the polymer in chloroform, transferring the solution into a separating 

funnel, and slowly adding methanol until the solution was cloudy. The separating 
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funnel and contents were then warmed up until the solution was clear again and left to 

equilibrate at room temperature for 24 hrs. The high molecular weight fraction came 

out of solution in the top layer, while the low molecular weight fraction stayed in 

solution. The low molecular weight fraction was separated, the volume of solvent was 

reduced by evaporation and the polymer was recovered by precipitation into excess 

methanol and dried under vacuum. 

Polymer (V) was formed after the capping reaction between the living 

polymer chains and 1/2 equivalent of glutaraldehyde. A characteristic of this system 

is that the resulting polymer is a linear poly(l-pentenylene) with 2n+l repeat units in 

the chain and identical (R) chain ends as shown schematically below. 

a 

' w o -

+1/2 

^ \ A / i w f v v ^ R 

or 
( V ) 

2n+1 

Cyclopentene (600 equivalents, 0.0147 moles, lg) was polymerised at -45°C using 

W(CH-t-Bu)(NAr)(0-t-Bu)2 (0.0245 mmoles, 14 mg) as the initiator and an aliquot 

was taken out of the reaction vessel after 5hrs. The GPC analysis of this aliquot 

showed Mn=33800, Mw=37200 and PDI=1.1. A solution of 1/2 equivalent of 

glutaraldehyde ( 0.0122 mmoles, 1.2 mg) in 1 ml CHCI3 was prepared in the Glove 

Box and sealed under N2. It was then taken out of the box, cannula transferred under 

N2 into the living polymer solution at -45°C, just after the first aliquot was taken out, 

and allowed to react for 1.5 hrs. 
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40 

The GPC analysis on the final product showed Mn=61500, Mw=94500 and PDI=1.5. 

It is clear that the Mn value is 

double that of the riving 

polymer just before quenching. 
351 / I \\ 

However, the overlaid GPC 

304— — ^ — ^ . Z ~ . , ^ , . traces (also Appendix 4.10) 

suggest the presence of polymer 

chains that did not double their molecular weight, an expected result in this case 

because glutaraldehyde was in slight excess after some living polymer was removed 

from the reaction vessel for analysis. The presence of these monocapped polymer 

chains in the solution has as a result the broadening of the molecular weight 

distribution. Exact stoichiometry in this case should lead to well defined narrow 

polydispersity linear polypentenylene. 

4.6.2. Star poly(l-pentenylenes) 

Three-branched star structures with various molecular weights have also been 

synthesised. The reaction conditions and the GPC results are summarised in the table 

below. The GPC traces are shown in Appendix 4.11 for polymer (VI) and in 

Appendix 4.12 for polymer (VII). 

Polymer 
Ratio 

monomer: 
initiator 

Polymerisation 
reaction 

time 

Aldehyde Mn Mw PDI 

(VI) 600: 1 4 hrs trialdehyde1 53000 78000 1.5 

(VII) 600:1 20 hrs trialdehyde1 95300 147000 1.5 

1,3,5-Benzenetricarboxaldehyde 
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The results described above demonstrate that control over the molecular weight can be 

achieved by variation of the monomer to initiator ratio and the polymerisation reaction 

times as discussed in previous sections. 

4.7. Hydrogemailion off poIly(lUpentemyllene) derived stractares to give Hinear, 

narrow nnioleciuiflar weight distrilbiiiitioini pollyethykne and star poflyetthylenes 

The hydrogenation of linear low polydispersity poly(l-pentenylene) using p-

toluenesulfonylhydrazide is expected to yield linear polyethylene with approximately 

the same molecular weight and molecular weight distribution. The same 

considerations apply to poly(l-pentenylenes) with different topologies, they will 

presumably maintain their architectures, chain lengths and molecular weight 

distributions after the hydrogenation. The resulting polyethylenes were not soluble in 

CHCI3 or THF and GPC analysis of these samples was not possible with systems 

available to the author. 

IK analysis 

Infrared spectroscopy can provide information about the presence of residual double 

bonds in the polymer after hydrogenation. Solvent (hot p-xylene) cast films of the 

resulting polyethylenes were used for these experiments. The overlaid spectra of the 

precursor poly(l-pentenylene) and the resulting polyethylene show complete 

conversion (see Appendix 4.13). The peaks at 1654 cm~l(C=C stretch), at 966 cm~l 

(=C-H trans out of plane bend) and at 3004 cm~l (=CH stretch) visible in the poly(l-

pentenylene) spectrum do not appear in the spectrum of the hydrogenated polymer. 

The spectrum of the resulting polyethylene consists only of the peaks at 2922 cm~l 

and 2852 cm~l (antisymmetric and symmetric CH2 stretch), at 1455 and 1437 cm'l 

(CH2 bend), at 721 cm'l (CH2 rock), as well as of weak absorption peaks in the 

region around 1000-1300 cm~l. 
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Differential Scamnmiimg Calorimetry data 

The linear and star polyethylenes were studied using a Perkin-Elmer DSC 7 

instrument, to determine their melting points and their degrees of crystallinity. The 

melting process appears as an endothermic peak on the heat flow vs. temperature plot. 

The melting point is reported both as the onset value which is found by drawing a line 

through the steepest point on the forward edge of the melting peak and extrapolating 

it to the temperature axis, and as the value of the peak on the temperature axis at the 

point of maximum intensity. The percentage degree of crystallinity (% dc) is based on 

xlQO %dc = 

the heat of fusion measurement, which is defined as the area under the endotherm and 

described by the above equation. Where AH is the heat of fusion for the observed 

polymer and A H 0 is the heat of fusion of the 100% crystalline polymer. For the linear 

and star polyethylenes studied here the % dc was calculated assuming a heat of fusion 

A H 0 of 293 J /g 8 1 - 8 2 for 100% crystalline PE. The melting points of the linear and 

star PE's appear to be in the same range and they are tabulated below. 

Melting points and % crystallinity for star polyethylenes produced in this work 

Mm* Mw* F B I * 
max °C 

T m 

onset °C 
Crystallimity 

dc (%) 

49800 70600 1.42 129.2 124.3 46 (App.4.14) 

62800 97000 1.54 131.1 123.1 59 (App.4.15) 

95300 147000 1.54 131.1 124.4 56 (App.4.16) 

M i l * Mw* PDI* 
max °C 

Tm 
onset °C 

Crystallinity 
dc (%) 

21640 23020 1.06 129.7 126.2 58 (App.4.17) 

124000 140100 1.13 120.3 111.6 25 (App.4.18) 

*Values for the precursor monomers 
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The melting range of these polymers is within the range expected for linear 

polyethylene produced by classical Ziegler chemistry. The broader the molecular 

weight distribution the broader the melting range appears to be. The results for the 

higher molecular weight linear polyethylene are clearly somewhat anomalous, indeed 

the sample was subjected to prolonged solvent extraction to see i f there was a 

removable impurity (e.g. residual hydrazide or biproduct) and the IR spectrum was 

scrutinised for traces of residual double bonds; in neither case was any evidence for 

impurity or structural defect detected but their presence at an undetectable level may 

be sufficient to account for the T m lowering observed. 

4.7.1. Experimental 

The hydrogenation of the precursor polypentenylenes was achieved after treatment 

with p-toluenesulfonyl hydrazide.83,84 j n a typical experiment, poly(l-pentenylene) 

( lg , 0.015 repeat unit moles) was dissolved in 150 ml p-xylene in a 250 ml 2-neck rbf 

and heated in an oil bath at 120°C while stirring. p-Toluenesulfonyl hydrazide (22.3 

g, 0.12 moles, 8x excess) was added, and the solution was left to stir for 2 hrs. The 

hot solution was added slowly to excess methanol and polyethylene precipitated as 

white powder. Methanol was removed via a filter cannula and the PE powder was 

dried under vacuum for several hours. Recovered polymer 0.98g (98% yield). 

4.8. Conclusions 

The polymerisation of cyclopentene using W(CH-t-Bu)(NAr)(Ot-Bu)2 as the 

initiator can produce narrow molecular weight distribution linear living poly(l-

pentenylene), which, after quenching with the appropriate aldehyde, yields poly(l-

pentenylenes) with the expected structures and appropriate multiples of the initial 

molecular weight. I f exact stoichiometry can be achieved this should lead to 

structures with narrower molecular weight distributions than the linear starting 

polymer; although the general principal was demonstrated, the molecular weight 

distribution narrowing was not observed in this work probably as a result of not 
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obtaining precise stoichiometry control in rather small scale reactions and in not 

obtaining 100% pure capping agents. Hydrogenation of these polymers produces the 

corresponding polyethylenes. Linear polyethylenes with PDI=1.04 and star 

polyethylenes have been prepared via this route. 
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CHAPTER §: Am investigation of mutes to well defined difunctional 
ROMP initiators ° a possible route to polyethylene networks 

5.1. ImforodhuicttDOira 

The preparation of star polyethylenes via ROMP using the end capping reaction is 

described in Chapter 4. The same principal, involving a trifunctional aldehyde as the 

capping reagent, when applied to poly(l-pentenylene) with two living ends, one at 

each end of the polymer chain would ideally give rise to a well-defined polyethylene 

network as shown schematically below. 

Y + 2/3 

difunctional tnfuncUonal 
living aldehyde 

polymer chain 

well defined network 

Since poly(l-pentenylene) with narrow molecular weight distributions can be 

prepared, the distance between the network junctions would, at least in principle, be 

closely defined. Of course this is an idealised two dimensional picture; 

entanglements, free ends and loops are the inevitable consequence of the statistics of 

assembling a network consisting of flexible chains coupled to network junctions in 

this way. It is obvious from the above that the preparation of a difunctional initiator 

has to be the first step towards the synthesis of such networks. A titanium based 

difunctional initiator has already been prepared, characterised and used for the ROMP 

of norbornene but it is not active enough to initiate the polymerisation of 

cyclopentene. 38,42,85 
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5.2. A "Mocked dnaim-eimd reactivity" approach to diffumctiomial ROMP 

inuilaators. 

It is known from the literature that the attempted ROMP of 7-isopropylidene-2,3-

dicarbomethoxynorbornadiene initiated by the molybdenum based Schrock initiator, 

shown below, resulted only in the formation of the first insertion product, which was 

isolated and characterised by X-ray crystallography. 39 The first insertion product 

would not polymerise this monomer further, probably for steric reasons since the 

isopropylidene unit in the 1:1 adduct is close to the molybdenum atom and hinders 

approach by this bulky monomer. It would however initiate the polymerisation of 

norbornene which is less sterically hindered and probably a better 7t-donor. 

Q o 

COOMe Mo Mo O It 

COOMe 
O 

O 

MeOOC COOMe 

The preparation of the difunctional analogue of 7-isopropylidene-2,3-dicarbomethoxy 

norbornadiene (see section 5.2.2 below) and its subsequent ROMP, could be a route 

to the difunctional initiator required, i f the reaction yields only the first insertion 

product. The first step towards this preparation is the synthesis of the corresponding 

difulvene, which can then undergo Diels-Alder reaction with dimethyl 

acetylenedicarboxylate to yield the required norbornadiene dimer (structure (2), 

section 5.2.2). 

5.2.1. Preparation of 1,4-cyclohexanedicyclopentadienylidene (1) 

Pyrrolidine has been proved to be a very effective reagent to promote fulvene 

formation between cyclopentadiene and a number of ketones and aldehydes.86 
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A O v C K 

o (1) 

In this experiment two equivalents of cyclopentadiene were allowed to react with 1,4-

cyclohexanedione, in the presence of pyrrolidine, with methanol as the solvent, to 

give 1,4-cyclohexanedicyclopentadienylidene (1). The experimental procedure is 

described in detail later in this chapter. 

NMR 

CK>0 
a p 

iH-NMR spectrum in CDCI3 at 399.952 MHz 

Proton Shift (ppm) Multiplicity Integral 
a 6.57 multiplet 1 

P 2.91 singlet 1 

The ^H-NMR spectrum of the product showed one peak for the -Cfl.2" protons at 

2.91 ppm, and a multiple peak from 6.52 - 6.62 ppm, for the =CH- protons. The 

spectrum is shown in Appendix 5.1. 

The proton-decoupled *3C_NMR, 

shown in Appendix 5.2, showed five 

signals, for the five non-equivalent 

carbons C a to C e . The assignments are 

based on the chemical shifts, relative 

intensities of the peaks and the 

literature values for dimethyl fulvene.87 

The peak at 33.6 ppm corresponds to 

the CH2 carbons, the peaks at 153.2 

P E 
1 3 C-NMR 

spectrum in 

CDCh 
Carbon Shift (ppm) 

a 131.7 

120.1 

Y 140.6 

8 153.2 

e 33.6 
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and 140.6 are of low intensity and are assigned to the quartenary carbon atoms; 

according to the literature, they are assigned to 8 and y carbons respectively. The 

remaining two peaks at 131.7 and 120.1 ppm are assigned to carbons a and P 

respectively. 

IR data 

The IR spectrum, shown in Appendix 5.13, showed peaks at 3099 and 3066 cm"l 

which were assigned to the CSp2-H stretch. The peaks from 2971 to 2838 cm"l were 

assigned to the CH2 stretch, the peak at 1642 cm"* to the C=C stretch, the peak at 

775 cm' l to the out of plane CH bend and the peak at 727 cm~l to CH2 rocking. The 

IR spectrum corresponds to the proposed structure. The model compound, 6,6-

pentamethylenefulvene, has been reported 8 6 to give peaks at 3100, 3070, 2930, 2855, 

1638, 1370, 1348, 856,762, 680, and 605 cm" 1 . 

Mass Spectroscopy data 

The Electron Impact (EI+) spectrum showed the base peak at m/e 208 which 

corresponds to the parent ion. Other peaks at m/e 193 [M-CH3H, 77 [CgH5]+ and 65 

[C5H5]+ (cyclopentadienyl cation). The Chemical Ionisation (CI+) spectrum showed 

the base peak at m/e 209 [M+l ] and other very low intensity peaks which were not 

assigned. The spectra are reproduced in Appendix 5.14. 

Experimental: 

Reagents; 

Cyclopentadiene was freshly prepared by thermal cracking of dicyclopentadiene88 

which was purchased from Aldrich. 

Pyrrolidine was purchased from BDH and freshly distilled under nitrogen. 

1,4-Cyclohexanedione was purchased from Aldrich and was purified by 

recrystallisation from toluene. 
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Procedure: 

1,4-Cyclohexadione (3 g, 0.027 moles) was put in a 2-necked round bottom flask and 

dissolved in methanol (26 ml). Cyclopentadiene (7 g, 0.054 moles) was added and 

the resulting clear solution was stirred under nitrogen. Then pyrrolidine (2.9 g, 0.041 

moles) was added and the solution turned first yellow, then brick-red. After about 3 

minutes solid began to precipitate out of solution. The mixture was stirred for 30 min 

and then acetic acid (2.7 g, 0.045moles) was added. Diethyl ether and distilled water 

were added to the mixture and then it was placed into a separating funnel. The 

organic layer was separated and the aqueous layer was extracted twice with diethyl 

ether. The combined organic extracts were washed with brine, separated and then 

dried over MgS04 The solvent was removed using a rotary evaporator and the 

orange-red solid (1.83 g, 0.088 moles) was collected and dried under vacuum. Yield 

33%. 

5.2.2. Synthesis of the Diels -Alder adthict with dimethyl acetylenedicarboxylate 

The Diels-Alder reaction between (1) and slightly over two equivalents of dimethyl 

acetylenedicarboxylate in toluene, yielded the adduct (2). The procedure followed 

was similar to that established for the preparation of 7-isopropylidene-2,3-

dicarbomethoxynorbornadiene89 and it is described in detail later in this chapter. 

MeOOC 

MeOOC 

0 
2 MeOOC COOMe 

2 

(1) 

COOMe 

COOMe 
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While attempting to observe the m.p. of the product, the colour of the compound 

turned from light yellow to brick red, at 230°C, possibly as a result of the retro-Diels-

Alder reaction. 

N M 1 data 

The a and (3 protons, as shown below, form an AA'XX' system and generate a 

complicated splitting pattern due to long range coupling. J a p is almost certainly the 

largest observable coupling (=2.4 Hz), but the four bond J a p ' is also large due to the 

'W conformation of the intervening bonds (=1.9 Hz). 

COOMe 

MeOOC / 
MeOOC 
Y 

MeOOC / 
MeOOC 
Y iH-NMR in CDC1 3 at 399.997 MHz 

Proton Shift (ppmra) Multiplicity Integral 

a 6.99 doublet of doublets 
JfYR=2.4Hz 

1 

P 4.42 doublet of doublets 
J„R=2.4Hz 1 

Y 3.79 singlet 3 

8 1.92 multiplet 2 

The 8 protons also produce a complicated splitting pattern due to conformational 

effects (some are expected to be equatorial and some axial) and long range coupling 

effects. The methyl protons give a singlet at 3.79 ppm. The spectrum is reproduced in 

Appendix 5.3. 

The 13c_NMR spectrum, reproduced in Appendix 5.4, showed eight peaks 

for the eight non-equivalent carbons of the molecule, C A to Cq , as shown in the table 

overleaf. 
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COOMe 

y y "C 
MeOOC 7 

MeOOC 
e 8 

1 3 C-NMR 

Carlton SMffit (ppnni) 
a 142.3 

P 52.1 

y 106.4 

8 164.9 
E 52.9 

c 159.8 

151.7 
e 28.9 

These were assigned with the aid of an APT spectrum and literature assignments for 

7-isopropylidene-2,3-dicarbomethoxynorbornadiene. The APT spectrum, which is 

reproduced in Appendix 5.5, showed the peak for the CH3 carbon at 52.9 ppm, the 

peak for the CH2 carbon at 28.9, and two peaks for the a and (3 CH carbons at 142.3 

and 52.1 ppm respectively. The peaks due to non-protonated (quartenary) carbons at 

151.7, 159.8 and 164.9 ppm are assigned to r i , C, and 8 carbons respectively. These 

assignments are tabulated above. The fact that only eight carbon signals can be 

observed for this product is consistent with it being a single isomer. In the drawings 

in this manuscript it is indicated as the anti isomer but it could equally well be the syn 

isomer from the spectroscopic data. Since the recovered yield was only 11% it is very 

likely that one isomer was preferentially concentrated and purified during the workup. 

IR data 

The IR spectrum (KBr disc) (see Appendix 5.15) shows absorption peaks at 2953 and 

2845 cm"l which were assigned to the C-H stretch, peaks at 1737 and 1706 cm' l to 

the C=0 stretch, the peak at 1623 cm~l to a C=C stretch and also peaks at 1436, 

1256, 1100 cm~l, due to skeletal vibrations, which are consistent with the proposed 
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structure. The doubling of the carbonyl absorption may be a solid state effect or a 

consequence of splitting between formally degenerate vibrational energy levels 

(Fermi resonance). 

Mass specfanamm 

The calculated molecular weight for the Diels-Alder adduct is 492. The CI+ spectrum 

showed the base peak at m/e 493 [ M + l ] , a small peak at 510 [M+NH4+] and other 

peaks of low intensity. The EI+ spectrum showed a peak of high intensity at m/e 460 

[M-OMe and -H] and a complex fragmentation pattern. There are no peaks which 

correspond to simple retro-Diels-Alder fragmentation processes and the pathways 

adopted appear to be dominated by fragmentations initiated at the ester units. These 

spectra are illustrated in Appendix 5.16. 

Experimental 

Reagents: Dimethyl acetylenedicarboxylate was used as supplied from Aldrich. 

1,4-Cyclohexanedicyclopentadienylidene was prepared as described in section 5.2.1. 

Procedure: In a 2-necked round bottom flask, a 1,4-

cyclohexanedicyclopentadienylidene ( lg , 0.0048 moles) solution in toluene (10ml) 

was mixed with an excess of 2 equivalents of dimethyl acetylenedicarboxylate (1.7g, 

0.012 moles) solution in toluene (10ml) and left to react overnight with stirring at 

room temperature under nitrogen. Then the solvent was removed using a rotary 

evaporator, the oily residue was poured into methanol and white powder precipitated 

out of solution. The white powder was purified further by washing with ice cold 

methanol, then filtered and dried to give (2) (0.220g, 11% yield). 
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5.2.3. The KOMIP off (2) ansnmig Mo(^HC(Clffl3)2C^5)(NAr)(0-4pBu)2 as flue 

initiator 

As mentioned above the ROMP of 7-isopropylidene-2,3-

dicarbomethoxynorbornadiene when initiated with Mo(CH tBu)(NAr)(0-t-Bu)2 yields 

only the first insertion product. In this study ^H-NMR spectroscopy was used to 

investigate the result of the reaction when the difunctional analogue (2) is used. 

Solutions of initiator and (2) at a ratio of 2:1 were mixed in a sample botde at 

room temperature in the Glove Box, using CgDg (0.8 ml) as the solvent and 

transferred to an NMR tube, which was then sealed. The first ^H-NMR spectrum (I) 

was recorded 10 min after the mixing was complete, and showed the singlet for the 

alkylidene proton of the initiator at 11.32 ppm and the septet for the isopropyl -CH 

proton on the NAr ligand at 3.99 ppm. Two peaks at 4.42 and 6.99 ppm are due to the 

-CH protons of the monomer (see 5.2.2), while the peak at 3.38 ppm is due to the 

methyl protons of the ester groups of the monomer. The monomer did not dissolve 

completely in benzene and this is probably the reason why the signals do not resolve 

very well and the integration does not correspond to the actual ratio of monomer to 

initiator. I f we assume that the ROM reaction occurs at both norbornadiene rings of a 

single molecule, then the first insertion product is expected to be that shown on 

Fig.5.2.3.a. 

HjCOOC COOCBj 

o [Mo] 

O N 
Ha Mo [Mo is Mo] 0 

o H "b 

H 3COOC COOCH3 / \ 

Figure 5.2.3.a The first insertion product after the R O M of (2), another isomer 

is also possible 
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The singlet for the alkylidene proton on the initiator, should be replaced by a doublet 

due to the propagating proton H a which now couples with proton Hj, on the ring. On 

the other hand the protons around the neophylidene substituted double bond should 

appear in the spectrum, while the methyl protons on the ester groups should loose 

their equivalence due to the change of environment in the structure shown above as 

compared to the symmetry of the monomer. The sequence of NMR spectra 

recorded, as discussed in the text below, appear in Figure 5.3.2.b. After six hours two 

doublets appear (spectrum (II)) at 11.00 and 10.84 ppm, assigned to non-equivalent 

alkylidene protons; the doublet splitting is due to the coupling to the allylic proton. 

The appearance of two different signals can be attributed either to the fact that one of 

them belongs to a partly reacted monomer and the other to a fully reacted monomer, 

or to different arrangements of the [Mo] and neophylidene groups in space. Another 

possibility is that one of these signals is due to second insertion of monomer. Low 

intensity doublets also appear in the region between these two peaks, at 10.92 and 

10.98 ppm. At least one new septet appears at 4.16 ppm, as well as three more intense 

signals for the CH3 protons, which are no longer equivalent, at 3.35, 3.43 and 3.48 

ppm, two doublets for the Hj , protons at 6.5 and 6.3 ppm, a number of doublets for 

the H c and protons between 5.5 and 5.85 ppm arising also from possible cis-trans 

isomerism on the double bond. The Hf protons gave two doublets at 2.4 and 2.8 ppm. 

The NMR tube remained sealed and 24 hours later another NMR spectrum was 

recorded at 50°C (HI). 
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(IV) 

1L J 
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11.15 ppm 6.5 6.3 6.1 5.9 5.7 ppm 4.5 4.3 4.1 3.9 3.7 3.5 3.3 ppm 

Figure 5.2.3.b % NMR spectra of the ROMP reaction of (2) 

The intensity of the new peaks described above seemed to increase with time while 

the intensity for the peaks associated with the initiator and the monomer seemed to 

decrease. In spectrum (III) the peaks for the -CH groups of the monomer no longer 

appear in the spectrum and at that stage, the NMR tube was returned to the Glove 



Box, opened and one more equivalent of monomer was added, the tube sealed and 

the NMR recorded (IV). More signals appear in almost all the regions of interest 

in the spectrum and a broadening of the lines is observed. In spectrum (V) most of the 

peaks appear too broad and unresolved to assign but it is already clear that the freshly 

added monomer has been consumed. In the alkylidene region the integral of the signal 

for the initiating alkylidene has decreased to 1/10 of that for the propagating ones. 

Finally at spectrum (VI) there is no signal for the initiating alkylidene proton at 11.31 

and the rest of the signals are broad unresolved peaks making the fu l l unambiguous 

assignment of the spectrum problematic. It is possible that the broadening of the 

signals is the result of second and subsequent insertions of monomer in the system. 

The fact is that this NMR experiment proved inconclusive with regard to the nature of 

the reaction product. The solution changes from yellow to deep red during the course 

of the reaction. 

The same experiment when performed in CDCI3 showed three new doublets 

appearing at 10.72, 10.76, 10.81 ppm and about 14 signals for the CH3 protons from 

3.62 to 3.86 ppm resulting in an even more complicated NMR spectrum. 

Although it was not possible to completely assign the structures involved it is 

clear that this bis-norbornadiene derivative undergoes polymerisation rather than 

formation of the 1:2 adduct desired. 

5.3. Modification of existing initiators 

A different approach to the same objective could be the preparation of difunctional 

initiators using the cross metathesis reaction between the 

Mo(CH tBu)(OC(CH 3)(CF 3)2)2(NAr) (from now on termed [Mo]p 6 ) initiator and a 

difunctional styrene compound. The reaction of 1,4-divinylbenzene with 2 

equivalents of [Mo]p^ in ethylene glycol dimethyl ether (DME) has been reported^ 

to give the product of cross metathesis at both vinyl groups as shown below. 
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NAr 

mCME 
F 3 C CR 6 

% 6

Q N A r NAroRp6 

CF 

DME is a Lewis base which binds as a donor ligand onto Mo to stabilise the 

structure sterically, presumably by inhibiting the approach of another molecule and 

hence the resulting bimolecular decomposition. 

The isolation of pure 1,4-divinylbenzene requires relatively complicated 

chemical and physical purification procedures.^! Also four coordinate alkylidene 

complexes are inherently unstable towards bimolecular decomposition. The 

introduction of a CH3 group on the double bond was thought to be desirable not only 

because the resulting alkylidene would be more stable for steric reasons, but also 

because the purification of m- and p-diisopropenylbenzene is easier compared to the 

procedure required for 1,4-divinylbenzene {see experimental, later in this chapter). 

The question arising is i f this CH3 group would sterically inhibit the approach of 

monomer molecules and consequently hinder the ROMP reaction. 

5.3.1. Synthesis of Mo(C(CH3)Ph)(NAr)(OC(CH3)(CF3)2)2. 

This complex was synthesised as the model compound, via the metathesis reaction 

between excess a-methyl styrene and the [Mo]p^ initiator. 

Q Q 

C F 3 CF3 

Mo XS O 1 " O" 

C F 3 C F 3 

O O 

C F 3 C F 3 

C F 3 C F 3 ( J ) 
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The reaction was followed by ^H-NMR to monitor the slow replacement of the 

neopentylidene ligand by the methylphenylalkylidene from a-methyl styrene. The 

colour of the solution changes from yellow to deep red during the reaction. 

%-NMR amfflSysis 

As in the new complex (3) there is no proton attached to the carbene carbon, the 

signal due to the alkylidene proton at 12.13 ppm in [Mo]p^ slowly disappears, as 

shown in the sequence of spectra, (O) to (IV), in Figure 5.6.a. On the other hand a 

singlet at 3.29 ppm appears, apparently due to the [Mo]=CCH3Ph protons, and a new 

septet at 3.67 ppm corresponding to the CH proton of the isopropyl groups on the 

NAr ligand of the new species (the initial septet appears at 3.57 ppm). The integration 

ratio of these two signals is 3:2 as expected. At 5.95 ppm a doublet of doublets arising 

from an AB system is seen. This is the signal due to the CH2=CH(CCH3) proton 

which couples with the vinylic CH2 protons of the 3,3-dimethylbut-l-ene which is 

the by-product of the reaction. The signals for the CH2 protons of this compound are 

at 4.98 ppm and in this case are partly overlapped by the peak for the vinylic protons 

of a-methyl styrene. The reaction proceeds until all the Mop^ initiator is consumed. 

The volatiles, that is the solvent, a-methyl styrene and 3,3-dimethylbut-l-ene were 

removed under vacuum, to give Mo(C(CH3)Ph)(NAr)(OC(CH3)(CF3)2)2 (3). The 

iH-NMR spectrum of (3) is shown in Appendix 5.6. 
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12.1ppm 6.1 5.9 5.7 5.5 5.3 5.1 4.9 ppm 3.7 3.5 3.3 ppm 
Figure 5.6.a NMR spectra during the reaction of Mojr^ with a-methyl 

styrene 

The resulting complex was used for the polymerisation of norbornene, 

cyclooctene and bistrifluoromethylnorbornadiene (see section 5.4). 

105 Chapter Five 



5.3.2. Atttemrapted syimttlhesBS off mme(ta= and para- ((CF3)2(CH3)CO)2(NAr) 

Mo=C(CH3)=C(5Hl4=(CM3)C=Mo(NAr)(COCH3(CF3)2). 

Because the metathesis reaction described above is very slow if the a-raethyl styrene 

is not in excess, and also for a more controlled monitoring of the resulting species by 

NMR, we chose the reaction path shown below. 

O 
or [Mo] N 

Mo O OF X A O CF3 

CF3 
+ XS 

N 

O y r Mo 
7 C F 3 O 

X O (both meta & para isomers) C F 3 

C F 3 

F 3 

o 
+ XS [Mo 

N 
N 

Mo 
V <X C F 3 Mo 

X C F 3 O 
C F 3 X 

- t ; 
C F 3 C F 3 

C F 3 

F 3 

Excess meta or para-isopropenylbenzene was used for the reaction with [Mo]p^ and 

the resulting product was isolated and allowed to react with excess [Mo]p .̂ Both 

reactions were followed by ^H-NMR spectroscopy and the results are discussed in 

sections 5.3.3 to 5.3.6. 
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5.3.3 Synthesis off Mo(=C(CH3)=m=C<5lH[4C(CH3)=ClHl2)(NAr)(OC(C]Hl3)(CF3)2)2 

- j - o " L — j — + » S y - ^ } 1> - j - o - - J o = ^ Q 
C F 3 C F 3 

O + C F 3 C F 3 4) C F 3 C F 3 

The reaction of 1,3-diisopropenylbenzene with Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 

in benzene at room temperature is relatively fast and total conversion to (4) is achieved 

within 15 hrs when 1,3-isopropenylbenzene is in excess. When a 1:2 molar ratio was 

mixed the conversion was much slower. 

NMR data 

The singlet for the CH3 protons of 1,3-diisopropenylbenzene appears at 1.99 ppm, 

while two singlets for the vinylic protons appear at 5.01 and 5.37 ppm. The sterically 

hindered proton on the 2 position of the benzene ring gives a signal at 7.65 ppm. The 

signal for the alkylidene proton on the [Mo]p^ initiator is a singlet at 12.12 ppm, 

while the septet at 3.57 ppm is due to the CH protons on the isopropyl substituent of 

the NAr ligand. 

When the reaction takes place, the signal for the alkylidene proton disappears and a 

signal for the Mo=C(CH.3)- appears at 3.31 ppm. At the same time, a new septet 

appears at 3.67 ppm corresponding to the new species. The two protons on the 

unreacted vinyl of the 1,3-diisopropenylbenzene now appear slightly downfield at 4.91 

and 4.82 ppm. The sterically hindered proton on the benzene ring of the molybdenum 

monosubstituted diisopropenylbenzene gives a signal shifted to 7.78 ppm. These 

characteristic new resonances which appear in the spectrum, strongly suggest that the 

reaction proceeds as proposed. Another observation to support this assumption is the 
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signals at 4.96 and 5.95 ppm for the vinylic protons of 3,3-dimethylbut-l-ene, which is 

the expected by-product of the cross metathesis reaction. When the conversion was 

complete, according to NMR observations, the solvent, 1,3-diisopropenylbenzene and 

3,3-dimethylbut-l-ene were removed to give Mo(=C(CH3)-m-

C6H4C(CH3)=CH2)(NAr)(OC(CH3)(CF3)2)2 (4), which was then redissolved in 

CgD^ and the ^H-NMR and ^ C . ^ ^ J R spectra were recorded and are shown in 

Appendix 5.7 and 5.8 respectively. The main assignments, shifts and integrals for the 

proton and carbon-13 spectra are shown in the tables below. 

J C F 3 

C F 3 

iH-NMR spectrum 

Proton Shift (ppm) Multiplicity Integral 
Mo=CH^CfiH4- 3.31 singlet 3 

OCCHh(CF3h 1.25 singlet 6 
-C f iH4C(Cil3vCH9. 1.67 singlet 3 
-C f iH4C:CH 9CH^ 4.91 singlet (broad) 1 1 

-CfiH4C:CH9CH3 4.82 singlet (broad) 1 1 

NCfiH3CH(CH3)? 3.68 septet (JHH=6.8Hz) 2 1 

NCfiH3CH(CH3)? 1.06 doublet(JHH=6.8Hz) 12 

7.78 singlet (broad) 1 

eitfaer/or 
6.65 

doublet of triplets 
(jdHH=7.6Hz)o 
(Jt

HH=1.6Hz)m 

1 

Other aromatics 6.8-7.1 multiplet 
5 
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The l^C-NMR spectrum was assigned by analogy with the ^C-NMR spectrum of 

Mo(=CHtBu)(OC(CH3)(CF3)2)2(NAr), taking into account differences in the 

chemical shift consequent upon the 

replacement of the neopentylidene 

ligand by the arylmethylalkylidene 

ligand. Some of the characteristic peaks 

are tabulated here. The peak for the 

alkylidene carbon which should occur 

at very low field was not recorded in 

this experiment, as a result of a 

miscommunication with the operator. 

The analogous signal in the para isomer 

was detected at 283 ppm downfield. 

1 y^r 
JZ 1 JO 
— j — o''»-- «i>i=r^^> L 

— j — C F 3 

C F 3 

r 
!3C-NMR 

Caurboira §MU (ppmm) 
Mo=CCH^CfiH4-
Mo=CCH3Cf iH4- unassigned 

0£CH<,(CFq)9. 82.0 (1JrF=29Hz) 
OCCH^(£F^)9 124.5(2JPP=288HZ) 

OCCHq(CFq)?. 19.5 
142calc 141.6 

-Cf iH4C:£H9CH3 112.9 calc 106.9 

-C*HiCH(CHqb 28.6 

-CfiH^CH(£H^b 23.5 
NCmeta 123.6 
NC ipso 152.9 

5.3.4. Reaction of Mo(=C(CH3)»m-C(5H4sC(CH3)=CH2)(NAr)(OC(CH3)(CF3)2)2 

(4) with excess [Mojjrg 

The monosubstituted adduct (4) was mixed with excess [Mo]p^ in benzene and 

allowed to react at room temperature. The ^H-NMR spectra are recorded in Figure 

5.3.4 (I)-(IV). 
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v ^ V >^r >9r ^ 
—I— o«— M<f=^<^\ + )S — j — a— M o = — 4 — > — ^ o = ~ - M o = < s ^ i = : M o ^ 0 _ _ L _ 

^ P r » ^ i 1 * 
i I i o + + + C F 3 + C F 3 C F 3 

C F 3 C F 3 CF3 C F 3 

C F 3 

(4) (5) 

Although the conversion was very slow, again the formation of 3,3-dimethylbut-l-

ene is observed (peaks at 4.96 and 5.95 ppm), suggesting that cross metathesis is 

taking place between the free vinyl group of (4) and the metal carbene of [Mo]pg. A 

new septet is observed at 3.50 ppm and a new singlet at 3.05 ppm both of which 

increase in intensity with time. These are assigned to the signal due to the CH protons 

on the isopropyl substituent of the NAr ligand and the signal due to the 

[Mo]=C(CM3)Ph protons of (5) respectively. The conversion to the difunctional 

analogue (5) was not complete 3 months after the addition at room temperature. 

During this period the reaction vessel was also warmed to 50°C for three days. From 

this analysis it appears that the required reaction has occurred but the rate is too slow 

to be practically useful in the generation of a difunctional initiator even if the problem 

of separating (5) from excess [Mo]p^ could be solved. 
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12.1 7.7 7.4 7.1 ppm 6.0 5.7 5.4 5.1 ppm 3.5 ppm 1.9 1.6 1.3 ppm 

Figure 5.3.4 ̂ H-NMR spectra of reaction of Mo(=C(CH3)-m=C,5H4C(CH3)=CH2) 

(NAr)(OC(CH 3)(CF 3) 2)2 (4) with excess [Mo] F 6 < 

(I) after 3 hours, (II) after 1 week, (III) after 6 weeks and (IV) after 3 months 

5.3.5 Synthesis off Mo(=C(CH3)-p-C6H4C(CH3)=CH2)(NAr)(OC(CH3)(CF3)2)2 

The reaction of the 1,4-diisopropenylbenzene with [Mo]p^ was conducted under 

the same conditions as the reaction for the meta analogue. It was also followed by ^H-

NMR spectroscopy and the resulting spectra showed a complete conversion of the 

[Mo] F 6 initiator to Mo(=C(CH3)-p-C6H4C(CH3)=CH2)(NAr)(OC(CH3)(CF3)2)2 (*»)• 

The change of substitution position from meta to para, although it does not seem to 

affect the chemical shift of the vinylic protons of the diisopropenylbenzene, affects the 
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shift of the analogous protons on the monosubstituted species. For the meta mono 

molybdenum substituted complex these peaks appear at 4.91 and 4.82 ppm as discussed 

in the previous section, while for the para substituted they appear at 5.18 and 4.87 ppm. 

Another expected variation is the absence of the peak at 7.78 ppm which in the 1,3 

(meta) case was due to the proton at the 2 position. Again complete conversion is 

assumed to be achieved when the signal for the alkylidene proton of [Mo]pg can no 

longer be observed in the NMR spectrum. 

Q 

<?F 3 

O Mo 
C F 3 C F 3 

CFo CFo 

(6) C F 3 C F 3 

Mo(=C(CH3)-p-C6H4C(CH3)=CH2)(NAr)(OC(CH3)(CF3)2)2 (6) was obtained 

after removal of the volatiles, that is solvent, 1,3-diisopropenylbenzene and 3,3-

dimethylbut-l-ene. The deep red solid was redissolved in CgD^ and the ^H-NMR and 

l^C-NMR spectra were recorded and are shown in Appendices 5.9 and 5.10 

respectively. Some of the characteristic peaks of these spectra are tabulated overleaf. 
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>9r 
C F 3 J, ^ 

1 C F 3 

C F 3 

iH-NMR spectrum at 
399.577 MHz 

Proton Shift (ppsira) Multiplicity Integral 
Mo=CM3CfiH4- 3.33 singlet 3 

OCCH^CF^b 1.25 singlet 6 
-CfiH4C(CH.3vCH7 1.82 singlet 3 
-CfiH4C:CH7CH^ 5.18 singlet (broad) 1 
-C f iH 4C:CH9CHi 4.87 singlet (broad) 1 
NCfiH^CH(CH^)9 3.72 septet 2 
NCfiH^CH(CH^)9 1.17 doublet 12 

Other aromatics 6.8-7.1 multiplet 5 
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it 

C F 3 i N 

0 
_ l _ 

C F 3 

C F 3 

1 3 C-NMR 
Carlboim Shifft (ppmm) 

Mo=CCH3CfiH4- 282.96 
Mo=CCH3CfiH4- un assigned 

OCCH3(CF3)2 82.0 QJCF=29Hz) 
OCCH3(CF3)2 124.K2JCF=288HZ) 
OCCH3(CF3)2 19.5 

-C 6 H4C:CH 2 CH 3 142.0 calc 141.6 

-C6H4C:CH2CH3 113.3 calc 106.9 

-C6H3£H(CH3)2 
28.6 

-C6H3CH(£H3)2 23.5 

NC meta 123.6 

| NC ipso 153.0 

5.3.6. Reaction off Mo(=C(CH3)-p-C(5H4C(CH3)=CH2)(NAr)(OC(CH3)(CF3)2)2 

(6) with excess [rVIolpg 

The monosubstituted adduct (6) was mixed in the Glove Box with excess [Mo]p^ in 

benzene-dg and allowed to react at room temperature. 

- J - C F 3 C F 3 C F 3 j 
C F 3 — j — 

C F 3 + 
0 F 3 

C F 3 

C F 3 ( ? J 

The conversion again was very slow, the reaction was monitored by *H NMR 

spectroscopy and the resulting spectra (I) to (IV) are reproduced in Figure 5.3.6. The 
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formation of 3,3-dimethylbut-l-ene (peaks at 4.96 and 5.95 ppm), suggests that cross 

metathesis is taking place between the free vinyl of (6) and the metal carbene of 

[Molpg. A new septet is observed at 3.49 ppm and a new singlet at 3.13 ppm which 

both increase in intensity with time and which can be assigned to the signal due to the 

CH protons on the isopropyl substituent of the NAr ligand of (7) and the signal due to 

the [Mo]=C(CM3)C6H4- protons respectively. The conversion to the difunctional 

analogue (7) was not complete 3 months after the addition at room temperature. 

1 (IV) 

1 
(Hi) 

1 (H) 

(I) 

1 . 

l -in l 

JL_*0_ 

JJ 

jJL 

JLJ jJ l_ 
m i iiii|iiii|uiijiui|iiii|iiii|iiii|iiii|iiu|iiii|iiii|ini|iiii|iiii| iiii|iiii|iiii|iiii|iiii|iiii|iiii|!iii|iiii|iiii|uii|iiii|iiii|iiii|uii| iiii|ini|iiii|iiii|iiii|iiii|iiii|iiii| 

12.1 7.7 7.4 7.1 ppm 6.0 5.7 5.4 5.1 ppm 3.5 ppm 1.9 1.6 1.3 ppm 

Figure 5.3.6. ^H-NIVIR spectra of reaction of Mo(=C(CH3)=p» 

C5H4C(CH3)=CH2)(NAr)(OCCH3(CF3)2)2 (6) with excess [Mo] F j j i 

(I) after 3 hours, (II) after 1 week, (III) after 6 weeks and (IV) after 3 months 

The reaction vessel was warmed up to 50°C for three days, but no further reaction 

was observed. From this analysis it appears that the required reaction has occured but 
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the rate is too slow to be practically useful in the generation of a difunctional initiator 

even if the problem of separating (7) from excess [Mo]pg could be solved. 

5.4. The KOMIP off some mmomiocycllic amid bicycle allkemes using 

Mo(=C(CH3)PIh)(NAr)(OC(CH3)(CF3)2)2 as tfflie initiator. 

The product of the reaction between [Mo]p^ and a-methyl styrene was used to 

initiate the polymerisation of cyclooctene, norbornene and 

(bistrifluoromethyl)norbornadiene. The solution containing the product from the 

reaction between [Mo]p^ and excess a-methylstyrene (see section 5.3.1.) in C^D^ 

was divided into three fractions for the polymerisation of the above monomers. All 

the calculations are based on the initial amount of [Mo]p^ and the assumption of 

complete conversion to the new species containing the Mo=C(CH3)CgH4- unit. 

5.4.1. Polymerisation off cyclooctene using Mo(=C(CH3)Ph)(NAr)(OC(CH3)(CF3)2)2 

as the initiator. 

>9r 
+ F3 

+ ° t V " o C F 3 n O o + + C F 3 C F 3 

C F 3 C F 3 

The ratio of monomer to initiator used was 1:10, in 800 \il Cfpft. The reaction was 

monitored by ^H-NMR and the progress of the reaction is shown in Figure 5.4.1 and 

discussed below. The signals for the monomer appear at 5.65 ppm associated with the 

vinylic protons, at 2.4 ppm associated with the CH2 protons adjacent to the double 

bond, and around 1.4 ppm associated to the remaining CH2 protons. The signal for 

the Mo=C(CH3)Ph protons appears at 3.3 ppm while the septet corresponding to the 
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isopropyl substituent of the NAr ligand at 3.68 ppm (see earlier in this chapter) is 

visible in the expanded spectra but not in the reproduction of Figure 5.4.1. The peaks 

at 4.99 and 5.35 are due to the vinylic protons of a-methyl styrene. Thirty minutes 

after the addition (spectrum (I)) there was only a small amount of polymer, giving a 

signal for the olefinic protons at 5.46 ppm, while three days after the addition 

(spectrum (II)) all the monomer had been converted to poly(l-octenylene). The peaks 

due to the initiator were reduced in intensity but they had not disappeared completely. 

At this stage 10 more equivalents of monomer were added (spectrum (III)), these 

were consumed within three hours, then 20 more equivalents (spectrum (TV) were 

added and these were also rapidly consumed. 

( I V ) 

1 A 

(in) 

JL JU L 

(ii) 

Ik 
(I) 

k 
I I I I I I I I I 1 — i — i — i — i — I — i — i — i — i— i— i — i — i — i — r ~ i — r ~ ~ i — i — | — i— r - i— i— i—r 

ppm 

Figure 5.4.1. ^H-NMR spectra during the ROMP of cyclooctene using 

Mo(=C(CH3)Ph)(NAr)(OC(CH3)(CF3)2)2 as the initiator 

The GPC trace of the product of this reaction, illustrated in Appendix 5.17, showed a 

main broad peak which corresponds to Mn=15190, Mw=23910, PDI=1.57 and 
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DP=170. It also shows narrow distinctive peaks for lower molecular weight material 

corresponding to oligomers with DP's 6, 5, 4, 3 and 2 possibly formed by back biting 

or chain transfer with the a-methyl styrene, although the former explanation is 

preferred since the propagating chain end appears to be very reactive and as 

established earlier metathesis with a-methyl styrene is very slow. 

§.4.2. IPoIlymerfisâ oim off moirlboimeinie rasimig Mo(=C(CH3)Ph)(NAir)(©CClHl3(CF3)2)2 

as the imiitBator. 

The ratio of norbornene to initiator was 10:1 in 0.8 ml CgDg and the polymerisation 

was rapid. In five minutes all the monomer had been consumed and only a small 

amount of the available initiator had been used. This is not surprising considering 

that after the first insertion the propagating species is likely to be more reactive than 

the initiating species because of the absence of the bulky methyl group near the active 

site. 

F 3 <?F3 

0«<— Mo + n 

O C F 3 

o + + C F 3 C F 3 

C F 3 C F 3 

The iH-NMR spectrum, illustrated in Appendix 5.11, showed the peaks for the 

vinylic protons of polynorbornene at 5.35 and 5.50 ppm, associated with the cis and 

trans configurations respectively. The peaks for the allylic protons on the ring appear 

at 2.52 and 2.90 ppm associated with the protons next to a cis and next to a trans 

double bond respectively. From these signals the cis to trans ratio was found to be 85 

: 15. The end groups cannot be detected by NMR presumably because the polymer 

chains are too long. 
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GPC data 

The GPC trace, illustrated in Appendix 5.18, showed a very broad peak which, when 

analysed gave Mn=1610, Mw=6680 and a large amount of higher molecular weight 

material (Mp=l 1300). The PDI was 4.14 and the DP was 70. 

It is clear from the *H NMR and GPC data that, in this case, the propagation 

rate is much faster than the initiation rate (kjnit<<kpr0p)-

5.4.3. Polymernsataomi off (ystriflSuoronTiethyB)nortoomadliene 

using Mo(CCH3Ph)(NAir)(OCCIHl3(CF3)2)2 as the initiator. 

The polymerisation of (bistrifluoromethyl)norbornadiene when initiated with well 

defined Schrock initiators is usually slower than the polymerisation of norbornene, 

and the rate of initiation is faster than or equal to the rate of propagation ( k ^ = 

kpr0p). It has been observed30b,72 m a t ) when the polymerisation is initiated with the 

[Mo]pg initiator, the resulting polymer has a very high cis content (90%). 

>9r 
F 3 p F 3 

52> 0<"-~ M Om— Mo + n F3 

n O C F 3 CFo 
F 3 O + o + F3C C F 3 

C F 3 C F 3 

C F 3 C F 3 

The polymerisation was performed in benzene-dg, and the polymer formed 

precipitated out of solution. Some THF-dg was added to dissolve the polymer and the 

-NMR was recorded (see Appendix 5.12). The broad peaks from 5.4 to 5.6 are 

assigned to protons on mostly cis double bonds with the observed splitting due to 

tacticity effects.̂ ^ The integration for the allylic carbons at 4.1 (next to a cis double 

bond) and 3.7 ppm (next to a trans double bond), suggest a cis : trans ratio of 92:8. 

The septet at 2.97 ppm is presumably due to the CH protons on the isopropyl 

substituent of the NAr ligand of the initiator, but since no peak was observed for the 
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alkylidene proton around 12 ppm, it is assumed that the metal has been cleaved from 

the chain end either via chain transfer caused by the excess a-methyl styrene or another 

as yet unidentified process. 

G P C data 

The GPC trace, illustrated in Appendix 5.19, showed a bimodal distribution, 

Mn=17000, Mw= 19700 and PDI=1.16. The low molecular weight peak corresponds 

to Mp=8400 while the high molecular weight shoulder to Mp= 15000. It has been 

observed in the past that the introduction of oxygen during the termination of living 

metathesis polymerisation may double the molecular weight.93 i f this is the case in 

this experiment the DP of the resulting polymer was 35 (based on the low molecular 

weight material) which is larger than would be expected in a well-defined living 

polymerisation process, suggesting that the initiation rate is slower than the 

propagation rate. Thus, the above results are all consistent with the 

Mo=C(CH3)C6H4- initiator being somewhat less reactive than the Mo=CH-R 

analogues. 

§.5. Experimental 

Reaction of a-methvl styrene with Mo(=CHtBu)(OC<CH^)(CF^iohtNAr) 

Solutions of Mo(=CHtBu)(QC(CH 3)(CF 3)2)2(NAr) ( 0.01 g, 0.0142 moles) in 0.5 

ml CgDg and a-methyl styrene (15 x molar excess, 0.00022 moles, 0.026 g) in 0.25 

ml CgDg were prepared in the Glove Box. The solutions were mixed, stirred for 45 

min. and the colour changed from yellow to orange. At that stage the solution was 

transferred into an NMR tube, which was then sealed and the first ^H-NMR spectrum 

was recorded. The sealed tube was kept at room temperature, the colour changed to 

deeper red with time and the progress of the reaction was recorded with subsequent 

-NMR experiments. 
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Reaction of1 J-diisopropenylhemene and lA-diisopropenylbemene with 

Mo^CHtBuHOaCHtfCFzhWNAr) 

Meta- and para-diisopropenylbenzene were purified dy sublimation at 50°C under 

vacuum. The procedure and molar ratios for both reactions were the same. In the first 

step of the experiment using the meta analogue, a solution of 

Mo(=CH tBu)(OC(CH3)(CF3)2)2(NAr) (0.01 g, 0.0142 mmoles) in 0.5 ml C 6 D 6 and 

a solution of excess 1,3-diisopropenylbenzene (5 x molar excess, 0.011 g, 0.071 

mmoles) were mixed and transferred into an NMR tube. When the reaction was 

complete, the contents of the NMR tube were transferred in a Young valve ampoule 

in the glove box. The ampoule was then connected to the vacuum/N2 line, warmed up 

to 40°C and the volatiles were removed under vacuum to give Mo(=C(CH3)-m-

C6H4C(CH3)=CH2)(NAr)(OC(CH3)(CF3)2)2- In the second part of the experiment 

this product (0.011 g, 0.0142 mmoles) was dissolved in 0.5 ml C^Dg and excess 

Mo(=CH tBu)(OC(CH 3)(CF 3)2)2(NAr) (3 x molar excess, 0.029 g, 0.0426 mmoles) 

in 0.5 ml CgDg was added. The solution was transferred into an NMR tube and the 

reaction was followed by ^H-NMR spectroscopy. 

Polymerisation of cvclooctene. norbornene and (bistrifluoromethvDnorbornadiene 

using Mo(=C(CH^)Ph)(NArHOC(CH^(CF^oh as the initiator. 

All polymerisations were performed in the glove box at room temperature. 

The amount of initiator used was calculated as a known concentration volume 

fraction of the original solution in CgDg and the initiator : monomer ratio was 1:10 in 

all cases. The monomer solution was added rapidly into the initiator solution and 

allowed to react while stirring. The reaction mixtures were then transferred into NMR 

tubes and the ^H-NMR spectra were recorded. 
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S.6. ConncDesioims 

Two possible routes to well defined difunctional initiators were studied in this 

chapter. The first, "blocked chain end reactivity" approach was based on the 

observations by Schrock and coworkers^ on the attempted ROMP of 7-

isopropylidene-2,3-dicarbomethoxy norbornadiene as described in section 5.2. The 

difunctional analogue (2) was prepared, but the attempt to isolate the 2:1 adduct from 

reaction with Mo(=CH-t-Bu)(NAr)(Q-t-Bu)2 and use it as a possible difunctional 

initiator, was not succesful since the monomer was polymerised futher. The second 

approach studied was the modification of existing well-defined Schrock type 

initiators, using the cross metathesis reaction with half an equivalent of both 1,3-

diisopropenylbenzene and 1,4-diisopropenylbenzene to form the potential 

difunctional ROMP initiators as described in section 5.3.2. Although the 

spectroscopic data suggest the formation of the desired products, the reaction rates 

were too slow and complete conversion was not achieved. 
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CHAPTER 6: Conclusions and suggestions for future work 

The work reported in this thesis is a part of a project of work in Durham aimed 

at the preparation of well-defined macromolecular architectures via living ring opening 

metathesis polymerisation. 

In order to obtain novel hydrocarbon polymer topologies, by using well defined 

living polyalkenamers, we investigated the polymerisation of a series of monocyclic 

alkenes, using a range of well defined initiators, as described in Chapter 2. The 

polymerisations of cyclooctadiene, cycloheptene, cyclooctene, cyclodecene and 

cyclododecene at room temperature, using chloroform as the solvent, did not proceed 

in a living manner, that is the number average molecular weight of the resulting 

polymers was not a linear function of conversion and the molecular weight could not 

be controlled by the stoichiometry of the reaction. Cyclopentene polymerises in a living 

manner at -45°C in chloroform when the polymerisation is initiated with 

W(CH tBu)(O tBu)2(NAr) but the polydispersity index of the resulting poly(l-

pentenylene) tends to increase with the reaction time as a result of intra- and/or 

intermolecular cross metathesis reactions. A study of this polymerisation using gel 

permeation chromatography showed that conversion increases in a regular manner 

with time and the number average molecular weight can be controlled by adjusting 

the monomer to initiator ratio and the reaction time. Differential scanning calorimetry 

studies of the polyalkenamers showed a dependence of their T m s on the cis to trans 

double bond ratio in the chain. The higher the trans content in a polyalkenamer the 

higher the T r a and the higher the double bond content in a chain the more acute this 

effect is. This study was conducted using the polymers obtained during the 

polymerisations described in Chapter 2 and the data collected were not enough for a 

complete analysis or generalisations on the dependence of the melting temperature on 

the cis to trans ratio. A more detailed analysis using more polyalkenamers with a wider 

range of cis to trans ratios could lead to the formulation of a general rule governing 

this relationship. The l^C-NMR s t u d y °f m e s e polyalkenamers using a high field NMR 
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spectrometer allowed the observation and assignment of all the large shift effects due 

to the geometries of the neighbouring double bonds and minor shifts due to the 

conformational y-gauche effect which have not previously received comment 

Molecular modelling techniques may be used to further investigate the possibility of 

predicting the relative abundances of trans and gauche conformations of a 

polyalkenamer, using the information concerning conformational effects obtained by 

l^C-NMR studies as a check of the reliability of the predictions. 

The synthesis of a poly(l-pentenylene)-fc/ocfc-polyacetylene-b/0cfc-poly(l-

pentenylene) polymer is discussed in Chapter 3. The preparation of the A-B block 

copolymer proceeds in a well controlled manner when the initiator used is 

W(CH tBu)(O tBu)2(NAr) at low temperature, but the addition of the second A block 

was not as well defined and the overall symmetry of the molecule could not be 

guaranteed with confidence. A more realistic approach to the problem may be the 

preparation of well defined poly(l-pentenylene)-fe/0c£-polyacetylene living copolymer 

followed by the introduction of half an equivalent of a difunctional conjugated 

aldehyde as the capping reagent as shown schematically below. 

O 
N 

a 
O 

C F C F 

- W=0(NAr)(OtBii)2 

/ A CF{ C F 3 

a a 

C F C F 
C F C F 

70° C o 
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This reaction path, in favourable circumstances, may result in the formation of an 

A-B-C-B-A block copolymer with the conjugated polyene exactly in the middle of the 

chain and the number of double bonds equal to twice the number of double bonds in 

the B block plus the number of double bonds (C) in the conjugated difunctional 

aldehyde. 

The preparation of linear and star polyethylenes with controlled molecular 

weights and polydispersities as low as 1.04 was achieved; the living polypentenamer 

that was obtained after the living ROMP of cyclopentene at -45°C, was cleaved from 

the metal centre in a Wittig-like capping reaction with mono-, di- and trifunctional 

aldehydes to yield linear and three-branched star poly(l-pentenylenes) with the 

appropriate multiples of the molecular weight of the initial living linear poly(l-

pentenylene), which were then hydrogenated to yield the corresponding polyethylenes 

as described in Chapter 4. I f exact stoichiometry had been achieved, the capping 

reaction with multifunctional aldehydes should lead to structures with narrower 

molecular weight distributions than the linear starting polymer; although the general 

principal was demonstrated, the molecular weight distribution narrowing was not 

observed in this work probably as a result of not obtaining precise stoichiometry 

control in rather small scale reactions and not obtaining 100% pure capping agents. 

Star polyethylenes with four or more branches could be prepared if a tetra- or a 

multifunctional aldehyde is used as the capping agent 

The introduction of a difunctional initiator and the consequent preparation of 

living poly(l-pentenylene) with two living ends followed by the addition of a 

multifunctional aldehyde, can potentially lead to the synthesis of polymeric network 

structures with controllable well defined distances between the junction points. Two 

potential routes to a well defined 

difunctional ROMP initiator are 

discussed in Chapter 5. The first route 

had as an objective the preparation and 

isolation of the 2:1 adduct of the 

COOMe COOMe 

ft 

P 

MeOOC 
MeOOC (2) 
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difunctional monomer (2) with Mo(=CH-t-Bu)(NAr)(Q-t-Bu)2 which could then 

potentially act as a difunctional ROMP initiator. 

The synthesis of the 2:1 adduct was not possible under the conditions investigated 
COOMe 

/ COOMe 

MeOOC 7 
MeOOC (3) 

because the monomer underwent 

ROMP beyond the first insertion. 

Another difunctional monomer that 

could be used for the same purpose is 

monomer (3). This monomer was synthesised but its purification was proved to be 

somewhat problematic and the synthesis is not reported in this work. Future work 

could deal with the preparation (using a similar path to the preparation of (2)), 

purification and use of (3) as a potential route to the 2:1 adduct with Mo(=CH-t-

Bu)(NAr)(0-t-Bu)2 which could be used as a potential difunctional ROMP initiator. 

The second route to a possible difunctional initiator discussed in Chapter 5 was via the 

cross metathesis between Mo(=CH tBu)(OC(CH3)(CF3)2)2(NAr) and meta or para-

isopropenylbenzene but although spectroscopic data indicate the formation of these 

difunctional species the rates of the reaction, under the conditions described in Chapter 

5, were too slow to be practically useful in the generation of a difunctional initiator. 
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A P P E N D I X 1 

General procedures, equipment and instrumentation 



General expeiriiinnieinilall procedures 

The Glove Box used throughout this work was a modified Miller Howe dry 

box with a fitted freezer (-40°C), the inert gas was oxygen-free nitrogen and the 

working conditions were 2-6 ppm oxygen and 5-7 ppm H 2 O . Apparatus was 

transfered in and out of the box via two vacuum / nitrogen ports. 

The vacuum / nitrogen line was fitted with Young valves and greaseless joints 

to allow handling of materials either under nitrogen or under vacuum. Vacuum was 

provided by an Edwards 5 Two Stage pump and dry oxygen-free nitrogen was 

supplied through a H 2 S O 4 bubbler and a double P2O5 column. 

The thermostated cooling bath used for the polymerisation of cyclopentene was 

a HAAKE F3-Q model and the cooling fluid used was methylated spirits. 

Instruimnienltatioini 

j -H and -13.C nuclear magnetic resonance spectra were recorded on a Varian VXR 400 

NMR spectrometer at 399.952 MHz (lH) and 100.577 MHz ( 1 3 C ) and a Varian 

Gemini 200 NMR spectrometer at 199.532 MHz (!H) and 50.289 MHz ( 1 3 C ) . 

Mass Spectra were recorded on a VG Analytical Model 7070E Mass Spectrometer. 

Gel Permeation Chromatography was carried out using a Waters Model 590 

(refractometer, column packing PLg e j 5(1 mixed styrene-divinyl benzene beads, 

solvent: chloroform) and a Viscotek Differential Refractometer/Viscometer Model 

200 (column packing PLg e j 10|i mixed styrene-divinyl benzene beads, solvent: 

tetrahydrofuran) 

Infrared spectra were recorded on a Perkin Elmer 1600 series FTTR. 

Differential scanning calorimetry was performed using a Perkin Elmer DSC 7 

differential scanning calorimeter. 

Ultraviolet/Visible Spectra were recorded on a Perkin Elmer 330 Spectrophotometer. 

Thermo gravimetric Analysis was performed using a Stanton Redcroft TG760 

thermobalance. 



A P P E N D I X 2 

Analytical data for Chapter 2 
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Appendix 2.1 ! H - N M R spectrum of poly(l-butenylene) initiated by W(CH tBu)(O tBu)2(NAr) 
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Appendix 2.2.a 1 3 C-NMR spectrum of poly(l-butenylene) initiated by W(CHtBu)(0tBu)2(NAr) 
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Appendix 2.2.b ^C-NMR spectrum of poly(l-butenylene) initiated by 

Mo(CHtBu)(OC(CH 3) 3)2(NAr) 
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Appendix 2.2.c ^C-NMR spectrum of poly(l-butenylene) initiated by 

Mo(CH tBu)(OC(CH 3) 2CF 3)2(NAr) 
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Appendix 2.2.d I ^ Q - N M R spectrum of poly(l-butenylene) initiated by 
Mo(CH tBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.3. GPC trace of poly(l-butenylene) initiated with 
a W(CH tBu)(O tBu) 2(NAr 
b Mo(CHtBu)(QC(CH3)3)2(NAr) 
c Mo(CH tBu)(OC(CH3)2CF3)2(NAr) 
d Mo(CH tBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.4.h DSC trace of poiy(l-butenylene) initiated with Mo(CH tBu)(OC(CH3)3)2(NAr) 
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Appendix ? 4 c DSC trace of poly(l-butenylene) initiated with MotCHtBuXCCCCH^bCF^hCNAr) 
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Appendix 2.4.d DSC trace of poly(l-butenylene) initiated with Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.6 ! H - N M R spectrum of poly(l-pentenylene) initiated by W(CH tBu)(O tBu)2(NAr) 
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Appendix 2.8.a ^C-NMR spectrum of poly(l-pentenylene) initiated by 
W(CHtBu)(OtBu)2(NAr) 
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Appendix 2.7 HETCOR spectura of poly(l-pentenylene) initiated with W(CHtBu)(0tBu)2(NAr) 
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Appendix 2.8.b l^C-NMR s P e c t r u m of poly(l-pentenylene) initiated by 
Mo(CHtBu)(OC(CH3)3)2(NAr) 
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Appendix 2.8.c l^C-NMR spectrum of poly(l-pentenylene) initiated by 
Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Appendix 2.9.a GPC trace of poly(l-pentenylene) initiated with W(CHtBu)(OtBu)2(NAr) 
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A^pendi^ 2,9,h GPC trace of poly(l-pentenylene) initiated with Mo(CHtBu)(OC(CH3)3)2(NAr) 

Appendix 2,9,c GPC trace of poly(l-pentenylene) initiated with Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Appendix2.il ifi-NMR spectrum of poly(l-heptenylene) initiated by W(CHtBu)(OtBu)2(NAr) 
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Appendix 2.12.a * 3 ( v n M R spectrum of poly( 1-heptenylene) initiated by 
Mo(CHtBu)(OC(CH3)3)2(NAr) 
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Appendix 2.12.b ^C-NMR s P e c t r u m o f poly(l-heptenylene) initiated by 
Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 

i 1 1 i | 1 1 r ~ ' — I — 1 — 1 — 1 — i - 1 — 1 — i — < ~ > — p i — i - 1 — i | i i — i i | i i i — r — | — i — i — i — i — | i i — i i | i i i i | i — i i i | — i i i i — | 

130 120 110 100 90 80 70 60 50 40 30 ppm 

Appendix 2.12.C ^C-NMR spectrum of poly(l-heptenylene) initiated by 
Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.1.1a GPC trace of poly(l-heptenylene) initiated with Mo(CHtBu)(CX:(CH3)3)2(NAr) 

Appendix 2. l . lh GPC trace of poly(l-heptenylene) initiated with Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 

Appendix 2.1.1c GPC trace of poly(l-heptenylene) initiated with Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix, 2,14.q DSC trace of poly(l-heptenylene) initiated with Mo(CHtBu)(OC(CH3)3)2(NAr) 
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Append^ 2,14,h DSC trace of poly(l-heptenylene) initiated with Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Appendix 2,14,c DSC trace of poly(l-heptenylene) initiated with 
Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2 . 1 5 ! H - N M R spectrum of poly(l-octenylene) initiated by W(CHtBu)(OtBu)2(NAr) 
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Appendix 2.16.a 1 3 C -NMR spectrum of poly(l-octenylene) initiated by 
W(CHtBu)(0tBu)2(NAr) 



Appendix 2.16.b ^c.jsrMR spectrum of poly(l-octenylene) initiated by 
Mo(CHtBu)(OC(CH3)3)2(NAr) 
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Appendix 2 .16 .C ^ C - N M R spectrum of poly(l-octenylene) initiated by 
Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Appendix 2.16.d ^ c . ^ M R spectrum of poly(l-octenylene) initiated by 
Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.17 HETCOR spectum of poly(l-octenylene) initiated with W(CHtBu)(OtBu)2(NAr) 
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Appendix 2.18.a GPC trace of poly(l-octenylene) initiated with W(CHtBu)(OtBu)2(NAr) 

Appendix 2.18 h GPC trace of poly(l-octenylene) initiated with Mo(CHtBu)(OC(CH3)3)2(NAr) 

Appendix 2.18.c GPC trace of poly(l-octenylene) initiated with Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 

Appendix 2.18.d GPC trace of poly(l-octenylene) initiated with Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.19.a DSC trace of poly(l-octenylene) initiated with W(CHtBu)(OtBu)2(NAr) 
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Annendix 219 h DSC trace of poly(l-octenylene) initiated with Mo(CHtBu)(OC(CH3)3)2(NAr) 
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Appendix 2.19 c DSC trace of poly(l-octenylene) initiated with Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Appendix 2.19.d DSC trace of poly(l-octenylene) initiated with Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.20 ^ -NMR spectrum of poly(l-decenylene) initiated by W(CHtBu)(OtBu)2(NAr) 
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Appendix 2.21 .a 1 3C-NMR spectrum of poly(l-decenylene) initiated by W(CHtBu)(OtBu)2(NAr) 
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Appendix 2.2 l.b 13 C -NMR spectrum of poly(l-decenylene) initiated by 
Mo(CHtBu)(OC(CH3)3)2(NAr) 
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Appendix 2.2 l.c ^c.jyjMR spectrum of poly(l-decenylene) initiated by 
Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Appendix 2.2 l.d ^(VJSJMR spectrum of poly(l-decenylene) initiated by 
Mo(CHtBu)(OC(CH3)(CF3)2)2(NAr) 
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Appendix 2.22.b GPC trace of poly(l-decenylene) initiated with Mo(CHtBu)(OC(CH3)3)2(NAr) 

GPC trace of poly(l-decenylene) initiated with Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Appendix 2.23.a DSC trace of poly(l-decenylene) initiated with WtCHtBuXQtBubCNAr) 
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Appendix 2.21k DSC trace of poly(l-decenylene) initiated with Mo(CHtBu)(OC(CH3)3)2(NAx) 
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Appendix 2.2fi.c GPC trace of poly(l-dodecenylene) initiated with Mo(CHtBu)(OC(CH3)2CF3)2(NAr) 
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Polymer-Polymer Interfaces 

September 16 Dr.A.Griffin, (Melville Laboratory, University of Cambridge), 
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April 1 Prof. H.W.Speiss, (Max-Planck Institut for Polymerforschung, Mainz), 
at Durham University. 
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June 2 Prof.F.Ciardelli, (University of Pisa), at Durham University. 
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Prof.C.W.Macosko, (University of Minnesota, Minneapolis), 
at Bradford University. 
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Tenth International Symposium on Olefin Metathesis, Tihany-University of Vesprem, Hungary. 
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